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Preface

Bacillus thuringiensis (Bt) is the most extensively studied Gram-positive entomopathogenic
bacterium, with numerous strains carrying plasmids containing a diverse array of pesticidal genes.
This characteristic has established Bt-based products as the predominant commercially available
microbial insecticides today. Among these products are insecticidal proteins, both crystalline and
vegetative, which are well-known for their high toxicity against a wide range of invertebrates. Many
of these proteins have been incorporated into crops, offering protection against some of the most
devastating insect pest species worldwide.

However, insects targeted by Bt crops have been continuously exposed to selective pressures,
leading to the development of resistance to some of the most commonly used insecticidal proteins.
Consequently, ongoing global screening programs seeking strains with new insecticidal proteins to
address resistance and expand the variety of susceptible hosts are continuously developed.

This reprint aims to compile information that is relevant to this issue, encompassing descriptions
of novel isolated Bt strains and invertebrate active proteins exhibiting previously uncharacterized
biocidal activities, which will benefit numerous stakeholders in agribusiness, the economy, and wider

society.

Leopoldo Palma, Diego Herman Sauka, and Jorge E. Ibarra
Editors
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Bacillus thuringiensis (Bt) is a Gram-positive bacterium that forms spores and produces
parasporal crystalline inclusions containing Cry and Cyt proteins [1]. These proteins
exhibit toxicity against various insect orders, nematodes, and human cancer cells [2,3].
Widely utilized as bioinsecticides, Bt strains and their insecticidal proteins effectively
control caterpillars, beetles, flies, mosquitoes, and blackflies. During vegetative growth,
Bt can also secrete insecticidal proteins targeting lepidopterans (Vip3) and coleopterans
(Vpabl/Vpab2). Another less-explored secretory protein, Mpp5Aal (formerly Sip1A), has
also been described to exhibit activity against coleopteran pests [4]. These features have
bestowed Bt as the most specific and effective tool for the control of insect pests for several
years, either through insecticidal formulations (a mix of spore and parasporal crystals) or by
the production of insecticidal proteins in transgenic plants (Bt plants) [5]. However, some
species, such as Plutella xylostella (Lepidoptera), have developed field resistance to both
formulated products and insecticidal proteins expressed in transgenic plants [2], making
screenings for novel strains and pesticidal proteins highly essential in order to provide
novel tools for the control of pests and the management of insect resistance.

The aim of this Special Issue, “Bacillus thuringiensis: A Broader View of Its Biocidal
Activity”, was to gather information on novel Bt strains and proteins showing novel
pesticidal properties to provide biotechnological tools with useful resources for pest control
in agriculture and to incentivize researchers to perform such necessary research. This
subject has been of great interest, allowing the publication of 12 research papers from
top researchers working in the field worldwide, which have shed light on the diverse
and multifunctional properties of novel (unreported) Bt strains and proteins. Beyond the
conventional focus, these studies delve into various aspects, including structural insights,
insecticidal proteins, toxin interactions, and the evaluation of novel strains.

Additionally, this editorial aims to provide an overview of key findings from these
papers; for example, Unzue et al. showcased the broad spectrum of Bt applications and
their potential implications, such as the multifunctional properties of Bt strain BST-122,
encompassing the biocidal properties beyond those of the well-known pesticidal parasporal
crystals (contribution 1). Li et al. presented a deeper understanding of the structure of
Cry5B, unraveling the active form of Cry5B that could contribute to the development of
more effective and targeted nematicidal products (contribution 2). The study by Best et al.
showed the crystal structure of Bt Tpp80Aal protein (formerly Cry80Aal) and its inter-
action with galactose-containing glycolipids, unveiling molecular details that may have
implications for understanding the specificity and selectivity of Bt toxins (contribution 3).
Two papers about binary Mpp23Aa/Xpp37Aa proteins and the novel Bt strain Bt UNVM-
84 were presented by de Oliveira et al. and Sauka et al., respectively, highlighting the
potential application of these resources in pest control, particularly against Anthonomus
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grandis (Coleoptera), a harmful pest causing high economic losses in the cotton industry in
the Americas (contributions 4 and 10). Covering proteins with activity against mosquitoes,
Lai et al.’s paper examines the role of Cyt proteins in enhancing the activity of other Bt
toxins against Aedes albopictus, emphasizing the cooperative interactions between different
toxin classes. Understanding these synergies could contribute to the development of more
effective mosquito control strategies (contribution 5). Yang's study described a Cry protein
with activity against the rice leaffolder Cnaphalocrocis medinalis. This paper explored the pro-
cessing properties and potency of Cry toxins in the context of rice leaffolder control. Insights
into the interaction between a Cry protein and this target pest are crucial for optimizing
their efficacy in agricultural settings (contribution 6). The study by Xue et al. covered
novel synergistic interactions beyond those known among different insecticidal proteins.
In this paper, a new synergistic interaction between the extracellular polysaccharide from
Bt subsp. kurstaki HD-270 and the insecticidal protein Cry1lAc is described, examining this
particular synergistic activity and providing valuable information on the interplay between
different components in Bt formulations (contribution 7). Trisyono et al. presented a paper
covering the baseline susceptibility of field populations of Ostrinia furnacalis in Indonesia
to Cry1A.105 events and Cry2Ab2 proteins were also covered, assessing the susceptibility
of this pest to specific Cry proteins. This research lays the groundwork for understanding
the dynamics of resistance and informs us about the sustainable use of Bt technologies in
agriculture (contribution 8). Interesting outputs about the field evaluation of transgenic
cotton expressing Mpp51Aa2 (formerly Cry51Aa2) as a management tool for the cotton
fleahopper Pseudatomoscelis seriatus were also published in this Special Issue, contributing
valuable data for its implementation. Finally, two papers presented by Hou et al. and Shao
et al. describe interesting aspects related to the yet poorly understood mode of action of
Vip3A proteins, focusing on molecular details of Vip3A proteins and highlighting specific
domains involved in receptor binding and liposomal membrane disruption, respectively
(contributions 11 and 12).

In conclusion, the collection of papers featured in this editorial underscores the ver-
satility and complexity of Bt as a bioinsecticide. From structural insights to practical
field applications, researchers continue to unravel the potential of Bt strains in address-
ing agricultural and public health challenges. These findings collectively contribute to
the ongoing efforts to harness the full potential of Bt-based technologies for sustainable
pest management.
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Abstract: Bacillus thuringiensis Vip3 toxins form a tetrameric structure crucial for their insecticidal
activity. Each Vip3Aa monomer comprises five domains. Interaction of the first four a-helices in
domain I with the target cellular membrane was proposed to be a key step before pore formation. In
this study, four N-terminal a-helix-deleted truncations of Vip3Aa were produced and, it was found
that they lost both liposome permeability and insecticidal activity against Spodoptera litura. To further
probe the role of domain I in membrane permeation, the full-length domain I and the fragments of
N-terminal o-helix-truncated domain I were fused to green fluorescent protein (GEP), respectively.
Only the fusion carrying the full-length domain I exhibited permeability against artificial liposomes.
In addition, seven Vip3Aa-Cry1Ac fusions were also constructed by combination of «-helices from
Vip3Aa domains I and II with the domains II and III of CrylAc. Five of the seven combinations were
determined to show membrane permeability in artificial liposomes. However, none of the Vip3Aa-
CrylAc combinations exhibited insecticidal activity due to the significant reduction in proteolytic
stability. These results indicated that the N-terminal helix «1 in the Vip3Aa domain I is essential for
both insecticidal activity and liposome permeability and that domain I of Vip3Aa preserved a high
liposome permeability independently from domains II-V.

Keywords: Vip3Aa; CrylAc; domain exchange; insecticidal activity; membrane permeability
Key Contribution: Our results verified the crucial role of helix «1 of Vip3Aa in insecticidal activity,

proteolytic stability, and membrane permeability. Domain I of Vip3Aa preserved a high liposome
permeability independently from domains II-V.

1. Introduction

Bacillus thuringiensis (Bt) is an entomopathogen that has been used as a microbial
biopesticide since 1930s [1,2]. Insecticidal Bt toxin genes have been engineered into plants
to confer insect resistance for the management of insect pests. The vegetative insecticidal
proteins (VIPs) from Bt have high insecticidal activities in a range of lepidopteran pests, and
Bt Vip3 genes have been expressed in plants to pyramid with Bt Cry proteins to improve
the protection of plants from insect damage and delay the development of resistance to Bt
toxins in target pests [3-5].

In general, Vip3A proteins are proteolytically activated in the midgut of insect larvae,
and they then bind to the midgut receptor to form pores in midgut epithelial cells [6-8].
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Vip3A proteins contain from 786 to 803 amino acid residues with a molecular weight of
around 89 kDa [9]. Previous studies have indicated that the 89 kDa Vip3A protoxin may
be proteolytically cleaved by gut proteases to become active fragments before exerting
insecticidal activity [10-12]. The formation of a Vip3Aa protein complex, composed of
~19 kDa and ~66 kDa fragments, has been identified to be required for the insecticidal
activity [12,13]. As the molecular size of both the Vip3A protoxin and the activated toxin
have been determined to be ~360 kDa by gel filtration, the native form of Vip3 has been
believed to be a tetramer [11,13]. Recently, the molecular architectures of Vip3A and
Vip3B have been revealed by Cryo-EM and X-ray crystallography to provide the tetrameric
organization of both the protoxin and the trypsin-activated toxin [14-16]. The 3D structure
of the Vip3A and Vip3B proteins also confirmed that Vip3 is composed of five distinct
domains [11,14,15]. The N-terminal domain I contains four «-helices and is proposed
to play a functional role in insertion of the toxin to the epithelial cell membrane [15].
Proteolytic digestion analysis also confirmed that domain I'is a 19 kDa fragment of Vip3
toxins [11]. The crucial role of helix &1 in domain I has been shown for the insecticidal
activity of the Vip3Aa toxin [17]. Domain II is composed of five o-helices, being the core of
the tetramer that stabilizes the oligomeric structure [14,15,18]. Domain III contains three
anti-parallel 3-sheets, forming a 3-prism fold similar to that found in Cry toxins [7,14,19].
The two C-terminal domains (domain IV and V) are highly variable in the Vip3 family
and have been proposed to play roles in protecting Vip3 from digestion by proteases in
the insect gut [7,15,18]. The conformational change in proteolytically activated Vip3Aa
by releasing domain I x-helices from the tip of the tetrameric protoxin to form a new
helical bundle at the bottom of a needle-like structure is believed to be the key step before
it interacts with the membrane [14]. The stalk formed by four «-helices in domain I of
trypsin-activated Vip3Ba toxins was proposed to play crucial role in the pore formation of
artificial liposomes [15].

Proteolytically activated CrylA toxin is composed of three domains [20]. Domain I,
containing seven «-helices, plays a crucial role in both oligomerization and interactions
with insect gut membranes. Domains II and III, rich in -sheets, participate in receptor
binding and target insect selection [21,22]. Similar to Vip3 toxins, Cry toxins were proposed
to form 150- to 250-kDa oligomers after binding with receptor proteins located on the
midgut epithelial membrane of target insects, although the precise mechanism of pore
formation in this process remains elusive [23].

This study sheds light on the crucial role of the N-terminal helix «1 in the insecticidal
activity and membrane permeation capabilities of Vip3Aa. Four N-terminal truncations
of Vip3Aa were created and analyzed. Subsequently, the full-length domain I and its
truncated variants were fused to green fluorescent protein (GFP) to assess their membrane
permeation activity. Additionally, domains I and extensive x-helices in domain II of
Vip3Aa were fused to the N-terminus of CrylAc domains II and III (generating Vip3Aa-
Cry1Ac recombinant proteins). Although none of these recombinants exhibited insecticidal
activity against Plutella xylostella and Spodoptera litura larvae, most of them displayed a high
liposome permeability.

2. Results
2.1. Proteolytic Processing and Bioactivity of N-Terminus Truncated Vip3Aa Proteins

To determine the proteolytic stability of N-terminus truncated Vip3Aa proteins, four
N-terminal truncations of Vip3Aa were prepared by the truncation of helix «1, helix «1 and
a2, helix a1-a3, and helix «1-x4 (Figure 1a). SDS-PAGE analysis of the trypsin processed
samples showed that a ~66 kDa fragment was observed in lanes containing the full-length
Vip3Aa, Axl Vip3Aa, and Axl-a2 Vip3Aa, respectively (Figure 1b). Numerous protein
fragments, mostly ranging from 15 kDa to 66 kDa, were also observed in these three
lanes showing a similar pattern, while a ~19 kDa fragment was present only in the full-
length Vip3Aa samples but not in any of the four Vip3Aa truncations. Most of the protein
fragments in the samples of Ax1-a3 Vip3Aa and Axl-a4 Vip3Aa were degraded after
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treatment by trypsin. Only fragments at ~37 kDa, ~23 kDa, and~17 kDa were observed
in the lanes containing Aal-a3 Vip3Aa, and fragments at ~23 kDa and ~17 kDa were
observed in the lanes containing Axl1-04 Vip3Aa.

Aal-a2 Vip3Aa
- Aal Vip3Aa

I

100

i domain IT 1 domain IV domain V
—+ Full-lenth VipiAa

o6 ' a7 ' of ' o9 !
" P+
W - Aal VipiAa

] — Aal-2 ViplAa
—— Aal-3 Vip3Aa
—+ Aal-4 Vip3An

50 d

Release of Caleein%

Percentage of 2™ instar

Figure 1. Proteolytic stability and activity assays of four Vip3Aa truncations. Panel (a): Schematic
presentation of four N-terminal truncations of Vip3Aa proteins. Four N-terminal truncations of
Vip3Aa were prepared by truncation of helix a1, helix o1 and «2, helix x1-«3, and helix «1-«4.
Panel (b): SDS-PAGE analysis of four Vip3Aa truncations after tryptic processing at a ratio of 1.2:1
(trypsin-Vip3Aa, w/w) at 37 °C for 1 h. Panel (c): Neonates of S. Litura were fed with 100 ug/mL of N-
terminal truncations of Vip3Aa and the full-length Vip3Aa, respectively, by surface overlay bioassays.
Numbers of larvae developed to the second instar were recorded after 72 h. Panel (d): Calcein release
assays by treating liposomes with 16 nM of four N-terminal truncations of Vip3Aa after tryptic
processing. Fluorescence signals of released calcein were recorded every 30 s. The error bars represent
the standard error of mean of the measurements from triplicate experiments.

In the neonatal larval bioassays, none of the four Vip3Aa truncations exhibited toxicity
in S. litura larvae. All the neonatal larvae that fed on a truncated Vip3Aa at 100 ug/mL
became second-instar larvae after 72 h of feeding, while no neonates survived after ingesting
full-length Vip3Aa (Figure 1c). The results of liposome calcein release assays indicated that
none of the N-terminus truncated Vip3Aa proteins, which were processed with trypsin, had
the activity to permeate liposomes, while a significant release of calcein was determined in
the samples processed by the full-length Vip3Aa toxin (Figure 1d).

2.2. Liposome Permeability of Vip3Aa Domain I and GFP Fusion Proteins

To investigate whether the Vip3Aa domain I could independently permeabilize lipo-
some membranes, the Vip3Aa domain I and its N-terminal truncations were fused with a
GFP, respectively, creating four Vip3Aa-GFP combinations (Figure 2a). SDS-PAGE analysis
indicated that the molecular weights of the four combinations were consistent with the
expected sizes from 65 kDa to 49 kDa (Figure 2b). Calcein release assays were then used to
assess their liposome permeation activity. Only the Trx-His-V«1-4-GFP (containing the
full-length domain I) displayed significant liposome permeabilization, in which calcein
leakage began at 20 s and reached over 90% by 270 s (Figure 2c). None of the other fusion
proteins carrying N-terminal truncations of the Vip3Aa domain I exhibited any detectable
calcein release.
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Figure 2. Calcein release assays by treating liposomes with Vip3Aa-GFP fusion proteins. Domain I of
Vip3Aa and its N-terminal truncations were fused with a GFP and a Trx-His tag to produce four fusion
proteins. Panel (a): schematic presentation of four Vip3Aa-GFP recombinant proteins. Panel (b): each
fusion protein was purified and loaded on an SDS-PAGE gel to determine their molecular weight.
Panel (c): four Vip3Aa-GFP fusion proteins and Trx-His tag protein were added to the liposome
solution (DOPC-DOPE, 1:1) at a final concentration of 10 uM/mL, respectively. Fluorescence signals
of released calcein were recorded every 30 s. The error bars represent the standard error of mean of
the measurements from triplicate experiments.

2.3. Bioactivity and Proteolytic Stability of Vip3Aa-CrylAc Recombinant Proteins

Seven recombinant proteins were generated by fusing N-terminal fragments of Vip3Aa
(domain I and II) with domains II and III of CrylAc. These recombinants contained the
Vip3Aa domain I and additional x-helices from domain II, as shown in Figure 3a. The
calcein release assays revealed that five of the seven recombinants exhibited liposome per-
meability, while VdIa5-7-CdIIdIIl and VdIdII-CdAIIdIII did not (Figure 3b,c). The liposomes
treated with VAI-CdIIdIII began leaking calcein within 400 s, reaching 100% leakage by
680 s. Interestingly, the calcein release curve for the VdI-CdIIdIII-treated liposomes closely
resembled that of the liposomes treated with trypsin-activated Vip3Aa. While VdI-CdIIdIII
and trypsin-activated Vip3Aa exhibited similar potencies, the other permeable fusion
proteins (VdI«5-CdIIdIII, VdIa5-6-CdIIdIII, VdIx5-8-CdIIdIII, and VdIx5-9-CdIIdIII) dis-
played lower calcein release rates. Despite their membrane permeation activity, none of the
seven Vip3Aa-CrylAc fusions exhibited insecticidal activity against S. litura or P. xylostella
larvae. Feeding larvae with these fusion proteins resulted in nearly no mortality, while
Vip3Aa and CrylAc individually caused 100% and 75% mortality in S. litura (Figure 4a)
and 97% and 100% mortality in P. xylostella (Figure 4b), respectively.

To determine proteolytic stability of these Vip3Aa-CrylAc recombinants, each recom-
binant protein was incubated with trypsin in vitro and analyzed by SDS-PAGE. Although
part of the recombinant proteins was degraded into fragments at a molecular weight be-
tween 25 kDa and 70 kDa, the majority of them remained integrated at a molecular weight
from 80.8 kDa to 95.1 kDa after the treatment without trypsin (Figure 5a). Processing the
Vip3Aa protoxin with trypsin resulted in a ~66 kDa fragment, a ~20 kDa fragment, and
multiple protein fragments between 25 kDa and 40 kDa (Figure 5b). A significant band at
~60 kDa was observed in the lane containing gut proteases processed CrylAc protein. In
comparison, all the Vip3Aa-CrylAc recombinants were degraded, and no protein bands
could be observed in the SDS-PAGE analysis.
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Figure 3. Calcein release assays by treating liposomes with Vip3Aa-CrylAc fusion proteins. Domain
I and domain II extensions of Vip3Aa were fused with a Trx-His tag and domains II and III of
CrylAc to produce seven Vip3Aa-CrylAc recombinant proteins. The trypsin cleavage site between
domain I and II of Vip3Aa is presented by a triangle. Liposome (DOPC-DOPE, 1:1) permeability
of seven Vip3Aa-CrylAc fusion proteins was determined through calcein release assays. The final
concentration of each assayed protein was 10 uM/mL. Fluorescence signals of released calcein were
recorded every 30 s. The error bars represent the standard error of mean of the measurements
from triplicate experiments. Trx-His tag and trypsin-activated Vip3Aa were used as the negative
control and the positive control, respectively. Panel (a): schematic presentation of seven Vip3Aa-
CrylAc recombinant proteins. Panel (b): calcein release rate of recombinant proteins, including
VdI-CdIIdII, VdIe5-CdIIdIII, and VdIa5-6-CdIIdIIL Panel (c): calcein release rate of recombinant
proteins, including VdIa5-7-CdIIdIII, VdIx5-8-CdIIdIII, VdIx5-9-CdIIdIII, and VdIdII-CAIIdIIL.
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Figure 4. Mortality of Spodoptera litura and Plutella xylostella larvae by feeding with seven Vip3Aa-
CrylAc recombinant proteins. Panel (a): Neonates of S. litura were fed with 100 pg/mL of seven
Vip3Aa-CrylAc recombinant proteins, respectively, by surface overlay bioassays. Mortality was
recorded after 72 h. Panel (b): The second-instar larvae of P. xylostella were fed with 100 ug/mL of
seven Vip3Aa-CrylAc recombinant proteins, respectively, by surface overlay bioassays. Mortality
was recorded after 48 h. Mortality of larvae fed with the full-length Vip3Aa and CrylAc toxin,
respectively, was recorded as the positive controls. The error bars represent the standard error of
mean of the mortality from triplicate-assayed groups. DDW: double-distilled water.
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a b

Figure 5. Proteolytic stability of seven Vip3Aa-CrylAc recombinant proteins. Panel (a): Seven

Vip3Aa-CrylAc recombinant proteins were incubated at 30 °C for 6 h without any proteases and
loaded to a 15% SDS-PAGE gel, respectively. Panel (b): seven Vip3Aa-CrylAc recombinant proteins,
the full-length Vip3Aa, and Cry1Ac protoxins were incubated with bovine pancreas trypsin at ratios
of 1.2:1 (trypsin-Vip3Aa, w/w) for 1 h at 37 °C, respectively, and loaded to a 15% SDS-PAGE gel to
separate the digested fragments.

3. Discussion

Cryo-EM studies have revealed the tetrameric structure of Vip3Aa protoxin and
trypsin-activated toxin, with each monomer being composed of five domains [14]. Domain
I, containing four o-helices, plays a crucial role in both oligomerization and insecticidal
activity [17]. This domain undergoes a conformational change during proteolytic activation,
where helices a1 to «3 unfold and form a new N-terminal coiled-coil interacting with
membranes [15]. To investigate the functional roles of these helices, we generated truncated
Vip3Aa proteins lacking a1, al-a2, a1-«3, or ac1-o4. The trypsin treatment revealed the
significant impact of these a-helices on proteolytic activation. Helix «1-«3 and «1-a4
deletions led to complete degradation, highlighting their essential role in maintaining
protein stability during proteolysis (Figure 1b). The deletion of helix o1 or a1-2 resulted
in fragmentation, similar to the protoxin, but it lacked the characteristic ~19 kDa fragment,
which has been known as the fragment of released domain I and plays significant role in
insecticidal activity [7,11]. Functionally, truncating either helix «1 or a larger N-terminal
segment abolished both the liposome permeation and insecticidal activity against S. litura
(Figure 1c,d). These observations agree with previous findings on N-terminal deletions
abolishing insecticidal activity [24,25] and the crucial role of helix «1 in Vip3Aa’s structure
and function [17]. Structural analyses suggest that domain I-III maintains the spontaneous
conformation of both the protoxin and activated toxin [11]. In this study, deleting the first
three x-helices (x1-«3) likely destabilized the protein, leading to complete degradation
by trypsin or midgut proteases. The deletion of the first one or two «-helices, however,
preserved the proteolytic stability but prevented r processing into active fragments. These
findings indicate that the first three N-terminal x-helices of Vip3Aa domain I are not only
functional in pore formation but also crucial for maintaining structural stability during
proteolytic processing.

Previous studies have estimated the crucial role of Vip3Aa domain I in membrane
permeability [11,17]. We further verified this by fusing domain I with GFP, demonstrating
its independent activity in membrane perturbation. Only the liposomes treated with the
full-length domain I fusion showed significant calcein release (Figure 2c). This confirms
that domain I can independently perforate artificial liposome membranes, while the lack
of activity in N-terminal truncations underscores the critical role of helix o1 in membrane
permeability. Despite the Trx-His tag promoting solubility and proper folding [26], the
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Vip3Aa-GFP fusions still aggregated and formed inclusion bodies. However, the high
activity of renatured Trx-His-V«1-4-GFP in permeating liposomes highlights the highly
hydrophobic nature of Vip3Aa domain I.

The striking structural homology between the Vip3 and 3D-Cry toxins suggests similar
functional roles for their respective domains [15]. Similar to Vip3A domain I, CrylAc
domain I is responsible for pore formation [27,28]. Additionally, domains II and IIT of
CrylAc are involved in receptor binding, target selection, and structural maintenance,
analogous to the proposed roles of domains III-V in Vip3A [7,29-31]. According to the
individual insecticidal activity of Vip3Aa and CrylAc against S. litura and P. xylostella
larvae [12,32-34], we fused domain I and additional x-helices in domain II of Vip3Aa
with domains II and III of CrylAc to generate multiple chimeric proteins (Figure 3a).
The calcein release assays showed that apart from VdIx5-7-CdIIdIII and VdIdII-CdIIdIII,
the other recombinant proteins exhibited membrane permeability against artificial lipo-
somes (Figure 3b,c). We hypothesize that the highly hydrophobic helix «1 of Vip3Aa
might be folded and become unexposed due to structural changes in VdI«5-7-CdIIdIII
and VdIdII-CdIIdIII, leading to the loss of liposome permeation activity. The fusions of
Vip3Aa domain I with either GFP or Cry1Ac domains were found to be largely insoluble
in native conditions. Urea denaturation and the subsequent renaturation may not lead
to the formation of the tetrameric complex as the full-length Vip3Aa toxin. The activity
of these fusions to rupture artificial liposome membranes indicated that the monomeric
form of Vip3Aa domain I, the core component of the coiled-coil structure in the Vip3Aa
tetramers, possesses sufficient membrane-destabilizing activity even in the absence of pore
formation. The «-helical architecture of Vip3Aa domain I might facilitate direct interaction
with the phospholipid bilayer, similar to the observed mechanism of colicins interacting
with phospholipid vesicles [35,36]. Previous studies have investigated the permeability of
both Cry1A and Vip3A toxins against artificial liposomes [37-39]. The highly hydrophobic
a-helices in domain I have been associated to the pore-forming activity of Cryl1A and Vip3A
toxins [15,27,40]. Cry1A’s activity was shown to be enhanced when liposomes contained
soluble BBMV (brush border membrane vesicle) proteins, representing potential Cry1Ac
toxin receptors [38]. In this study, we focused solely on assessing the membrane disrup-
tion activity of fusion proteins carrying Vip3Aa domain I against artificial membranes.
However, the epithelial membrane in the midgut of lepidopteran insects is undoubtedly
more complex than a simple liposome model. Therefore, future research is necessary to
determine the permeability of these recombinant proteins in eukaryotic cells expressing
specific receptors.

Chimeric proteins composed of the full-length Vip3Aa and toxic core of CrylAc
resulted in a 150 kDa chimera showing increased toxicity against Ephestia kuehniella [41].
Fusing Vip3Aa7 to the N-terminus of Cry9Ca also improved insecticidal activity against
P. xylostella [33]. In this study, although the liposome permeability of these Vip3Aa-Cry1Ac
recombinant proteins were determined, none of them displayed insecticidal activity against
either S. litura or P. xylostella larvae (Figure 4a,b). The proteolytic processing results showed
a significant degradation of most of the recombinant proteins after treatment by trypsin
(Figure 5b). In addition to VdI-CdIIdIII and the other Vip3Aa-Cry1Ac recombinant proteins
containing domain I and extension a-helices in domain II of Vip3Aa, the trypsin cleavage
site between domain I and domain II was consequently involved. Exposure of this trypsin
cleavage site in these fusion proteins may be responsible for the degradations. However,
the recombinant protein of VAI-CdIIdIII without this trypsin cleavage site was also fully
degraded. These results indicated that fusing the N-terminal domains of Vip3Aa with
the C-terminal domains of CrylAc may have led to the loss of protection of the active
fragments under the proteolytic processing. This drastic reduction in proteolytic stability
could be a potential reason for the loss of insecticidal activity.
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4. Conclusions

In conclusion, this study highlights the crucial roles of N-terminal «-helices in Vip3Aa
domain I for their proteolytic stability and membrane permeation. Domain I is a highly hy-
drophobic fragment. Renatured domain I fragments could show activity in membrane per-
meating against liposomes without the help of other domains in Vip3Aa. The combination
of «-helices in domains I and II with domains IT and IIT of CrylAc eliminated insecticidal
activity, while the liposome permeability of most of the recombinant proteins remained.

5. Materials and Methods
5.1. Construction of Expression Vectors

The full-length vip3Aa gene (NCBI accession no. AF500478.2) derived from the Bt
WBS strain producing Vip3Aal2 protein was exercised from plasmid pGEX-Vip3Aa and
cloned into the vector pET32a at the downstream of a 3C PreScission protease cleavage
site [42]. To construct pET32a expression vectors expressing truncated Vip3Aa, fragments
of vip3Aa with different truncations in the domain-I-coding region were amplified from
pGEX-Vip3Aa by PCR using the iProof™ High-Fidelity Master Mix DNA polymerase
(Bio-RAD, Hercules, CA, USA) with the primer sets listed in Table 1. The PCR-amplified
fragments were cloned to pET32a at the downstream of a 3C PreScission protease cleavage
site, as described above. Four expression vectors were constructed to express Vip3Aa with
a truncation of the a1 to &4 helices in domain I of Vip3Aa (Figure 1a).

Table 1. Primers for the cloning of vectors expressing Vip3Aa N-terminal truncations and Vip3Aa-

GFP fusions.
Primers Sequences (5 to 3')
Vip3Aa-F acaaggccatggctgatatc GGATCCCTGGAGGTGCTGTTCCAGGGGCCCATGAACAAGAATAATACTAAATTA

Ax1 Vip3Aa-F
Axl-02 Vip3Aa-F
Axl-o03 Vip3Aa-F
Ao4 Vip3Aa-F
Vip3Aa-R
Vip3A-DI-GFP-R
GFP-F

GFP-R

acaaggccatggcetgatatcGGATCCCTGGAAGTTCTGTTCCAGGGGCCCACGGATACAGGTGGTGATCTAA
acaaggccatggcetgatatcGGATCCCTGGAAGTTCTGTTCCAGGGGCCCGGAAACTTAAATACAGAATTAT
acaaggccatggetgatatcGGATCCCTGGAAGTTCTGTTCCAGGGGCCCAAGTTGGATATTATTAATGTAA
acaaggccatggetgatatc GGATCCCTGGAAGTTCTGTTCCAGGGGCCCGAAACTAGTTCAAAAGTA
agtggtggtegtgetgete CTCGAGTTACTTAATAGAGACATCGT

agtgaaaagttcttctectttactcat AGCAAAAGTTAATTCCTCAAATT
TTGAGGAATTAACTTTTGCTatgagtaaaggagaagaacttttcact

gttagcagceggatctcagtggtegtggteetegtes CTCGAGttatttgtatagttcatccatgecatgt

Sequences overlap to pET32a are lowercased; cleavage sites of BamH I, Xho I are underlined; cleavage site of 3C
PreScission protease is in italics; sequences overlap to gfp are lowercased and in italics.

Four fragments of Vip3Aa domain I, including the full-length domain and three N-
terminal truncations, were cloned, and fused to the 5" end of the gfp gene using overlap
PCR [43]. Specific primer sets listed in Table 1 facilitated the construction of these fusions.
The resulting PCR products containing the truncated Vip3Aa domains and gfp were then
inserted into the pET32a expression vector at the downstream of a Trx-His tag. Four
expression vectors were constructed to prepare fusion proteins: Trx-His-V«1-4-GFP (full-
length domain I), Trx-His-VAx1-GFP (a1-truncated), Trx-His-VAx1-«2-GFP («1 and «2-
truncated), and Trx-His-VAx1-«3-GFP (1 to a3-truncated). Schematic representations of
these fusion proteins are presented in Figure 2a.

To generate Vip3Aa-CrylAc combinations, nucleotide fragments encompassing Vip3Aa
domains I and II (VdIdII) and its C-terminal truncations were amplified using primers
listed in Table 2. Plasmid DNA from Bt HD73 strain, expressing the Cry1Ac1 protein (NCBI
Accession No. AAA22331.1) was extracted as described previously [44]. Fragments con-
taining domains II and III of CrylAc (CdIIdIII) were also amplified using specific primers
(Table 2). Overlap PCR, as described above, facilitated the ligation of Vip3Aa and CrylAc
fragments. The resulting PCR products were then inserted into pET32a at the downstream
of the Trx-His tag, generating seven recombinant proteins: VdI-CdIIdIII (Vip3Aa domain
I, without the K198 trypsin cleavage site, fused with CrylAc domains II and III), VdIa5-
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CdIIdIIT (x5-extended at the C-terminus of Vip3Aa domain I), VdIa5-6-CdIIdIII (a5-6
extended at the C-terminus of Vip3Aa domain I), VdIa5-7-CdIIdIII (x5-7 extended at the
C-terminus of Vip3Aa domain I), VdIa5-8-CdIIdIII (x5-8 extended at the C-terminus of
Vip3Aa domain I), VdIx5-9-CdIIdIII (x5-9 extended at the C-terminus of Vip3Aa domain
I), and VdIdII-CdIIdIII (Vip3Aa domains I and II fused with CrylAc domains II and III).
The expression vectors for these Vip3Aa-Cry1Ac combinations are schematically illustrated
in Figure 3a.

Table 2. Primers for the cloning of vectors expressing Vip3Aa-CrylAc chimeric proteins.

Primers Sequences (5" to 3')

Vip3Aa-F acaaggccatggctgatatcGGATCCCTGGAGGTGCTGTTCCAGGGGCCCATGAACAAGAATAATACTAAATTA
VdI-Cry-R aattgggaaactgttcgaattgg TTCTGTAGCAAAAGTTAAT
VdI-Cry-F TTCTTGATGAGTTAACTGAGccaattcgaacagtttcccaatt
VdIa5-Cry-R aattgggaaactgttcgaattgg TACACTTTTCGCTAGTTCAGTT
Vdl«5-Cry-F TTAACTGAACTAGCGAAAAGTGTAccaattcgaacagtttcccaatt
Vdla5-6-Cry-R aattgggaaactgttcgaattggCATTACATCGTGGAATGTATTAA
Vdl«5-6-Cry-F TTAATACATTCCACGATGTAATGccaattcgaacagtttcccaatt
Vdla5-7-Cry-R aattgggaaactgttcgaattgg ATTTTCTTTAGTAATTAATTCC
Vdl«5-7-Cry-F GGAATTAATTACTAAAGAAAATccaattcgaacagtttcccaatt
Vdla5-8-Cry-R aattgggaaactgttcgaattgg TAATAATTTTCGGCATGTTGTTAA
Vdla5-8-Cry-F TTAACAACATGCCGAAAATTATTAccaattcgaacagtttcccaatt
Vdla5-9-Cry-R aattgggaaactgttcgaattgg GTTTACTCTAAATTCCTCTTTTTC

Vdla5-9-Cry-F
VdIdII-Cry-R
VdIdII-Cry-F
CrylAc-R

GAAAAAGAGGAATTTAGAGTAAACccaattcgaacagtttcccaatt
aattgggaaactgttcgaattgg AGAAAGTGTAGGGAGGATGTTTACTC

GAGTAAACATCCTCCCTACACTTTCTccaattcgaacagtttcccaatt
gtggtggtegtggtggtgctcgagttatgcagtaactggaataaattcaaate

Sequences overlapping pET32a are lower-case; cleavage sites of BamH I, Xho I are underlined; cleavage site of 3C
PreScission protease is in italics; sequence overlapping cry1Ac are lower-case and underlined.

5.2. Expression and Purification of Recombinant Proteins

To prepare Vip3Aa proteins, a 250 puL overnight culture of Escherichia coli BL21 (DE)
cells carrying a plasmid of pET32a-Vip3Aa was inoculated to 400 mL of LB in a 2 L flask.
The cultures were incubated at 37 °C and 150 rpm in a shaking incubator until the ODgy
reached 0.5. Protein expression was then induced by adding 0.8 mM IPTG (Isopropyl-
D-thiogalactoside), followed by incubation at 16 °C for 24 h. Cells were harvested by
centrifugation at 14,000x g for 1 min and resuspended in Tris—NaCl buffer (50 mM Tris,
0.5 M NaCl, pH 8.6) for washing. The cell suspension, supplemented with 1 mM PMSF
(phenylmethanesulfonyl fluoride), was disrupted by sonication using a VC-50 sonicator
(Sonics & Materials Inc., Newtown, CT, USA). Cell debris was pelleted by centrifugation
at 21,000x g for 10 min. The supernatant containing soluble Trx-His-3C-Vip3Aa fusion
protein was purified using a Ni-Sepharose 6 Fast Flow column (Cytiva, Shanghai, China)
according to the manufacturer’s instructions. The fusion protein was eluted with 500 mM
imidazole in 50 mM Tris-NaCl buffer (pH 8.6). The recombinant proteins after dialysis
were collected and reloaded to the Ni-Sepharose column to remove cleaved Trx-His tag
and residual fusion proteins. The GST-tagged 3C PreScission protease used for cleavage of
the fusion proteins was removed from the recovered recombinant proteins using a GSTrap
column (Cytiva, Shanghai, China).

To prepare the Vip3Aa-GFP and Vip3Aa-CrylAc fusion proteins, E. coli BL21 (DE3)
cells carrying the corresponding plasmids were cultured and induced with 0.8 mM IPTG
as described above. After harvesting, the cells were washed and resuspended in Tris—
NaCl buffer (pH 8.6) containing 1 mM PMSE. Cell suspensions were sonicated, and the
inclusion bodies containing insoluble target proteins were collected by centrifugation.
These inclusion bodies were dissolved in 6 M urea solution (50 mM Tris, pH 7.5), and the
resulting solution was loaded onto a Ni-Sepharose 6 Fast Flow column for purification of
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the Trx-His-tagged recombinant proteins. Elution was achieved with 3.6 M urea solution
containing 500 mM imidazole in 50 mM Tris-NaCl buffer (pH 8.6). Renaturation of the
target proteins was carried out through a stepwise urea gradient dialysis using buffers
containing 3 M, 2 M, 0.5 M, and 0 M urea in Tris—-NaCl buffer (pH 8.6). After dialysis, the
supernatant containing soluble recombinant proteins was collected by centrifugation at
12,000 g for 2 min at 4 °C and stored at —20 °C for further use.

5.3. Insect Rearing and Bioassays

An inbred lab colony of S. litura maintained in the laboratory for over 4 years
(~40 generations) [12] was used in this study. The S. litura colony was reared on a soybean-
based artificial diet at 27 °C with 50% humidity and a photoperiod 16 h of light and 8 h of
darkness. The larvae of Bt-susceptible P. xylostella was kindly provided by the Institute of
Applied Ecology (IAE), Fujian Agriculture and Forestry University [45].

For bioassays using trypsin-processed proteins, assayed proteins were processed by
bovine pancreas trypsin (Sigma, St. Louis, MO, USA) at a mass ratio of 1.2:1 (trypsin/Vip3Aa,
w/w) at 37 °C for 6 h. Bioassays were conducted using a diet overlay method [46]. Briefly,
assayed proteins were diluted in distilled water to 100 pg/mL, respectively. A 200 uL
aliquot of diluted proteins was overlaid on the surface (~7 cm?) of the diet in each cup
(30 mL plastic cup containing ~5 mL diet). Ten neonates of S. litura or 2nd-instar larvae
of P. xylostella were placed into each cup, and each concentration of Vip3Aa included
5 replications. Cups containing diet overlaid by distilled water were used as negative
controls. Diet cups containing assayed larvae were covered with lids and kept in a rearing
room at 27 °C and at 50% humidity and with a photoperiod of 16:8 (light-dark). The
mortality of the assayed S. litura and P. xylostella was recorded in 72 h and 48 h, respectively.

5.4. In Vitro Proteolytic Processing of Recombinant Proteins

In vitro proteolytic processing was conducted as described previously [12,47]. To
investigate the proteolytic stability of Vip3Aa truncations and Vip3Aa-CrylAc recombinant
proteins, 17.5 ug of Vip3Aa truncations was incubated with bovine pancreas trypsin at
ratios of 1.2:1 (trypsin/Vip3Aa, w/w) in 100 uL of 150 mM NaCl in 50 mM Tris-HCl
buffer (pH 8.6) for 1 h at 37 °C. Target proteins incubated in buffer only were used as
controls. Proteolytically processed proteins were separated by electrophoretic analysis on
15% SDS-PAGE gels.

5.5. Liposome Fluorescence Permeability Assay of Vip3Aa Complex Activities

The activity of the target proteins to permeate the lipid membrane was determined
using liposomes for a calcein release assay [37,38,48]. To prepare liposomes, 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE) were mixed at a ratio of 1:1 (w/w), and the lipid mixture was dissolved in chloro-
form at a final concentration of 10 uM/mL. The solvent (chloroform) in the lipid solution
was evaporated with a flow of nitrogen gas and then under vacuum in a lyophilizer for
2.5 h. Approximately 15.2 mg of dried lipids was suspended in 200 uL of 30 mM calcein in
50 mM Tris-HCl at pH 8.0. After 5 cycles of freezing and thawing, the solution was passed
through a polycarbonate membrane (0.1 M pore size) for 35 passes using a two-syringe
extruder (Avanti Polar Lipid, Alabaster, AL, USA). The lipid vesicle solution was loaded to
a HiTrap desalting column with Sephadex G-25 resin (Cytiva) to remove free calcein, and
the liposome preparation was recovered and stored until use.

To examine the membrane permeation activity of Vip3Aa truncations, the calcein-
encapsulated liposome solution was carefully pipetted to a 1.0 cm light-path quartz cuvette
and then mixed with MnCl; at a final concentration of 10 uM. Twenty microliters of trypsin-
processed Vip3Aa truncations at a concentration of 0.5 uM were added to the cuvette
containing 250 puL of calcein-encapsulated liposome solution. After an incubation of the
mixture for 300 s for to allow the liposomes to stabilize, the release of calcein from the
liposomes was monitored as decreasing in fluorescence for 10 min using a fluorescence spec-
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trophotometer (F-4600, HITACHI, Tokyo, Japan) at excitation and emission wavelengths of
485 and 520 nm, respectively, with a slit width of 5 nm. Triton X-100 (0.1%, v/v) was added
to the cuvette to solubilize liposomes at the end of the assay to completely release the cal-
cein. THe liposomal permeability of Vip3Aa-GFP fusions or Vip3Aa-CrylAc recombinant
proteins without being processed with trypsin was assayed through the same procedure
described above. Trx-His tag was used in the assays as a negative control. At least three
replications were included for each assay. The percentage of calcein released from the
vesicles (I%) was calculated by the following formula: 1% = 100 x (It — Iy)/(Imax — Io)- Io,
It, and Imax represent the intensity of the fluorescence of the original calcein-encapsulated
lipid solution without assayed protein samples, the calcein-encapsulated lipid solution
with an assayed protein sample, and the sample with 0.1% Triton X-100 added, respectively.
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Abstract: Vip3Aa, secreted by Bacillus thuringiensis, is effective at controlling major agricultural pests
such as Spodoptera frugiperda. However, to control Vip3Aa resistance evolved in the field by different
lepidoptera species, an in-depth study of sequence—-structure—-activity relationships is necessary to
design new Vip3Aa variants. In this study, the four specific loops (45 loop, B9-p10 loop, p12-13
loop, and $14-p15 loop) in domain III were selected and four loop mutants were constructed by
replacing all residues in each specific loop with alanine. We obtained soluble proteins for three of the
loop mutants, excluding the f9-10 loop. These loop mutants have been characterized by toxicity
bioassays against S. frugiperda, proteolytic processing, and receptor binding. These results indicate
that the 4-85 loop and B14-B15 loop are involved in receptor binding and Vip3Aa toxicity. Based on
this, we constructed numerous mutants and obtained three single mutants (Vip3Aa-5366T, Vip3Aa-
S366L, and Vip3Aa-R501A) that exhibited significantly increased toxicity of 2.61-fold, 3.39—fold, and
2.51-fold, respectively. Compared to Vip3Aa, the receptor affinity of Vip3Aa-S366T and Vip3Aa-—
S366L was significantly enhanced. Furthermore, we also analyzed and aligned the three-dimensional
structures of the mutants and Vip3Aa. In summary, these results indicate that the loops in domain III
have the potential to be targeted to enhance the insecticidal toxicity of the Vip3Aa protein.

Keywords: microbial pesticides; Vip3Aa; domain III; binding affinity; Spodoptera frugiperda

Key Contribution: Vip3Aa domain III 84-f5 loop and B14-f15 loop are involved in receptor binding.
Vip3Aa domain III 89-p10 loop is essential for the proper protein folding of Vip3Aa. Vip3Aa-S366T,
Vip3Aa-5366L, and Vip3Aa-R501A exhibited significantly increased toxicity of 2.61-fold, 3.39—fold,
and 2.51-fold, respectively.

1. Introduction

Spodoptera frugiperda (Lepidoptera, Noctuidae) is native to the tropics and subtropics of
the Americas and has become a major global invasive pest in the past decade [1]. Planting

Toxins 2024, 16, 23. https:/ /doi.org/10.3390/ toxins16010023 17

https:/ /www.mdpi.com/journal/toxins



Toxins 2024, 16, 23

crops that express insecticidal proteins is a green pest control strategy, as these crops exhibit
specific toxicity to different pests [2]. Currently, widely used insecticidal proteins are
generally derived from Bacillus thuringiensis and are categorized into insecticidal crystal
proteins (ICPs) and vegetative insecticidal proteins (Vips). Given that some lepidopteran
pests, such as S. frugiperda, have developed resistance to certain ICPs, it has become urgent
to study Vips that do not share any amino acid sequence homology with ICPs [3].

Based on the protein structure, Vips are divided into three categories: Vip3, Vpa, and
Vpb [4]. Currently, the focus of research and application is mainly on Vip3 proteins, which
can not only specifically control lepidopteran pests such as S. frugiperda, Agrotis ipsilon,
and Spodoptera exigua but are also different from ICPs in terms of their receptor binding
sites [5]. The amino acid similarity among Vip3Aa protein members is up to 95% and the
average molecular weight is approximately 88 kDa. Vip3A can be hydrolyzed by trypsin
or insect midgut juice into two fragments, one of 22 kDa (corresponding to the first 198
amino acids) and the other of 66 kDa (corresponding to the amino acids after position
198). The 66 kDa band was initially believed to be a fragment of toxic activation. With the
in—depth study of the mechanism of action of Vip3Aa protein, researchers discovered that
after being cleaved by trypsin, the 22 kDa fragment and the 66 kDa fragment still remain
bound together, forming the activated toxin [6,7].

Trypsin treatment of alanine mutants revealed that the Vip3Af protein consists of five
domains, of which domains I to III are required for protein tetramerization [8]. Domain
I consists of highly curved a—helices and may be responsible for the ability of the Vip3A
protein to insert into the cell membrane; domain I also plays a key role in maintaining the
stability of Vip3Aa in the presence of midgut proteases [9,10]. In addition, domains IT and III
of the Vip3Aa protein are the core regions responsible for its binding with the brush border
membrane vesicles (BBMVs) of S. frugiperda, with domain II potentially playing a role in
stabilizing Vip3 oligomers [7,10]. Domain III was first shown to play a major role in the
binding between Vip3Aa and Sf9 cells and recent studies have shown that Vip3Aa truncated
variants lacking domain II and domain III or containing only one of them, fail to bind to
target cells, suggesting that domain II and domain III together are the receptor-binding
domains of the Vip3Aa protein [10,11]. The Vip3 proteins contain carbohydrate-binding
modules in domains IV and V [7]. These modules potentially interact with the peritrophic
membrane to facilitate the passage of the Vip3 protein through it, enabling contact with the
insect midgut epithelium [10].

After determining the 3D structure of the Vip3 protein, there has been a gradual
increase in the number of studies investigating its structure—-effect relationship. Trypsin
cleaves the Vip3Aa protein from its protoxin form to an activated toxin, which is a pre-
requisite for the insecticidal activity of the Vip3Aa protein. Helix a1 plays an important
role in restricting the conformation of domain I in the Vip3Aa protoxin and ensuring the
insecticidal activity of the Vip3Aa activated toxin [12]. There are multiple protease cleavage
sites in the loop region between domain I and domain II and it is advantageous to increase
the insecticidal activity of Vip3Aa by adding more cleavage sites [13]. In the 3D protein
structure, loops connecting secondary structures play crucial roles in the function of the
protein. Domain III contains three antiparallel f—sheets and is similar to domain II of
Cry3A [7,14]. Domain II of the Cry proteins has receptor recognition and receptor binding
functions, in which the loops play an important role [15,16]. Therefore, loops in domain III,
especially those exposed on the protein structure surface, may be involved in the binding
process between the Vip3Aa protein and its receptor. However, studies on the loops in
domain IIT of the Vip3Aa protein are not yet available, which limits studies related to
Vip3Aa protein receptor recognition and receptor binding.

In the present study, we focused on four specific loops (84—B5 loop, f9-B10 loop,
B12-$13 loop, and B14-p15 loop) in domain III of Vip3Aa and replaced all residues in each
of the loops with alanine, respectively, to generate loop alanine mutants. Compared to the
wild-type protein Vip3Aa, these mutants exhibited decreased insecticidal activity against
S. frugiperda, possibly due to reduced stability in the midgut juice or impaired binding
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to receptors on midgut epithelial cells. In addition, we constructed single mutants and
multiple mutants in the 4—5 loop and B14—515 loop of domain III and found that the
mutants with improved insecticidal activity exhibited stronger binding ability to BBMVs of
S. frugiperda. Finally, we analyzed the potential roles of the 45 loop and $14-515 loop in
the insecticidal activity of Vip3Aa using the predicted 3D protein structure. In summary,
these results demonstrate that the loops in domain III are involved in receptor binding
and toxicity.

2. Results
2.1. Substituting the Sequence of the Loop in Domain III Reduces the Insecticidal Activity of Vip3Aa

Vip3Aa contains five domains and domain III, composed of three antiparallel
B-sheets, plays an important role in the interactions between Vip3Aa and the receptors in
S. frugiperda BBMVs [8,10]. Four special loops (B4-p5 loop, p9-10 loop, p12-p13 loop, and
B14—B15 loop) in domain III were selected and mutated in this study to further elucidate
the insecticidal mechanism of Vip3Aa (Figure 1A). The 4-£5 loop (D*°SI*%7), 89-B10 loop
(K*KMKTL**), and f14-415 loop (E**®NSR>!) are from different f-sheets in domain IIT
and are protruding loops. The $12-13 loop (S*® ANDDG*"%) is the least conserved loop in
Vip3 protein domain III (Figure S1). Moreover, these four loops are exposed to the surface of
the Vip3Aa protein (Figure S2). Four loop mutants (Vip3Aa—-loop4-5A, Vip3Aa-loop9-10A,
Vip3Aa-loop12-13A, and Vip3Aa-loop14-15A) were constructed by replacing all residues
in each specific loop with alanine.
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Figure 1. The Vip3Aa loop mutants showed a decrease in toxicity against S. frugiperda neonate larvae.
(A) The spatial location of the four special loops in domain III. (B) SDS-PAGE results of Vip3Aa and
its mutants. (C) The insecticidal activity of Vip3Aa and its mutants.
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Unfortunately, we did not obtain the soluble protein for mutant Vip3Aa-loop9-10A
(mutation of residues 428-KKMKTL-435 to 428-AAAAAA-435). As shown in Figure 1B,
we obtained mutant proteins with a molecular mass of approximately 88 kDa. These mutant
proteins exhibited expression levels similar to those of Vip3Aa. To explore the effect of the
mutations in domain III loops, the three-loop residue substitution mutants were bioassayed
against neonate larvae of the insect species S. frugiperda. The mortality rate of S. frugiperda
reached 95% when treated with 1000 ng/g Vip3Aa but the lethality rates for Vip3Aa-loop4-
5A, Vip3Aa-loop12-13A, and Vip3Aa-loop14-15A at the same concentration were 65%,
81%, and 52%, respectively (Figure 1C). The wild—type protein Vip3Aa showed an LCsg
value of 251 (226-307) ng/g; however, the mutant proteins Vip3Aa—-loop4-5A, Vip3Aa—
loop12-13A, and Vip3Aa-loop14-15A showed decreased toxicity compared to Vip3Aa
(Table 1).

Table 1. Toxicity of the Vip3Aa and loop mutant proteins against S. frugiperda neonate larvae.

LCs (ng/g)

. . s 2
Protein Mutation Description (95% Fiducial Limits) Slope + SE X DF
Vip3Aa Wild type, no mutation 251 (226-307) 242 £0.15 8.97 5

Vip3Aa-loop 4-5A Mutation of residues 594 (506-713) 156 + 0.12 0.38 5

364-DSI-368 to 364-AAA-368

Vip3Aa-loop12-13A

Mutation of residues
467-SANDDG-474 to 375 (330-427) 2.00 4+ 0.13 1.55 5
467-AAAAAA-474

Vip3Aa-loop14-15A

Mutation of residues
497-ENSR-502 to 970 (805-1219) 1.59 £0.13 1.58 5
497-AAAA-502

2.2. Substituting the Sequence of the Loop in Domain III Affects the Stability of Vip3Aa

Domain III is essential to the tetramerization of Vip3 [7,9]. To test the effect of the
domain IIT loop mutation on the proteolytic pattern of Vip3Aa, trypsin and S. frugiperda
midgut juice were used to treat the mutant proteins. As shown in Figure 2A-D, the mutant
proteins and Vip3Aa showed similar proteolytic patterns, with the major fragment being
approximately 66 kDa. With the prolongation of trypsin hydrolysis time or the increase in
midgut juice concentration, the proteolytic patterns did not change. However, compared to
Vip3Aa, the activated band ratio of mutant proteins decreased to varying degrees, especially
Vip3Aa-loop12-13A (Figure 2E,F). When the mutant proteins were treated with trypsin
for 60 min, there was a significant decrease in the percentage of 66 kDa fragments in all
three mutant proteins. Combined with the results of the mutant proteins treated with S.
frugiperda midgut juice, we conclude that the $12-13 loop may have a greater effect on the
stability of the Vip3Aa protein than the p4—35 loop and $14-15 loop.

2.3. Substituting the Sequence of the Loop in Domain III Affects the Binding of Vip3Aa to S.
frugiperda BBMV's

The interaction between Vip3Aa and the target pest midgut BBMVs is widely per-
ceived as the vital step for insecticidal activity [17,18]. To analyze the effect of domain
III loop residue substitution with alanine on binding between Vip3Aa and its receptors,
we first performed ELISA binding saturation assays of the toxins with biotin tag to S.
frugiperda BBMVs. As shown in Figure 3A-D, unlike Vip3Aa-loop 12-13A, the equilibrium
dissociation constants (Kg) of Vip3Aa-loop 4-5A (128.73 £ 11.75 nM) or Vip3Aa-loop
14-15A (144.25 £ 18.18 nM) binding to BBMVs were significantly larger than that of Vip3Aa
(94.04 + 8.93 nM). Furthermore, when the residues in both 4—f5 loop and p14-15 loop
were replaced by alanine, the equilibrium dissociation constant of Vip3Aa-loop4-5A&14-15A
binding to BBMVs was elevated even more (Figure 3E). In addition, it was shown that
Vip3Aa enters Sf9 cells via receptor-mediated endocytosis and that the amount of Vip3Aa
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entering the cells correlates with cytotoxicity [19]. To investigate whether the $4-p5 loop
and B14-$15 loop in domain III are involved in the binding of Vip3Aa to its internalization—
related receptors, we constructed the fusion protein composed of Vip3Aa (or Vip3Aa-loop
4-5A or Vip3Aa-loop 14-15A) and red fluorescence protein (RFP). A greater number of
red fluorescent dots could be observed in Vip3Aa-RFP-treated cells than in Vip3Aa-loop
4-5A-RFP or Vip3Aa-loop 14-15A-RPF-treated cells; Vip3Aa-loop 4-5A and Vip3Aa-loop
14-15A were also less cytotoxic than Vip3Aa (Figure 3F and Figure S3). These results sug-
gest that the 4-5 loop or f14-p15 loop in domain III should be involved in the interaction
between Vip3Aa and its receptors.
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Figure 2. Proteolytic processing of Vip3Aa (A), Vip3Aa-loop 4-5A (B), Vip3Aa-loop 12-13A (C),
and Vip3Aa-loop 14-15A (D). The cleaved fragments were separated via SDS-PAGE. (E) Percentage
of 66 kDa fragment after trypsin treatment in Vip3Aa and its mutants. (F) Percentage of 66 kDa
fragment after S. frugiperda midgut juice treatment in Vip3Aa and its mutants. Significant differences
from the controls are shown as * p < 0.05 and ** p < 0.01. ns: no significant.

21



Toxins 2024, 16, 23

2.4. Selective Modification of the Loops in Domain III Contributes to the Insecticidal Activity of Vip3Aa

To better understand the role of residues in the 4—p5 loop and p14-15 loop in the
insecticidal activity of Vip3Aa, these residues were modified by site-directed mutagenesis.
As indicated in Figure 4A, the insecticidal activity against S. frugiperda was significantly
impaired when the three residues (D365, S366, and 1367) in the p4—35 loop were replaced
by alanine, especially S366 and 1367. Unlike the mutants of the f4—p5 loop, the mutants of
the 1415 loop showed widely varying toxicity. The toxicity of mutant Vip3Aa—E498A
was significantly impaired, while the mutants Vip3Aa-S500A (LC50: 185 (162-217) ng/g)
and Vip3Aa-R501A (LC50: 100 (82-117) ng/g) showed enhanced toxicity compared to the
Vip3Aa protein (LC50: 251 (226-307) ng/g).
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Figure 3. Binding analysis of Vip3Aa and its mutants to S. frugiperda BBMVs. Saturation binding of
biotinylated Vip3Aa (A), Vip3Aa-loop 4-5A (B), Vip3Aa-loop 12-13A (C), or Vip3Aa-loop 14-15A
(D) to S. frugiperda BBMVs. (E) Saturation binding of biotinylated Vip3Aa-loop4-5A&14-15A.
(F) Confocal microscopy analysis of the entry of Vip3Aa or its mutants into Sf9 cells.

In addition, the residues in the 45 loop and f14-15 loop were also substituted
with amino acids that differed in the multiple sequence alignments of the Vip3 proteins
(Figure S1). However, only five (Vip3Aa-S366R, Vip3Aa-E498K, Vip3Aa-N499R, Vip3Aa-
R501K, and Vip3Aa-R501Q) of the 14 mutants displayed toxicity similar to that of the
Vip3Aa protein. The remaining 10 mutants either had severely impaired insecticidal
toxicity or were unable to be obtained as soluble proteins.

Studies have shown that the mutants (S9N, S193T, and S194L) displayed an approx-
imately two—fold insecticidal activity against Helicoverpa armigera larvae compared with
Vip3Aall [20]. To obtain mutant proteins with enhanced insecticidal activity against
S. frugiperda, more mutants were generated by replacing serine at position 366 with as-
paragine, leucine, threonine, and charged polar amino acids (aspartic acid, glutamic acid,
and lysine), respectively (Figure 4). The LCs values of Vip3Aa-S366T and Vip3Aa-S366L
were 96 (75-122) and 74 (56-111) ng/g, respectively, indicating that these two mutants had
approximately 2.6— and 3.4—fold higher activity against S. frugiperda than Vip3Aa. How-
ever, the insecticidal activity of other mutants was lower than that of Vip3Aa, especially
Vip3Aa-S500N and Vip3Aa-S500T (Figure 4A).

The replacement of glutamic acid (E, negative) with lysine (K, positive) at position 498
had little influence on the insecticidal activity of Vip3Aa against S. frugiperda (Figure 4B).
In a subunit of the Vip3Aa protein tetramer, residue N499 does not have any contact with
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other residues (Table S2). Based on the difference in hydrophilicity of the amino acids,
asparagine at position 499 was substituted with aspartic acid and threonine to obtain
mutants Vip3Aa-N499D and Vip3Aa-N499T, respectively. We did not obtain soluble
protein for Vip3Aa-N499T. However, Vip3Aa-N499D (LCsp: 184 (139-219) ng/g) showed
slightly increased insecticidal activity over Vip3Aa (LCsp: 251 (226-307) ng/g).
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Figure 4. Toxicity of Vip3Aa single mutants against S. frugiperda neonate larvae. (A) Mutants in the

B4—p5 loop (D395SI°%7); (B) Mutants in the f14-515 loop (E**®NSR). Vip3Aa-1367L, Vip3Aa-N499T,
and Vip3Aa-N499S did not obtain soluble protein.
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Thus far, we have obtained five single mutants (Vip3Aa-S366L, Vip3Aa-S366T, Vip3Aa—
R501A, Vip3Aa-S500A, and Vip3Aa-N499D) with enhanced insecticidal activity compared
to Vip3Aa but Vip3Aa-S500A and Vip3Aa-N499D had less toxicity than the other three
single mutants. In addition, compared to Vip3Aa-loop4-5A and Vip3Aa-loop14-15A, the
mutant Vip3Aa-loop12-13A showed less impaired insecticidal activity, so we constructed
only one mutant (Vip3Aa-N470K) in the $12-13 loop, which replaced the asparagine at po-
sition 470 with lysine. Mutant Vip3Aa-N470K (LCsp: 123 (107-141) ng/g) showed enhanced
toxicity compared to Vip3Aa (Table 2). Subsequently, multiple mutants were constructed,
including Vip3Aa-S366T/R501A, Vip3Aa-5366L/R501A, Vip3Aa-5366T/N470K, Vip3Aa—
S366L/N470K, Vip3Aa—N470K/R501A, Vip3Aa-S366T/N470K/R501A, and Vip3Aa-S366L/
N470K/R501A. Among these multiple mutants, only Vip3Aa-5366L/R501A did not show
enhanced toxicity compared to Vip3Aa. However, only the multiple mutants Vip3Aa—
S366T/N470K and Vip3Aa-5366L/N470K showed higher toxicity than Vip3Aa-S366L
(Table 2 and Figure 4A). These results suggest that selective modification of loops in
domain III can increase the toxicity of Vip3Aa.

Table 2. Toxicity of modified Vip3Aa proteins against S. frugiperda neonate larvae.

] . LCsg (l‘lg/g)
Protein Position (95% Fiducial Limits)
Vip3Aa - 251 (226-307)

Vip3Aa-N470K

B12-513 loop 123 (107-141)

Vip3Aa-S366T/R501A

145 (122-168)

Vip3Aa-S366L/R501A

B4-pB5 loop and B14-B15 loop

128 (104-172)

Vip3Aa-5366T /N470K 68 (51-86)
- B4-PB5 loop and B12-513 loop
Vip3Aa-5366L/N470K 56 (39-77)
Vip3Aa-N470K/R501A B12-pB13 loop and B14-415 loop 113 (106-131)
Vip3Aa-5366T /N470K /R501A 108 (92-122)
B4-pB5 loop, p12—B13 loop and 1415 loop
Vip3Aa-5366L./N470K/R501A 106 (86-125)

2.5. Toxicity—Enhanced Vip3Aa Mutants Bind More Strongly to S. frugiperda BBMVs

Our results suggested that the f4-85 loop or f14-15 loop in domain III is involved in
the interaction between Vip3Aa and its receptors. Therefore, the binding of toxicity—
enhanced Vip3Aa mutants to S. frugiperda BBMVs was measured by ELISA binding
saturation assays. As shown in Figure 5, the equilibrium dissociation constants (Kg)
of Vip3Aa binding to BBMVs, Vip3Aa-5366L, Vip3Aa-S366T, and Vip3Aa-R501A were
91.89 £ 10.02 nM, 59.34 + 3.85 nM, 64.83 & 5.12 nM, and 76.93 £ 7.11 nM, respectively.
These results indicate that the toxicity—enhanced Vip3Aa mutants (except Vip3Aa—R501A)
have greater binding with S. frugiperda BBMVs than Vip3Aa.

2.6. Three-Dimensional Structural Analysis of Vip3Aa Mutants

Based on the results of the insecticidal activity of the mutants against S. frugiperda
neonate larvae, we categorized the single mutants into four groups: (i) the insecticidal
activity was significantly improved; (ii) the insecticidal activity was severely impaired;
(iii) the soluble protein was not available; and (iv) the insecticidal activity was affected. We
used the Phyre2 server to predict the 3D structure of the mutants except for mutant (iv).
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Figure 5. Saturation binding of biotinylated Vip3Aa (A), Vip3Aa-S366L (B), Vip3Aa-S366T (C), or
Vip3Aa-R501A (D) to S. frugiperda BBMVs.

The contacts program in the software Chimera X v.1.8 was used to de—predict the
contacts of the mutated residues with the surrounding residues in the 3D structures of the
mutants. As shown in Figure 6A and Table S2, when serine at position 366 was replaced
with alanine, proline, or threonine, 3D structural analysis of the mutants showed that the
mutation not only reduced the contacts of the mutated residue with other residues but
also significantly reduced the contacts of residues in the f4—5 loop with other residues.
Moreover, mutants at position 367 exhibited the same phenomenon (Figure 6B and Table S2).
However, the 3D structure of Vip3Aa-S366L shows increased contacts between L366 and
other residues (Figure 6A and Table S2). Additionally, we discovered that residue N633
in the 3D structure of the Vip3Aa protein forms nine contacts (four contacts with S366
and five contacts with 1367) with residues in the B4—45 loop (D3¢2SI%7) (Figure 6). Except
for Vip3Aa-S366T and Vip3Aa-S366L, the contacts between residue N633 and residue
at position 367 in the 3D structures of other mutants were no less than the contacts with
residue at position 366.

Unlike the mutant Vip3Aa-R5014, it was not difficult to observe that the mutants
with severely impaired toxicity (or insoluble mutant proteins) all contacted with N470,
potentially restricting the flexibility of both the f14-315 loop and $12-13 loop (Figure 7
and Table S2). In addition, 3D structural analysis of the toxicity—enhanced mutant Vip3Aa-
N470K suggests some contacts between K470 and R501 (Table S2). However, lysine and
arginine are both positively charged amino acids and repel each other. This analysis shows
that the $14-$15 loop and B12-513 loop staying away from each other may assist in the
toxicity of Vip3Aa.
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Vip3Aa—E498A V1p3Aa—N499S Vip3Aa—N499T

-

Domain V

Domain V/

Figure 7. Contact analysis between residues in Vip3Aa (or mutants in the f14-15 loop) by Chimera
X. Alignment indicates the result of the comparison of the f14-£15 loop in the structure of the Vip3Aa
protein with that of the mutant proteins. The p14—B15 loop in Vip3Aa and its mutants were labeled
with different colors. Blue: domain III; Yellow: domain V; Red circle: 1415 loop.

3. Discussion

Vip3Aa, a soluble protein secreted by B. thuringiensis, can effectively control lepi-
dopteran pests such as S. frugiperda. However, the lack of relevant research on the structure-
function relationship of the Vip3Aa protein greatly hinders its application in pest control.
The receptor binding function of domain III has been demonstrated but the specific regions
involved in binding are still unclear. Therefore, we selected four specific loops (84—p5 loop,
B9-p10 loop, f12—p13 loop, and $14—p15 loop) in domain III as our research targets and
constructed various mutants to investigate their insecticidal activity, proteolytic activity,
and receptor binding ability. Additionally, we analyzed the impact of these loop mutations
on the conformation of the Vip3Aa protein in an attempt to correlate structural features
with insecticidal activity.

The correct folding is crucial for the Vip3Aa protein to exhibit insecticidal activity [8,21].
When the residues in the f9-p10 loop were all replaced with alanine, the mutant failed
to form soluble protein, suggesting that the f9-10 loop may be involved in the proper
folding of Vip3Aa. To further analyze the effect of alanine substitution on Vip3Aa-loop9-
10A, we predicted the 3D structure of Vip3Aa—loop9-10A using the Phyre2 server. The
residues (K*?KMKTL**) in the $9-B10 loop have 156 contacts with other residues but
after replacing the residues in the f9-10 loop with alanine, only 47 contacts are made
(Figure S4). Additionally, there is a change in the size of the loop region before and after
the mutation. In the structure of the Vip3Aa protein, most of the residues interacting with
residues in the $9-$10 loop are located in domain III and some are located in domain V
(Figure S4A).

The results of treating the mutants with trypsin or S. frugiperda midgut juice indicated
that the stability of the other three mutants (Vip3Aa-loop4-5A, Vip3Aa-loop12-13A, and
Vip3Aa-loop14-15A) was also affected but the impact on Vip3Aa-loop4-5A and Vip3Aa—
loop14-15A was relatively minor compared to that on Vip3Aa—-loop12-13A (Figure 2). This
may be related to the larger regional span of the f12-13 loop (Figure 1A). Even so, the
percentage of 66 kDa fragments in Vip3Aa-loop12-13A was still higher than that of 75% of
the activated fragments in Vip3Aa (Figure 2E,F). The affinity of Vip3Aa-loop4-5A, Vip3Aa-
loop14-15A, or Vip3Aa-loop4-5A&14-15A for S. frugiperda BBMVs was significantly lower
than that of Vip3Aa (Figure 3). Therefore, we speculate that the reason for the significant
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decrease in insecticidal activity of Vip3Aa-loop4-5A or Vip3Aa-loop14-15A is mainly
related to the weakened affinity of the mutants for S. frugiperda BBMVs.

Currently, there is a lack of studies on the function of loops in the Vip3Aa protein.
However, there are more reports on the roles of loops in Cry proteins. Loop 1 in domain II
of the Cry2A toxin is involved in receptor recognition [22]. The CrylAa protein domain
IT loops contain binding sites for two functional receptors in the midgut of Bombyx mori
and these binding sites overlap with each other [23]. Domain II loop 3 of Cry1Ab toxin is
involved in a “ping pong” binding mechanism with Manduca sexta aminopeptidase-N and
cadherin receptors [16]. Loops o—8 and 2 in domain II of Cry1Ab toxin interact with the
Bt-R1 receptor in the midgut of Manduca sexta [24]. In this study, we found that Vip3Aa
toxicity may be enhanced when N633 interacts more strongly with the residue at position
366 than with the residue at position 367 (4—5 loop: 364-DSI-368). However, N633 is
located in domain IV, so the effect of these speculative residue interactions on Vip3Aa
protein activity needs to be further investigated. In addition, ensuring the respective
flexibility of both the $12—-13 loop and $14-p15 loop is indispensable in the insecticidal
activity of Vip3Aa. However, we did not explore the binding of these loops to the identified
Vip3Aa-interacting receptors (Sf~SR-C and Sf~=FGFR) in Sf9 cells. Sf-SR-C and Sf-FGFR
were identified as receptors for the action of Vip3Aa in Sf9 cells and were associated with
cytotoxicity [19]. However, further investigation is needed to determine whether they are
the receptors for Vip3Aa in the midgut of S. frugiperda. Our data (Figure 5) demonstrate
that the affinity between the enhanced toxic mutants and S. frugiperda BBMVs is increased,
indicating that the 45 loop and $14-$15 loop in domain III are involved in the binding
of Vip3Aa to its receptors. In addition, the affinity of Vip3Aa-loop 4-5A and Vip3Aa-loop
14-15A for S. frugiperda BBMVs, although decreased, was not lost and thus it is possible
that other regions in domain III may be involved in the binding of Vip3Aa protein to
the receptors. Mutants Vip3Aa-S366T and Vip3Aa-S366L showed significantly increased
insecticidal toxicity compared to Vip3Aa. In the 3D structure of Vip3Aa-5366T or Vip3Aa-
S366L, it was observed that N633 (located in domain IV) had more interactions with residue
366 rather than residue 367 in comparison to other f4—-5 mutants and Vip3Aa. Mutant
Vip3Aa-N470K also shows enhanced insecticidal toxicity and the 3D structure of this
mutant revealed a repulsion between residue K470 and residue R501. Furthermore, the
B4—p5 loop, 1213 loop, and B14—p15 loop are all situated on one right side of domain
III. Therefore, we propose that the loops on the right side of domain III play a role in the
binding process of Vip3Aa to its receptors and that an appropriate increase in the distance
between these prominent loops in domain III could facilitate the binding of Vip3Aa to
its receptors.

After being ingested by insects, the Vip3Aa protein is activated by the intestinal juice
and then binds to specific receptors, thereby exerting its insecticidal activity [7,10,25]. There-
fore, increasing the activation efficiency of the Vip3Aa protein or enhancing its affinity
for the receptors in the midgut may contribute to the insecticidal activity. Elucidation of
the conformational relationship of the Vip3Aa protein is necessary to efficiently obtain
Vip3Aa protein mutants with enhanced insecticidal activity. The increase in proteolytic
cleavage sites between domain I and domain II resulted in the generation of a mutant
(Vip3AaSS198RA/I97RAY with enhanced insecticidal activity against S. frugiperda [13]. Re-
placement of M34 in domain I with leucine increased the insecticidal activity against S.
exigua and S. littoralis [12,26]. Mutants in domains IV and V showed improved structural
stability and affinity for BBMVs and the insecticidal activity of these mutants against S.
frugiperda and Helicoverpa armigera was also significantly improved [27]. In this study,
we obtained single mutants that exhibited higher affinity for S. frugiperda BBMVs and
showed increased insecticidal activity against S. frugiperda (Figure 2). However, except
for Vip3Aa-S366T/N470K and Vip3Aa-5366L./N470K, the multiple mutants did not show
improvement in insecticidal activity compared to the single mutants and even tended to
decrease (Table 2 and Figure 4). Further investigation is needed to determine the specific
reasons for this phenomenon. In addition, we also observed a curious phenomenon in
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our results, in which the replacement of individual residues with alanine in f4-35 loop
or f14-515 loop largely attenuated the insecticidal toxicity of the Vip3Aa protein (S366A,
1367A, and E498A), whereas the replacement of all the residues in p4—5 loop or f14-15
loop with alanine only reduced the toxicity to a certain extent (about 2—4 —fold). To ex-
plore the possible reasons for this phenomenon, we analyzed the contacts of residues in
Vip3Aa and Vip3Aa mutants (Vip3Aa-loop 4-5A, Vip3Aa-S366A, Vip3Aa-1367A, Vip3Aa—
loop 14-15A, and Vip3Aa—-E498A) using Chimera X. As shown in Figure S5A, mutants
Vip3Aa-S366A and Vip3Aa-I1367A differ from Vip3Aa as well as Vip3Aa-loop 4-5A by
increasing the contact of residue Asp365 with residue Thr631 (Figure S5B). However, as
to whether these contacts are detrimental to the toxicity of Vip3Aa needs to be further
investigated, since we can also observe the contacts of residue Asp365 with residue Thr631
in the mutant Vip3Aa-S366L.

4. Conclusions

In summary, we investigated the potential roles of four specific loops in domain
III in the insecticidal activity of the Vip3Aa protein. The f9-£10 loop may be involved
in the proper folding of Vip3Aa, while the other three loops (84-5 loop, $12-13 loop,
and B14-$15 loop) may be involved in the stability and insecticidal activity of Vip3Aa.
Additionally, the 45 loop and p14-p15 loop are involved in the receptor binding and
insecticidal activity of Vip3Aa. Furthermore, maintaining the flexibility of the $14-515 loop
or appropriately increasing the spatial distance between the f14-515 loop and p12-513
loop also facilitates the enhancement of the Vip3Aa toxicity. Our findings are important for
optimizing the insecticidal activity of Vip3Aa protein and shed light on the role of domain
III in its functionality.

5. Materials and Methods
5.1. Plasmid Construction

The plasmid pET28a-Vip3Aa, which carries Vip3Aall (NCBI accession No. AAR36859),
was used as the template to generate the expression plasmids for Vip3Aa mutants. The
Vip3Aa protein structure (PDB: 6TF]) reported by Nufiez-Ramirez et al. was used as a
reference for selecting amino acid mutation sites [7]. Two kinds of mutant vectors (loop
replacement mutations and point mutations) were constructed in this study. Take the
B4-PB5 loop of Domain III in Vip3Aa as an example to expound the plasmid construction of
loop replacement mutations. In brief, the loop sequence substitution (mutation of residues
364-DSI-368 to 364—AAA-368) was obtained by PCR amplification using the primers
loop 4-5A-F/loop 4-5A-R. T4 ligase (TransGen Biotech, Beijing, China) was then used
to ligate the phosphorylated PCR products to obtain the f4—5 loop replacement mutant
plasmid pET28a-Vip3Aa-loop 4-5A. All point mutation vectors were obtained using the
Fast MultiSite Mutagenesis System (TransGen Biotech, Beijing, China). All primers used
for plasmid construction in this study are listed in Table S1.

5.2. Protein Expression and Purification

Protein expression and purification were performed using the previously described
method [28]. Briefly, Escherichia coli BL21 (DE3) cells harboring the mutant vectors were
grown in LB broth medium supplemented with 50 pg kanamycin/mL at 37 °C with shaking
until the OD600 reached 0.8-1.0. Then, the cell cultures were treated with 0.5 mM isopropyl-
B-D-1-thiogalactopyranoside (IPTG) at 16 °C for 16-20 h. The target proteins were released
from the cells by sonication and further purified with a Ni Sepharose™ affinity column.
The proteins were dialyzed in a buffer containing 25 mM Tris-HCl (pH 7.4) and 150 mM
NaCl at 4 °C. The protein concentration was measured by the BCA Protein Quantitation
Kit (Solarbio Science and Technology, Beijing, China).
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5.3. Bioassay

S. frugiperda eggs and feed were purchased from Keyun Biological Pesticide (Zhengzhou,
China). The toxicity of Vip3Aa mutant proteins to S. frugiperda neonate was tested by
feeding with various concentrations (50, 100, 150, 300, 500, 1000, and 1500 ng/g) in a
rearing chamber under a 16:8 h dark/light photocycle at 28 °C, with 50% relative humidity.
The following are details about the major steps of the bioassay. First, the diet containing the
toxin was divided into 24-well plates (~1 g per well) and the plates were placed at room
temperature for approximately 2-3 h to dry the diet completely. Then, one S. frugiperda
neonate larva was placed per well and the plates with larvae were cultured in the rearing
chamber for seven days. Finally, the results of at least three independent trials were used to
evaluate the mortality rate at each toxin dose. GraphPad Prism v.8.0 (GraphPad, San Diego,
USA) was used to calculate the lethal concentration (LCsg) values [27]. The toxicity of the
proteins was quantified by probit analysis using SPSS Statistics (IBM, Chicago, IL, USA).

5.4. Proteolysis Assay

The preparation of midgut juice from S. frugiperda was carried out according to a proto-
col described elsewhere [29]. The protein concentration in midgut juice was determined by
the BCA method. The trypsin used in this study was purchased from Solarbio Life Sciences
(Beijing, China).

The purified protein (30 ng) and 10% trypsin were incubated at 37 °C for different
durations (10 min, 20 min, 30 min, and 60 min). In addition, the purified proteins were
treated with varying proportions (4%, 6%, 8%, and 10%) of the S. frugiperda midgut juice at
37 °C for 1 h. The protease inhibitor PMSF (1 mM) was used to terminate the hydrolysis
reaction. Protein hydrolysis fragments were analyzed using SDS-PAGE.

5.5. ELISA Binding Assays

A saturation binding assay of protein to S. frugiperda BBMVs was performed as de-
scribed by Yang et al. [27]. S. frugiperda BBMVs were prepared using the differential
magnesium precipitation method [30]. The obtained BBMVs were rapidly frozen in liquid
nitrogen and stored at —80 °C.

Briefly, a fixed amount of S. frugiperda BBMVs (1 ug) was added to each well of
an ELISA plate (a 96-well plate) and incubated overnight at 4 °C. PBS buffer was used
to remove the BBMVs that were not immobilized on the plate. After blocking with 2%
bovine serum albumin (BSA), proteins labeled with biotin were added to the wells coated
with BBMVs and incubated at 37 °C for 2 h. PBS buffer was used to remove the excess
biotinylated protein. Streptavidin-horseradish peroxidase (1:20,000) was added to the
wells and the plates were incubated at 37 °C for 1 h. Then, 3,3',5,5'~tetramethylbenzidine
substrate solution was added to each well and the plate was incubated for 10 min at
37 °C in the dark. Finally, the reaction was terminated by the addition of HCI (2 M) to each
well. The results were measured at 450 nm using a microplate reader. The relative binding
affinities were analyzed via Scatchard analysis with SigmaPlot v.14.0.

PBS buffer, BSA, streptavidin-horseradish peroxidase, and 3,3’',5,5'~tetramethylbenzidine
were purchased from Solarbio Life Sciences (Beijing, China).

5.6. Vip3Aa or Mutant Subcellular Localization in Sf9 Cells

The subcellular localization of Vip3Aa or mutants in Sf9 cells was described in our
previous study [28]. Briefly, Vip3Aa (or mutant proteins) with red fluorescent protein (RFP)
was used to treat Sf9 cells for 6 h. After washing with PBS buffer three times, the Sf9 cells
were stained with Dio dye (Beyotime, Shanghai, China) at 28 °C in the dark for 45 min.
Then, the cells were imaged with a Zeiss LSM710 fluorescence microscope.

5.7. Protein Structure Modeling and Analysis

The Phyre2 server was used to predict the three-dimensional (3D) structure of the
mutants [31]. Chimera X was used to analyze the contacts of residues [32].
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5.8. Statistical Analysis

The significance was tested using one-way analysis of variance using Student’s t-test.
If the p value was <0.05, the results were considered significant. All experiments were
performed with at least three biological replicates and technical replicates.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390/toxins16010023 /s1. Table S1: Primers used in this study;
Table S2: Analysis of residue interactions; Table S3. Contact residues analysis with residues in f9-10
loop; Figure S1: Alignment of the amino acid sequences in domain III; Figure S2: The four special
loops exposed on the surface of the Vip3Aa protein domain III; Figure S3: Western blot analysis of
the binding between Vip3Aa or its mutants and S. frugiperda BBMVs; Figure S4: Interaction anal-
ysis between residues by chimera X. Figure S5: Contacts analysis between residues by chimera X.
(A) Vip3Aa and 4-85 loop mutants. (B) Vip3Aa and $14-p15 loop mutants. Green: domain III, pink:
domain IV.
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Abstract: Bacillus thuringiensis is a Gram-positive bacterium known for its insecticidal proteins
effective against various insect pests. However, limited strains and proteins target coleopteran pests
like Anthonomous grandis Boheman, causing substantial economic losses in the cotton industry. This
study focuses on characterizing a Bacillus sp. strain, isolated from Oncativo (Argentina), which
exhibits ovoid to amorphous parasporal crystals and was designated Bt_UNVM-84. Its genome
encodes genes for the production of two pairs of binary Vpb1/Vpa2 proteins and three Cry-like
proteins showing similarity with different Cry8 proteins. Interestingly, this gene content was found
to be conserved in a previously characterized Argentine isolate of B. thuringiensis designated INTA
Fr7-4. SDS-PAGE analysis revealed a major band of 130 kDa that is proteolytically processed to an
approximately 66-kDa protein fragment by trypsin. Bioassays performed with spore-crystal mixtures
demonstrated an interesting insecticidal activity against the cotton boll weevil A. grandis neonate
larvae, resulting in 91% mortality. Strain Bt_UNVM-84 is, therefore, an interesting candidate for the
efficient biological control of this species, causing significant economic losses in the cotton industry
in the Americas.

Keywords: Bacillus thuringiensis; insect pests; insecticidal proteins; Vpbl/Vpa2 proteins; Cry8
proteins; biological control; bioinsecticides

Key Contribution: We describe a novel Bacillus thuringiensis strain showing a potential set of
coleoptericidal-encoded proteins and insecticidal activity against Anthonomus grandis Boheman
(Coleoptera: Curculionidae), a harmful cotton pest causing significant losses to the cotton industry in
the Americas.

1. Introduction

Bacillus thuringiensis is a ubiquitous Gram-positive, sporulated bacterium well-known
for its ability to produce proteins with toxic activity against insect pests, human-disease
vectors (mosquitoes), and nematodes [1]. Different strains of this bacterium have been
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successfully used for decades in sprayable products for the biological control of insect pests
(e.g., B. thuringiensis svar. kurstaki), ranging from small domestic vegetable gardens to crop
fields. Moreover, the genes encoding such insecticidal proteins have been introduced into
crops (Bt crops), conferring specific resistance to insect pests and promoting the reduction
in the use of synthetic insecticides in integrated pest management (IPM) programs, toward
sustainable agricultural practices [2]. Synthetic insecticides not only pollute the environ-
ment but also pose harm to humans, animals, and other non-target insects such as natural
enemies of pests and pollinators [3].

B. thuringiensis produces its insecticidal proteins during both the vegetative growth
(vegetative insecticidal proteins) and the stationary growth phases (delta-endotoxins) [4].
The vegetative insecticidal proteins include Vpb1/Vpa2 (formerly Vipl/Vip2) with activity
against coleopterans, Vip (formerly Vip3) with activity against lepidopterans [5], and Vpb4
(formerly Vip4) with activity against Diabrotica virgifera virgifera Chevrolat (Coleoptera:
Chrysomelidae) [6]. The delta-endotoxins include Cry (crystal) proteins with activity
against several orders of insects and some nematodes, plus Cyt (cytolytic) proteins with
activity against dipterans (mosquitoes and black flies) [7]. In addition, B. thuringiensis
can produce Thuringiensin, also known as (3-exotoxin, a non-proteinic, thermostable, and
secretable secondary metabolite showing toxicity against a wide range of insects and some
nematodes. Nowadays, Thuringiensin is considered an adenine nucleoside oligosaccharide
analog that may interfere with RNA synthesis [8], and, as such, it has been banned from
public use due to its potential toxicity against mammals and its high persistence in the
environment [9].

However, only a few B. thuringiensis proteins have been described for their activity
against coleopteran pests, providing a limited number of options for the biological control
of these insects [10]. Therefore, finding novel strains showing coleoptericidal activity is
paramount to achieving efficient crop protection against coleopteran herbivorous insects.
A notable example is the cotton boll weevil, Anthonomus grandis Boheman (Coleoptera:
Curculionidae), which is considered the most damaging pest, causing substantial economic
losses to the cotton industry in the Americas [11]. Its behavior, protecting larvae from
insecticides, is significant, since fertilized females lay eggs (around 200 per female) on cotton
flower buds, where the main damage occurs during egg laying and larval feeding [12]. In
addition, some populations in Brazil have shown resistance to certain insecticides, such as
beta-cyfluthrin [13].

In this work, we report the molecular and insecticidal characterization of a novel Bacil-
lus sp. strain isolated from Oncativo (Argentina), showing ovoid to amorphous parasporal
crystals, designated as Bt_UNVM-84 strain. Its genome sequence harbors genes for the
production of proteins with potential insecticidal activity against Coleoptera such as binary
Vpb1/Vpa2 homolog proteins plus proteins with potential dual activity against Coleoptera
and Lepidoptera, including three Cry8-like homolog proteins. Bioassays performed with
spore-crystal mixtures demonstrated insecticidal activity against A. grandis, resulting in
91% mortality. Interestingly, a previously characterized B. thuringiensis strain designated
INTA Fr7-4 exhibited a conserved insecticidal-gene content with a lower insecticidal ac-
tivity against A. grandis [14]. The results provided by this study demonstrate that strain
Bt_UNVM-84 emerges as a compelling candidate for the biological control of this insect
species, which is causing significant economic losses in the cotton industry in the Americas.

2. Results
2.1. Strain Isolation and Identification

The new Bacillus sp. isolate exhibited typical B. thuringiensis morphology in the bacte-
rial colony (flat, dry, matt-white color with uneven borders). Under the light microscope,
it also showed Coomassie-blue-stained parasporal crystals with an ovoid to amorphous
shape (Figure 1A), later confirmed by SEM examination (Figure 1B).
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Figure 1. Microscopic analysis of the isolate. (A) Ovoid to amorphous parasporal crystals stained
with Coomassie blue stain [15] and (B) parasporal crystals’ examination using SEM microscope.

The screening of cry genes by PCR produced an amplicon of approximately 1.5 kb,
slightly larger than the amplicon produced by B. thuringiensis svar. kurstaki HD-1 strain used
as positive control (Figure 2A). SDS-PAGE analysis showed a main band of approximately
130 kDa, comparable to the size of the band from the control HD-1 strain. In addition, the
band was digested by trypsin, exhibiting proteolytically digested products and a smaller
band that may correspond to an activated Cry protein of approximately 66 kDa (Figure 2B).
Considering these findings, the isolate was preliminary designated as B. thuringiensis strain
Bt_UNVM-84.

(~1.5kb)

Figure 2. Detection of cry genes and proteins from the parasporal crystals. (A) Detection of cry
genes by PCR with degenerate primers [16]. Amplicons were electrophoresed in 1% agarose gel: M
molecular weight marker 1 kb, (+) B. thuringiensis strain HD1 control, (—) negative control with water;
81 is a negative control strain whereas 84 is the new isolate and (B) SDS-PAGE analysis: M molecular
weight marker (Precision Plus Proteins Dual Color), 84 dried Bt_UNVM-84 biomass, 841 solubilized
Bt_UNVM-84 biomass, and 842 solubilized Bt UNVM-84 biomass digested (potentially activated)
with the enzyme trypsin.

2.2. Genome Sequencing and Annotation

Genome sequencing produced 12,299,332 million [llumina pair-end (raw) reads, which
were trimmed and assembled into 81 contig sequences, resulting in a genome size of
6,081,079 bp, with a G+C content of 34.7% with 6249 predicted protein-coding genes (CDS)
and 103 RNAs. These values were consistent in both size and G + C% with other sequenced
B. thuringiensis genomes [17,18].

Phylogenetic analysis using the Type Strain Genome Server (TYGS) showed that the
new isolate branched into a unique cluster along with type strains Bacillus cereus ATCC
14579 and B. thuringiensis ATCC 10792 (Figure 3).
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Figure 3. GBDP tree (whole-genome sequence-based) using TYGS server (average branch support
98.5%) [19]. Green color was used to highlight Bt_UNVM-84 strain clustered along with type strains.

In addition, mapped reads over the draft genome sequence of the related B. thuringien-
sis strain INTA Fr7-4 (Acc. no. MSFC00000000) showed 98.5% pairwise nucleotide identity
covering 92.2% of the reference genomic sequence.

The draft genome sequence from the Bt-UNVM_84 was also searched for putative
insecticidal proteins and other virulence factors that may have a role in insect pathogenesis.
The genome harbors seven CDSs showing significant BlastX [20] similarity with Vpal/Vpa2
proteins and Cry8 crystal proteins.

The repertoire of insecticidal CDSs was found to be highly conserved between the
INTA Fr7-4 and Bt_UNVM-84 strains. The seven homologous genes were located in the
PFR260 (Acc. no. KX258624) megaplasmid harbored by strain INTA Fr7-4 strain [21]. This
megaplasmid, 260,595 bp in size, encodes Cry8Qa2, Cry8Kb3, and Cry8Pa3 proteins, along
with two pairs of binary proteins, namely, Vpb1Eal/Vpa2Ahl and VpblEa2/VpaAh2.
Mapping analysis using Bt_UNVM-84 Illumina reads on the pFR260 plasmid sequence
showed 96.1% pairwise identity, covering 88.1% of the plasmid (used as the reference
sequence). The encoded CDSs in the plasmid pFR260 showed more than 97% pairwise
nucleotide identity with mapped reads from the Bt_UNVM-84 strain (Table 1).

Table 1. Insecticidal CDSs comparison by mapping Bt_UNVM-84 reads over pFR260 megaplasmid.

% Pairwise

CDSs 2 Nucleotide Identity Contig % Ref-Seq Coverage Gene Length (bp)
vpa2Ahl 98.8 NCA 93.9 1338
vpblEal 99.0 52 99.7 2625
vpa2Ah2 98.9 61 100 1338
vpblEa2 98.7 61 100 2619
cry8Kb3 96.3 61 42.5 3510
cry8Pa3 97.7 39 52.8 3531
cry8Qa2 97.7 75 98.7 3555

2 Closest homolog. NCA = no contig assigned, detected by read-mapping over plasmid pFR206 [21].

The Bt_UNVM-84 genome also harbors three CDSs showing 36%, 34%, and 37% pair-
wise amino similarity to the proteins Mpp4Aal, Mpp46Ab1, and Xpp22Bal, respectively.
Additionally, strain INTA Fr7-4 also harbors CDS coding for Mpp4Aal and Xpp22Bal, with
pairwise amino similarities of 38% and 36%, respectively, but lacks the CDS encoding the
Mpp46Abl homolog. Strain Bt UNVM-84 also exhibited other CDSs encoding two pu-
tative chitinases and three chitin-binding proteins, whereas strain INTA Fr7-4 harbors
two putative chitinases along with five chitin-binding proteins. Furthermore, the gene thuE,
involved in the thuringiensin synthesis pathway [8,9], was not detected either by RAST
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server, custom BlastX analyses, or PCR amplification, following the methodology described
by Sauka et al. [9].

2.3. Insect Bioassays

Mixed spore-crystal suspensions of the strain exhibited insecticidal activity against A.
grandis and no toxicity against Alphitobius diaperinus and Cydia pomonella (Table 2).

Table 2. Bioassays with insects were conducted with the whole strain (spore-crystal mixtures).

Species % Average Mortality - SD % Corrected Mortality + SD
C. pomonella 2504592 53+£75
A. diaperinus 21.7 +12.3° 724146
A. grandis 91.7 +59° 91.1+63

25 ug/mL diet. b1 mg/mL diet.

In consistency with both the lack of the PCR amplification of the thuE gene and the
absence of its coding sequence in the Bt_UNVM-84 genome, no teratological effects were de-
tected during the pupal emergence in adults of Musca domestica Linnaeus (Diptera: Muscidae).

3. Discussion

B. thuringiensis is the most used bacterium for controlling invertebrate pests, either
through the use of spray formulations (e.g., Dipel, Xentary, etc.) or by expressing its insecti-
cidal proteins in transgenic crops [22]. However, its effectiveness has been compromised,
as some insect populations have evolved to become resistant through different mecha-
nisms [23] to both spray formulations [24] and the most commonly used B. thuringiensis
proteins (e.g., CrylAc) [25]. In addition to these problems, only a few types of insecti-
cidal proteins from B. thuringiensis have been found to be effective against coleopteran
pests [10,26], including those capable of controlling the cotton boll weevil A. grandis. This
species is one of the most important pests, causing significant economic losses in the cotton
industry in the Americas [26]. While chemical insecticides are efficient in controlling this
pest in cotton, they are harmful to non-target organism, polluting the environment and
increasing farmers” expenses during the growing seasons [26]. In addition, the life cycle and
behavior of this insect may limit its contact with synthetic insecticides, thereby enhancing
survival and causing damage to cotton plants in cultivated areas. For these reasons, finding
novel genes with insecticidal activity against coleopteran pests is crucial for improving bio-
logical control strategies in integrated pest management programs through the construction
of genetically modified cotton with insect resistance against A. grandis.

Here, we report the molecular and insecticidal characterization of a novel Bacillus sp.
strain isolated from a soil sample obtained at Oncativo, Cérdoba (Argentina). This strain
exhibited ovoid to amorphous parasporal crystals, briefly described in a previous work [27].
These crystal shapes bear resemblance to those produced by strain INTA Fr7-4 and other
strains showing insecticidal activity against A. grandis [14]. Moreover, similar parasporal-
crystal shapes were identified through the cloning and expression of the Cry8Qa2 gene from
strain INTA Fr7-4 into an acrystalliferous B. thuringiensis strain [28]. However, spore-crystal
mixtures from this recombinant strain were not tested against A. grandis, and the mortality
rate against Anticarsia gemmatalis Hiibner (Lepidoptera: Noctuidae) was only 13.8% [28].

The genome sequence from strain Bt-UNVM-84 harbors seven insecticidal-like CDSs,
showing similarity to well-known insecticidal proteins, including two pairs of binary
Vpb1/Vpa2 proteins plus three Cry proteins showing similarity to Cry8 proteins (Table 1).
Analysis by reads mapping has shown that the insecticidal CDSs are highly conserved with
those already described in plasmid pFR206 [21]. Strain Bt_UNVM-84 also encodes CDSs
showing similarity to the Mpp4Aal, Mpp46Ab1, and Xpp22Bal proteins, with the last
one absent in strain INTA Fr7-4, which has been described to exhibit insecticidal activity
against A. grandis and D. virgifera virgifera [29]. Furthermore, Bt_UNVM-84 lacks the genes
for toxins Cry1Ba and the binary Mpp23Aa/Xpp37Aa, which are highly active against A.
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grandis [26]. Although the novel strain was more closely related to B. cereus ATCC 14579
strain, B. thuringiensis is only differentiated from B. cereus by the production of typical
parasporal crystal proteins [30] and was, therefore, designated here as Bacillus thuringiensis
strain Bt_UNVM-84 instead of B. cereus sensu stricto biovar Thuringiensis by following the
taxonomic nomenclature proposal for the Bacillus cereus group [31].

Insect bioassays using spore-crystal mixtures showed an interesting insecticidal ac-
tivity, resulting in a 91% mean mortality for A. grandis. This suggests that the parasporal
crystals may contain an active protein or proteins to control this pest. However, no toxicity
has been observed against C. pormonella and A. diaperinus. The closely related INTA Fr7-4
strain has also been described to exhibit insecticidal activity against A. grandis, showing
a lower percentage of mean mortality (32.5%). We hypothesize that this difference could
be due to either the minor differences found in the coding nucleotide sequences (Table 1),
which may be producing more active proteins, or the more efficient expression of some of
them in the Bt_UNVM-84 strain. The results of this work suggest, at least at this stage, an
exclusive coleoptericidal activity of strain Bt_UNVM-84. The identification of proteins in
the crystals using liquid chromatography coupled with mass spectrometry should shed
light on crystal composition and their role in the demonstrated activity against A. grandis.
In addition, the absence of thuE coding sequences, confirmed by reads mapping, PCR
amplification, and bioassays with M. domestica, suggests that this strain should be tested
for the development of a sprayable formulation against other coleopteran pests. However,
more experiments are necessary to elucidate which encoded gene or genes are responsible
for the toxic activity against A. grandis and to unravel the full insecticidal potential of this
novel and interesting B. thuringiensis strain.

4. Conclusions

A novel Bacillus sp. strain showing insecticidal activity against A. grandis was isolated
from Oncativo, Argentina, designated as B. thuringiensis strain Bt_UNVM-84 and character-
ized at the molecular and insecticidal levels. The genomic sequence exhibited a set of genes
showing significant similarity with several insecticidal proteins active against coleopteran
and lepidopteran pests. Strain INTA Fr7-4 was closely related to strains showing the same
insecticidal-gene configuration but lower insecticidal activity against A. grandis. Although
more studies are necessary to describe the full insecticidal potential of the strain and its
encoded proteins, the results obtained in this work indicate that strain Bt_UNVM-84 is an
interesting candidate to provide novel tools for the biological control of, at least, the cotton
boll weevil A. grandis.

5. Materials and Methods
5.1. Strain Isolation and Characterization

Soil samples were collected using a soil sampling tube from Establecimiento Norma
Lucia farm in Oncativo, Cérdoba province (Argentina), where Medicago sativa L. was
planted. The final sample was a composite of five random sub-samples, totaling approxi-
mately 200 g of soil. This sample was stored at 4 °C in zip-lock bags until processed for
bacteria isolation. Bacterial colonies, originating from sporulated species, were obtained as
previously described by Iriarte et al. (1998) [32]. Colonies with a flat, dry, matt-white color
and uneven borders (B. thuringiensis-like phenotype) were analyzed through PCR using
degenerate primers (forward 5'-TATGCWCAAGCWGCCAATYTWCATYT-3' and reverse
5-GGRATAAATTCAATTYKRTCWA-3') for the detection of three-domain cry genes [16].
In order to detect type I 3-exotoxin production from strain Bt_UNVM-84, a qualitative PCR-
based method for the detection of the thuE gene was performed as described previously
by Sauka et al. [9] with the following forward 5-GCGGCAGCCGTTTATTCAAA-3" and
reverse 5-CCCCTTCCCATGGAGAAACA-3' BEF primers, which produce 406-bp ampli-
cons. The presence of parasporal crystals was examined using a light microscope, following
the methodology described by Ammons et al. (2002) [15]. The production of parasporal
crystals and their morphology were later confirmed by Scanning Electron Microscopy
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(SEM) at the Comprehensive Center for Electron Microscopy (CIME-CONICET, Argentina).
The purified (axenic) sporulated colony was then stored at our bacterial collection in 15%
glycerol at —80 °C. The composition of parasporal crystals and trypsin activation was
determined by SDS-PAGE, following the procedure described by Pérez et al. [4], with B.
thuringiensis svar. kurstaki HD-1strain used as reference.

5.2. Genome Sequencing and Annotation

Total DNA containing chromosome and plasmids was obtained using the Wizard
genomic DNA purification kit (Promega, Madison, WI, USA), following the manufacturer’s
instructions for the purification of DNA from Gram-positive bacteria. DNA was elec-
trophoresed in 1% agarose gels stained with SYBR Safe (ThermoFisher Scientific, Waltham,
MA, USA) and quantified using a PICODROP PICO 100 uL spectrophotometer. The puri-
fied DNA was then utilized to construct a pooled Illumina library, which was sequenced
at the Genomics Unit from the National Institute of Agricultural Technology (INTA, Ar-
gentina) by using high-throughput Illumina sequencing technology.

The obtained Illumina (raw) reads were analyzed, and trimmed regions were deleted
before being assembled into contigs using Velvet plug in Geneious version R11 software
suite (www.geneious.com, accessed on 10 November 2023), with the de novo assembly tool
and default parameters. The resulting contigs were then analyzed with BLAST [20] using a
customized personal non-redundant insecticidal protein database (2023 update). Genome
annotation was initially performed with the NCBI Prokaryotic Genome Annotation Pipeline
(2023 release) and the RAST server [33]. Species delimitation was performed with the Type
(Strain) Genome Server [19]. The analysis of % pairwise identity by reads mapping over
pFR260 plasmid and the genome of strain INTA Fr7-4 was performed using the map to
reference tool embodied in Geneious R11 software.

5.3. Insect Bioassays

The insecticidal activity of the strain was qualitatively evaluated against three insect
species, including second instars of Alphitobius diaperinus Panzer (Coleoptera: Tenebrion-
idae), neonates of Anthonomus grandis Boheman (Coleoptera: Curculionidae), and neonates
of Cydia pomonella Linnaeus (Lepidoptera: Tortricidae). Coleopteran and lepidopteran
larvae were obtained from colonies reared at the Institute of Microbiology and Agricultural
Zoology (IMYZA-INTA, Argentina).

For insect bioassays, strain Bt_UNVM-84 was grown in 100 mL of BM medium (2.5 g
NaCl, 1 g KHyPOy, 2.5 g K;HPOy, 0.25 g MgSO,4-7H,0, 0.1 g MnSO4-H,0O, 5 g glucose,
2.5 g starch and 4 g yeast extract for 1 litter and with the pH adjusted to 7.2) at 340 rpm
and 30 °C during approximately 72 h until complete autolysis was observed under the
microscope. Spore-crystal mixtures were obtained by centrifugation at 12,000 g and 4 °C
for 15 min; then, the pellets were freeze-dried, and the resultant powder composed of spore
and crystals was kept at —20 °C until use. Each spore crystal mixture (final concentration
of 5-1000 ug/mL) was incorporated into polypropylene conical tubes containing the
corresponding artificial diet for each species (maintained at 60 °C) and poured into each
well of a 24-well plate (Nunc 143982) [14]. Twenty-four coleopteran and lepidopteran larvae
were used, and the bioassays were repeated twice. Mortality was recorded after 15 days at
29 °C for A. diaperinus and A. grandis, whereas 5 days were spent for C. pomonella at 29 °C.
Larvae were accounted as dead if they did not respond to gentle probing. Distilled (sterile)
water was used instead of spore crystal mixtures as mortality controls. Schneider-Orelli’s
formula was used to calculate corrected mortality compared to the untreated control.
The InfoStat software (Universidad Nacional de Cérdoba, version 2014 was used for the
statistical analysis, and the statistical significance was set at p < 0.05.

Strain Bt_UNVM-84 was also analyzed for its capability to synthesize type I f-exotoxin
by counting the number of emerged M. domestica adults, following the methodology de-
scribed by Sauka et al. [9] and using the 3-exotoxin producer strain HD-2 as positive control.
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Abstract: The cotton fleahopper (Pseudatomoscelis seriatus Reuter) is considered a highly econom-
ically damaging pest of cotton (Gossypium hirsutum L.) in Texas and Oklahoma. Current control
methods rely heavily on the use of foliar-applied chemical insecticides, but considering the cost
of insecticides and the critical timeliness of applications, chemical control methods are often not
optimized to reduce potential yield losses from this pest. The Bacillus thuringiensis (Bt) Mpp51Aa2
(formerly Cry51Aa2.834_16) protein has proven effective against thrips and plant bugs with piercing
and sucking feeding behaviors, but the impact of this toxin on cotton fleahoppers has not been
investigated. To evaluate the Mpp51Aa?2 trait effectiveness towards the cotton fleahopper, field trials
were conducted in 2019, 2020, and 2021, comparing a cotton cultivar containing the Mpp51Aaz2 trait
to a non-traited isoline cultivar under insecticide-treated and untreated conditions. Populations of
cotton fleahopper nymphs and adults were estimated weekly by visually inspecting cotton terminals.
Square retention was also assessed during the first week of bloom to provide some insight on how
the Bt trait may influence yield. While cotton fleahopper population differences between the traited
and non-traited plants were not consistently noted during the pre-bloom squaring period, there was
a consistent increase in square retention in cotton expressing Mpp51Aa2 relative to non-traited cotton.
Additionally, cotton expressing Mpp51Aa2 offered similar square protection relative to non-traited
cotton treated with insecticides for the cotton fleahopper. These findings indicate that the Mpp51Aa2
protein should provide benefits of delayed nymphal growth, population suppression, and increased
square retention.

Keywords: Mpp51Aa2; ThryvOn; cotton fleahopper; Psuedatomoscelis seriatus; Gossypium hirsutum
Key Contribution: Cotton expressing Mpp51Aa2 protein has proven efficacious against the cotton

fleahopper. Benefits of the transgenic trait include delayed cotton fleahopper infestations and
increased fruit retention.

1. Introduction

For decades, the cotton fleahopper (Pseudatomoscelis seriatus Reuter) has been con-
sidered one of the top five most damaging insect pests of cotton in Texas, resulting in an
average reduction of 100,577 bales annually from 2010 to 2021 [1-5]. In 2021 alone, this pest
reportedly infested 98% of cotton acres across the state, resulting in a loss of 494,000 bales
of cotton. Estimated crop losses from this reduction in bale production was equivalent to
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USD 266.5 million, 61% of the total lost cotton revenue in Texas [4]. While some efforts
have shown promise in selecting for natural resistance mechanisms, the primary strategy
for managing this persistent pest has been through insecticidal control [6-8]. However,
the average cost of foliar treatments for this pest has risen from USD 4.72 per acre in 2010
to USD 15.19 per acre in 2021 [4,5]. Consequently, there has been a growing interest in
developing a transgenic trait to control the cotton fleahopper [9].

The cotton fleahopper is a generalist feeder with a host range of over 160 species of
plants. The adults move from one species of host to another, based on the time of year [10].
Despite the wide host range, cotton fleahoppers have preferred host species, including
woolly croton (Croton capitatus Michx), horsemint (Monarda punctata L.), parthenium rag-
weed (Parthenium hysterophorus L.), silverleaf nightshade (Solanum elaeagnifolium Cav.) and
others. The cotton fleahopper is initially observed and monitored in cotton during the
early portion of the cotton growing season, when their preferred wild host species are
less abundant [11-13]. Cotton fleahoppers generally feed on the newly formed pre-floral
structures known as squares, as well as the apical meristem. Feeding on the squares can
cause abscission of squares and ultimately the loss of the fruit, while feeding on the plant
terminal can shorten internodes, cause abnormal node formation, and potentially delay
maturity [11]. Like most Hemipteran: Miridae pests, the cotton fleahopper feeds using a
piercing and sucking stylet which allows penetration of the plant tissues and ingestion of
the sap [10]. After stylet insertion, the cotton fleahopper injects saliva into the plant tissues.
This saliva contains enzymes that digest the plant cell walls and aid in initiating the flow of
plant fluids [14,15].

Since 1996, the use of plant-incorporated insecticidal proteins derived from soil bacteria
Bacillus thuringiensis (Berliner) (Bf) has provided excellent control for insect pest species in
cotton and corn, reducing the necessity for foliar applications of insecticides [16]. However,
these Bt traits have exclusively been introduced to target coleopteran and lepidopteran
species with no activity on hemipterans [17]. With Bayer CropScience’s (St. Louis, MO,
USA) discovery of the Bt protein Mpp51Aa2 (formerly referred to as Cry51Aa2) [18] and its
variants, there is potential to utilize a plant-incorporated protein to control hemipteran and
thysanopteran pests in cotton [9,19]. Similar to other Cry proteins, Mpp51Aa2 protein is a 3
pore-forming toxin acting on the epithelium of the insect midgut [17]. Utilizing an artificial
diet containing the Mpp51Aa2.834_16 variant of the protein, Gowda et al. [17] determined
that the lethal concentrations of the toxin towards the western tarnished plant bug, Lygus
hesperus (Knight) and the tarnished plant bug, Lygus lineolaris (Palisor de Beauvois), were
LCsp = 0.30 ug mg ! and LCsp = 0.853 ug mg !, respectively. In another study using an
artificial diet, Graham et al. [20] showed that the presence of Mpp51Aa2 protein did not
affect the feeding of first- or third-instar tarnished plant bug nymphs. However, the adults
preferred a diet that did not contain the Mpp51Aa2 protein. This preference for non-Bt was
further confirmed by Graham et al. [20], in observations that tarnished plant bug adults
favored non-Bt excised squares and laid significantly more eggs in non-Bt diet packs. In
field trials, the Mpp51Aa2 cotton variant, termed as ThryvOn (Bayer CropScience, St. Louis,
MO, USA), has been shown to reduce the population density of tarnished plant bug adults
by 23% relative to non-traited cotton [21]. Similarly, a 19-fold reduction in tarnished plant
bug large nymphs (fourth and fifth instar) was observed in Mpp51Aaz2 cotton relative to a
non-traited cultivar [22]. Furthermore, cotton that contained the Mpp51Aa2 trait had higher
levels of square retention relative to a non-traited isoline when exposed to tarnished plant
bugs. When integrated into a pest management system using foliar insecticides, treatments
containing the Mpp51Aa2 trait required 50% fewer insecticide applications relative to
their non-traited counterparts [23]. Because the cotton fleahopper shares similarities in
biology and feeding strategies with the tarnished plant bug and the western tarnished
plant bug [24], it is plausible that cotton expressing the Mpp51Aa2 protein may exhibit
similar activity against the cotton fleahopper. In a recent study by Bachman et al. [22], they
did not observe any differences in the number of large cotton fleahopper nymphs between
Mpp51Aa2 and non-traited cotton, but noted that Mpp51Aa2 had a 1.7-fold decrease in
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adult cotton fleahoppers in the subsequent generation. The objective of this study was
to determine the efficacy of Mpp51Aa2-traited cotton on cotton fleahopper populations
and explore the potential integration of this new Bt technology into a comprehensive pest
management system.

2. Results
2.1. Cotton Fleahopper Populations

In 2019, the percentage of infested terminals was not significant for any life stage
of cotton fleahopper during the first week of squaring (Table 1). The insecticide applica-
tion following the first week of squaring significantly reduced populations of both small
nymphs (p = 0.042) and large nymphs (p = 0.026), leading to differences in total cotton
fleahoppers (p = 0.008) during the second week of squaring. During the third week of
squaring, a significant interaction between the spray and trait effects was noted for small
nymphs (p = 0.024) and large nymphs (p = 0.011), while only a spray effect was evident for
adults (p = 0.001) and the total cotton fleahopper population (p < 0.001). When examining
populations in the fourth week of squaring, a significant trait effect was observed for the
number of large nymphs (p = 0.013). Additionally, a significant interaction between the
spray treatment and trait was noted for adults (p < 0.001) and total cotton fleahoppers
(p < 0.001), with the non-traited untreated treatment combination revealing significantly
higher cotton fleahopper densities compared to all other treatment combinations.

In 2020, there was a significant trait effect on the number of adults (p = 0.004) and total
cotton fleahoppers (p = 0.009) during the first week of squaring (Table 2). Similarly, during
the second week of squaring, significant trait effects were observed for the number of adults
(p =0.031) and total cotton fleahoppers (p = 0.025). Following the first insecticide application
during the second week of squaring, the insecticide treatment significantly reduced the
numbers of large nymphs (p = 0.016), adults (p = 0.001), and total cotton fleahoppers
(p =0.003) during the third week of squaring. Cotton fleahopper counts for the fourth
week of squaring showed that there was a significant spray effect on populations of small
nymphs (p < 0.001), large nymphs (p < 0.001), and the total cotton fleahoppers (p < 0.001).
There was also a significant interaction of the spray and trait effects on adults (p = 0.040).
However, there were no significant treatment effects on the number of adults during the
fifth week of squaring, although a significant spray treatment effect was observed for small
nymphs (p = 0.001), large nymphs (p < 0.001), and total cotton fleahoppers (p < 0.001) during
that week.

In 2021, significant trait effects were initially observed during the first week of squaring
for the number of small nymphs (p = 0.024), adults (p = 0.005), and total cotton fleahoppers
(p = 0.004) (Table 3). The first insecticide application made during the first week of squaring
significantly reduced populations of all cotton fleahopper life stages during the second week
of squaring; small nymphs (p = 0.001), large nymphs (p = 0.005), adults (p = 0.002), and total
cotton fleahoppers (p = 0.001). During the third week of squaring, significant insecticide
effects were observed on the abundance of small nymphs (p < 0.0001), large nymphs
(p =0.012), and total cotton fleahoppers (p = 0.001), but no significant effect was detected
for adults (p = 0.349). In the fourth week of squaring, a significant interaction between trait
and insecticide treatments was evident for all life stages; small nymphs (p = 0.034), large
nymphs (p = 0.005), adults (p = 0.044), and total cotton fleahoppers (p = 0.004). Total cotton
fleahoppers in the non-traited untreated treatment significantly exceeded that in all other
treatment combinations.
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Table 1. Percent (mean & SEM) cotton fleahopper infested terminals by insect stage and week of

squaring during 2019.
Treatment First Week of Squaring
Small nymphs Large nymphs Adults Total
Non-traited Treated 52.00 + 13.56 24.00 +7.48 24.00 + 11.66 100.00 £ 20.98
Non-traited Untreated 40.00 + 6.32 12.00 £ 4.90 40.00 + 8.94 92.00 + 17.44
ThryvOn Treated 44.00 £7.48 12.00 & 8.00 24.00 £+ 14.70 80.00 + 14.14
ThryvOn Untreated 36.00 + 11.66 8.00 £ 4.90 16.00 + 7.48 60.00 + 17.89
Trait p value 0.565 0.235 0.293 0.163
Insecticide p value 0.341 0.235 0.722 0.443
Trait * Insecticide p value 0.857 0.546 0.293 0.740
Second week of squaring
Small nymphs ** Large nymphs ** Adults Total **
Non-traited Treated 4.00 £ 4.00 0.00 £ 0.00 36.00 £ 11.66 40.00 £ 0.00
Non-traited Untreated 16.00 4 7.48 32.00 £ 13.56 52.00 + 18.55 100.00 £ 13.56
ThryvOn Treated 12.00 4 4.90 4.00 £ 4.00 16.00 4 7.48 32.00 £ 4.00
ThryvOn Untreated 28.00 + 8.00 12.00 =+ 8.00 48.00 + 14.97 88.00 + 8.00
Trait p value 0.133 0.339 0.397 0.611
Insecticide p value 0.042 0.026 0.101 0.008
Trait * Insecticide p value 0.756 0.159 0.570 0.919
Third week of squaring
Small nymphs *** Large nymphs *** Adults ** Total **
Non-traited Treated 8.00 £ 4.90 bc 0.00 £ 0.00 ¢ 8.00 & 8.00 16.00 £ 7.48
Non-traited Untreated 32.00 + 4.90 ab 64.00 +9.80 a 44.00 +7.48 140.00 £ 17.89
ThryvOn Treated 0.00 £ 0.00 ¢ 0.00 £ 0.00 ¢ 4.00 4 4.00 4.00 4 4.00
ThryvOn Untreated 60.00 + 12.65a 28.00 +8.00 b 36.00 + 11.66 124.00 £ 18.33
Trait p value 0.185 0.011 0.477 0.315
Insecticide p value 0.0001 0.0001 0.001 0.0001
Trait * Insecticide p value 0.024 0.011 0.811 0.884
Fourth week of squaring
Small nymphs *** Large nymphs * Adults *** Total ***
Non-traited Treated 12.00 4 4.90 a 16.00 =+ 4.00 44.00 +£14.7b 72.00 +18.55b
Non-traited Untreated 40.00 £10.95a 56.00 + 17.20 140.00 + 14.14 a 236.00 4 32.50 a
ThryvOn Treated 28.00 + 8.00 a 8.00 £ 8.00 48.00 £4.90 b 84.00 +9.80 b
ThryvOn Untreated 24.00 £+ 4.00 a 8.00 £4.90 80.00 + 14.14 b 112.00 +20.59 b
Trait p value 1.00 0.013 0.042 0.021
Insecticide p value 0.128 0.063 0.0001 0.001
Trait * Insecticide p value 0.048 0.063 0.022 0.001

Means in a column followed by a common letter are not significantly different (Tukey’s HSD, p < 0.05). * Denotes
that there is only a significant trait effect. ** Denotes that there is only a significant spray effect. *** Denotes a
significant interaction of insecticide treatments and trait effects.

Across all three years and sample dates for the untreated treatments, the ratio of
small nymphs (<third instar) to large nymphs (fourth and fifth instar) was 2.6:1 (small
nymphs:large nymphs) in the ThryvOn treatment and 1.1:1 in the non-traited treatment
(Figure 1). A significant chi-square analysis (x* = 15.45, df = 1, p < 0.0001) revealed the
ThryvOn cultivar had a significantly lower proportion of large nymphs relative to small
nymphs compared to the non-traited cultivar.
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Table 2. Percent (mean & SEM) cotton fleahopper infested terminals by insect stage and week of

squaring during 2020.
Treatment First Week of Squaring
Small nymphs Large nymphs Adults * Total *
Non-traited Treated 1.00 + 0.58 0.00 £ 0.00 0.33 £0.33 1.33 + 0.67
Non-traited Untreated 0.00 % 0.00 0.00 % 0.00 0.33 £0.33 0.33 £0.33
ThryvOn Treated 1.67 £0.33 0.00 £ 0.00 0.33 £1.20 5.00 £+ 1.53
ThryvOn Untreated 2.00 £1.15 0.00 £ 0.00 3.00 £ 0.58 5.00 £1.73
Trait p value 0.081 1.000 0.004 0.009
Insecticide p value 0.631 1.000 0.820 0.691
Trait * Insecticide p value 0.347 1.000 0.820 0.691
Second week of squaring
Small nymphs Large nymphs Adults * Total *
Non-traited Treated 333+12 0.00 £ 0.00 6.67 £2.03 10.00 + 3.20
Non-traited Untreated 2.67 £0.67 0.67 £ 0.67 533+1.2 8.67 £2.33
ThryvOn Treated 5.33 £1.67 1.33 £0.88 10.67 £1.33 17.33 +1.76
ThryvOn Untreated 6.33 £1.76 1.00 £ 0.58 12 £3.06 19.33 +4.91
Trait p value 0.0766 0.218 0.031 0.025
Insecticide p value 0.908 0.796 1.000 0.922
Trait * Insecticide p value 0.567 0.446 0.532 0.625
Third week of squaring
Small nymphs Large nymphs ** Adults ** Total **
Non-traited Treated 0.00 = 0.00 0+0 0.33 +£0.33 0.33 £ 0.33
Non-traited Untreated 1.67 £0.33 0.67 £ 0.67 16 + 4.04 18.33 4+ 4.26
ThryvOn Treated 0.33 £0.33 0.00 £ 0.00 0.00 £ 0.00 0.33 £0.33
ThryvOn Untreated 6.00 £ 5.51 3.00 £ 1.00 14.33 4 4.67 23.33 + 8.82
Trait p value 0.423 0.088 0.755 0.624
Insecticide p value 0.221 0.016 0.001 0.003
Trait * Insecticide p value 0.490 0.088 0.834 0.624
Fourth week of squaring
Small nymphs ** Large nymphs ** Adults *** Total **
Non-traited Treated 0.33 £0.33 0.00 £ 0.00 7.00 +£1.50 b 7.33 £1.45
Non-traited Untreated 15.67 +£2.33 5.67 +1.45 1933 £2.60 a 40.67 +4.81
ThryvOn Treated 0.33 £0.33 0.00 £ 0.00 6.33 £2.33b 6.67 £ 240
ThryvOn Untreated 12.33 + 2.4 7.00 £ 0.00 8.67 £145b 28.00 £ 3.79
Trait p value 0.353 0.386 0.024 0.083
Insecticide p value <0.0001 0.0001 0.007 <0.0001
Trait * Insecticide p value 0.353 0.386 0.040 0.113
Fifth week of squaring
Small nymphs ** Large nymphs ** Adults Total **
Non-traited Treated 1.33 £0.88 0.67 £0.33 433+1.2 6.33 £ 145
Non-traited Untreated 17.00 &+ 3.79 11.67 = 1.76 5.00 £ 1.53 33.67 £ 4.84
ThryvOn Treated 2.00 £1.15 0.33+0.33 2.67 £1.45 5.00 £ 2.64
ThryvOn Untreated 18.67 + 4.09 8.67 £2.85 5.33 £ 0.88 32.67 +£4.81
Trait p value 0.696 0.353 0.620 0.763
Insecticide p value 0.001 0.0004 0.233 <0.0001
Trait * Insecticide p value 0.866 0.453 0.491 0.966
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Means in a column followed by a common letter are not significantly different (Tukey’s HSD, p < 0.05). * Denotes
that there is only a significant trait effect. ** Denotes that there is only a significant spray effect. *** Denotes a
significant interaction of insecticide treatments and trait effects.
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Table 3. Percent (mean & SEM) cotton fleahopper infested terminals by insect stage and week of

squaring during 2021.
Treatment First Week of Squaring
Small nymphs * Large nymphs Adults * Total *
Non-traited Treated 1.13 £ 0.61 0.00 £ 0.00 1.63 +0.38 2.75 £ 0.88
Non-traited Untreated 0.25 +£0.16 0.00 £ 0.00 0.75 +0.31 1.00 + 0.38
ThryvOn Treated 1.75+0.31 0.00 £ 0.00 2.38 £0.50 412 +0.74
ThryvOn Untreated 2254+ 0.84 0.00 £ 0.00 2.75 £ 0.59 5.00 £1.22
Trait p value 0.024 1.000 0.005 0.004
Insecticide p value 0.575 1.000 0.589 0.616
Trait * Insecticide p value 0.317 1.000 0.182 0.139
Second week of squaring
Small nymphs ** Large nymphs ** Adults ** Total **
Non-traited Treated 0.00 £ 0.00 0.00 £ 0.00 0.13 £0.38 0.13 £0.13
Non-traited Untreated 0.75 £0.37 0.75 £0.37 1.75 £ 0.31 3.25 £0.86
ThryvOn Treated 0.13 £0.13 0.13 £0.13 0.50 = 0.50 0.75 £ 0.37
ThryvOn Untreated 1.75 £ 0.49 0.88 £0.3 1.38 £+ 0.59 4.00 £ 0.57
Trait p value 0.087 0.611 1.000 0.222
Insecticide p value 0.001 0.005 0.002 0.001
Trait * Insecticide p value 0.418 1.000 0.300 0.911
Third week of squaring
Small nymphs ** Large nymphs ** Adults Total **
Non-traited Treated 0.13+£0.13 0.88 +0.23 1.00 £ 0.33 2.00£05
Non-traited Untreated 2.00 £ 0.57 2.13 £ 0.69 2.00 £ 0.33 6.13 £0.79
ThryvOn Treated 0.50 £ 0.27 0.50 £0.13 1.38 £0.46 2.00 £ 0.57
ThryvOn Untreated 3.50 £ 0.98 0.88 £ 0.49 1.13 £0.44 5.88 £0.83
Trait p value 0.121 0.078 0.532 0.881
Insecticide p value 0.0003 0.012 0.349 0.001
Trait * Insecticide p value 0.345 0.889 0.124 0.183
Fourth week of squaring
Small nymphs *** Large nymphs *** Adults *** Total ***
Non-traited Treated 0.88 £0.35b 0.38 £0.18 b 0.88 £0.35b 2.13 £ 0.61 bc
Non-traited Untreated 475+105a 463+092a 313+ 0.64a 1250 £2.02a
ThryvOn Treated 025+0.16 b 0.00 + 0.00 b 0.13+0.13b 0.38 £0.26 ¢
ThryvOn Untreated 2.50 + 0.63 ab 1.50 £0.38 b 1.13+03b 513+1.04b
Trait p value 0.049 0.003 0.003 0.002
Insecticide p value 0.003 0.0001 0.003 0.0001
Trait * Insecticide p value 0.034 0.005 0.044 0.004

Means in a column followed by a common letter are not significantly different (Tukey’s HSD, p < 0.05). * Denotes
that there is only a significant trait effect. ** Denotes that there is only a significant spray effect. *** Denotes a
significant interaction of insecticide treatments and trait effects.

As there were significant insecticide effects on cotton fleahopper populations, our
analysis of cumulative insect days (CIDs) considered only the untreated treatments. A
one-way ANOVA, followed by post hoc Student’s t-tests, was used to determine differences
in CIDs between ThryvOn and the non-traited for each of the life stages (small nymphs,
large nymphs, and adults). There were no significant differences in CIDs between the
non-traited and ThryvOn for small nymphs (p = 0.109) or across all cotton fleahopper
life stages (p = 0.081) (Figure 2A,D). However, CIDs were significantly reduced for large
nymphs (p = 0.026) and adults (p = 0.017) in ThryvOn compared to the non-traited cultivar
(Figure 2B,C).
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Figure 1. Chi-square analysis of the proportion of small nymphs (<3rd instar) and large nymphs (4th
and 5th instars) between non-traited untreated and ThryvOn untreated treatments across all years
and sample dates (1 = 376, x2 = 15.45, p < 0.0001).
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Figure 2. Cumulative insect days (mean + SEM) of non-insecticide treated plots across all three years
by cotton fleahopper life stage. (A) Small nymphs < 3rd instar. (B) Large nymphs 4th and 5th instar.
(C) Adult cotton fleahoppers. (D) All life stages combined. Significant differences between traits are
denoted by “*” (ANOVA, Student’s t-test, p < 0.05).

2.2. Square Retention

Square retention values estimated at first bloom consistently showed the non-traited,
untreated treatment had the lowest square retention across all three years (Table 4). In
2019, there were significant trait (p < 0.0001) and insecticide treatment (p < 0.0001) effects,



Toxins 2023, 15, 644

but no significant interaction (p = 0.898). Square retention for the ThryvOn cultivar was
significantly higher at 66% compared to 46% for the non-traited (p < 0.0001). In 2020, there
was no significant trait effect (p = 0.266), but significant insecticide (p = 0.020) and inter-
action (p = 0.047) effects were detected. Closer examination of the significant interaction
revealed that square retention of the non-traited, untreated treatment (69%) was signifi-
cantly reduced in comparison to the non-traited, treated treatment (86%). Similarly, in 2021,
there was no significant trait effect (p = 0.215), but both insecticide treatment (p = 0.002) and
interaction (p = 0.013) effects were significant. Square retention in the non-traited, untreated
treatment (87.63%) was significantly lower than those observed for the non-traited treated,
ThryvOn treated and ThryvOn untreated treatments. The ThryvOn untreated treatment
was statistically similar to the non-traited treated and ThryvOn treated treatments.

Table 4. Percent fruit retention (mean + SEM) during the 4th week of squaring by year.

2019 * ** 2020 *** 2021 ***
Non-traited Treated 61.26 +2.98 86.39 +2.59 a 91.81 £0.52a
Non-traited Untreated 30.53 +3.71 69.08 +3.81Db 87.63 +0.64 b
ThryvOn Treated 81.5 £ 3.62 82.61 £ 0.14 ab 90.77 £ 0.88 a
ThryvOn Untreated 51.70 +3.70 80.75 & 4.72 ab 90.05 4 0.40 a
Trait effect p value <0.001 0.266 0.215
Insecticide effect p value <0.001 0.020 0.002
Trait * Insecticide effect p value 0.898 0.047 0.013

Means in a column followed by a common letter are not significantly different (Tukey’s HSD, p < 0.05). * Denotes
that there is only a significant trait effect. ** Denotes that there is only a significant insecticide spray effect.
** Denotes a significant interaction of spray and trait effects.

Regression analyses of the cumulative insect days (Figure 2D) against square retention
in the untreated treatments produced significant relationships (Figure 3). The regression
model for ThryvOn (R? = 0.8732) was (SR = 66.53 x e 000051°CID 4 24 52 where SR
represents square retention and CID indicates cumulative insect days. The model for the
non-traited (RZ = 0.9300) was (SR = 70.01 x e~0001"CID | 5 57)  The two models were
significantly different, based on the analysis of the extra-sum-of-squares F-test (F = 3.769,
df =3, 26, p = 0.022). The difference in the span (difference between the Y intercept and
the plateau) of the two models suggests the ThryvOn treatment would shed fewer squares
compared to non-traited treatments as the number of cumulative insect days increases. The
half-life of the ThryvOn and non-traited models was 1366 and 669.7 CIDs, respectively,
suggesting that ThryvOn requires a higher number of cumulative insect days to inflict a
similar magnitude of square abscission.
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Figure 3. Relationship of cumulative insect days of cotton fleahoppers, across life stages and years,
and fruit retention on untreated ThryvOn and non-traited cotton cultivars. An extra-sum-of-squares
F-test was used to determine that the single-phase decay model shown that best fits each of the
cultivars were significantly different (p = 0.02). ThryvOn (y = 66.53 x e~ 0-00051"x 4 24 52) (R? = 0.8732),
non-traited (y = 70.01 x e 0001 4 2557 (R? = 0.9300).
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3. Discussion

The population counts for 2019, 2020, and 2021 showed varying levels of infestation,
characterized as relatively high in 2019, moderate in 2020, and relatively low in 2021. As the
season progressed in each year of the study, differences in nymphal and adult population
levels in the non-sprayed plots became more evident between the ThryvOn and non-traited
(Tables 1-3). The high nymphal and adult populations observed during the squaring period
in 2019 indicated that ThryvOn alone does not prevent cotton fleahopper colonization.
Nevertheless, there is a notable benefit even in high populations when ThryvOn is coupled
with insecticides, as cotton fleahopper populations increased at a significantly slower rate
compared with those in the non-traited, treated cultivar, thus limiting the number of large
nymphs and adults at the end of the squaring period.

Compared to 2019, infestations in 2020 were moderate, but still reached threshold
levels on a consistent basis. Early in 2020, before cotton fleahopper populations reached
spray treatment thresholds, there was an apparent trait effect on the number of adults.
Interestingly, adult populations in ThryvOn treatments were significantly higher than
those observed in the non-traited treatments. Possible explanations for this unexpected
observation may be related to initial dispersal behaviors of cotton fleahoppers into the
cotton field from the weeds along the field margins. Parajulee et al. [25] indicated that adult
populations of cotton fleahoppers can exhibit a clumped distribution during the initial
stages of infestation but that adults tend to disperse throughout the field and exhibit a
more uniform distribution as the season progresses. Nevertheless, following the initial
application of insecticide and as the squaring season progressed, there was a significant
interaction of trait and spray effects on adult populations, where the non-traited, untreated
treatment had a 2.2-fold increase in adults compared to the ThryvOn, untreated treatment.

The low levels of infestation throughout the 2021 growing season can be attributed
to the diverse non-cotton vegetation in field margins. Ample rainfall during the growing
season not only suppressed populations by washing smaller nymphs from the terminal [26],
but also potentially increased the diversity and intensity of weedy species adjacent to the
cotton field, particularly horsemint and woolly croton, not only serving as a source of cotton
fleahoppers but also acting as a trap crop [27]. Although populations of cotton fleahoppers
in our test plots were considerably lower in 2021 compared to the previous two years, as the
season progressed, dispersal into the field indicated a significant interaction of the trait and
spray effects, resulting in higher populations in the non-traited, untreated. In our study, the
non-traited, untreated treatment possessed the highest numbers of cotton fleahoppers by
the end of the squaring period in each year of the study. This is similar to the results found
by Gowda et al. [17], where lower numbers of tarnished plant bugs and western tarnished
plant bugs of all life stages were observed in ThryvOn cotton compared to a non-traited
control. Likewise, Graham and Stewart [21] and Graham et al. [20] found that ThryvOn
had fewer tarnished plant bug adults than the non-traited control, suggesting that the trait
had a repellency effect on the pest, with adults preferentially feeding on the non-traited
plants. This same result was reported in cotton fleahoppers, where the adult populations
in ThryvOn were significantly lower than in the non-traited [28]. In contrast, the adult
cotton fleahopper populations at the end of the squaring period in each year of our study
suggest the singular Bt trait effect did not significantly suppress adult cotton fleahopper
populations. Although no differences were observed in adult cotton fleahoppers between
the traited and non-traited treatments, a significant interaction occurred between spray
treatment and the Bt trait. This interaction suggests that there is a benefit to the ThryvOn
trait in slowing the development of infestations. This observation aligns with Graham
and Stewart [21], who reported a delay in cotton fleahopper reinfestation when ThryvOn
cotton was over-sprayed with insecticide, potentially reducing the number of insecticide
applications required to manage populations. Similar to the results of Asiimwe et al. [28]
populations of nymphs, small or large, did not consistently show significant differences
based on trait. However, differences were observed in CIDs for both large nymphs and
adults in this study. It has been documented that the presence of Bt in the host plant
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can delay insect development [29], which suggests that the ThryvOn trait was largely
responsible for the delayed nymphal development. In ThryvOn, CIDs for large nymphs
and adults were reduced by 160 and 111 days, respectively, compared to those estimated
for large nymphs and adults in the non-traited. These differences potentially contributed
to the increase in square retention in ThryvOn, as large-nymph and adult stages of mirids
are known to cause the highest magnitude of damage [22,30]. Given that the ratio of small
to large nymphs was 2.6:1 in the ThryvOn treatment but closer to 1:1 in the non-traited
cultivar, the rate of nymphal growth appeared to be more rapid and consistent in the
non-traited plots. These findings align with those of Whitfield [31], who reported different
ratios, small vs. large, of tarnished plant bug nymphs in ThryvOn compared to non-traited.
Similarly, Jerga et al. [29] showed that the presence of Mpp51Aa2 protein delayed the
development of early-instar tarnished plant bug nymphs.

A potential concern with the results is the presence of other insect pests; however,
populations of tarnished plant bugs and western tarnished plant bugs were not observed
in the test area for any of the years the field trials were conducted. The presence of late-
instar cotton fleahopper nymphs in ThryvOn could potentially point to concerns with the
longevity of the technology. As documented for other pest species, low doses of the toxins
only eliminate the highly sensitive insects, resulting in potential evolution of resistance [32].
Killing only the homozygous susceptible populations and not the heterozygous resistant
will allow for a faster increase in the resistant allele frequency within the pest popula-
tion [33]. Failure to meet the requirements of a high-dose resistance management strategy
is one of the main factors in field-evolved resistance to Bt toxins [34,35].

4. Conclusions

In summary, the incorporation of a Bt protein into cotton, with activity against sap-
feeding insects like the cotton fleahopper, addresses a long-standing need in pest manage-
ment. The Mpp51Aa2 protein provides benefits for the control of mirid pests of cotton,
including delayed field colonization, nymphal development, population reduction, de-
creased dependance on foliar insecticides, and mitigation of insect-induced fruit abscission.
The results of this study confirm that the ThryvOn trait suppresses populations of cotton
fleahoppers, which is consistent with the suppression observed in previous work with other
piercing—sucking insect pest species. Implementation of this new Bt technology, as part
of an integrated pest management system for cotton fleahoppers, will potentially reduce
the number of insecticide applications, provide producers with more flexibility to make
timely applications of insecticides, and limit potential yield losses associated with cotton
fleahopper feeding damage.

5. Materials and Methods
5.1. In-Season Data Collection

A three-year (2019-2021) field study was conducted in the Brazos Valley, Texas, to
determine if Mpp51Aa2-traited cotton has an impact on cotton fleahopper populations
and square retention. The experiment utilized near-isolines of Mpp51Aa2-traited and
non-traited cotton with or without insecticidal control of the cotton fleahopper. The
Mpp51Aa2-traited cotton cultivars, hereafter referred to as ThryvOn, used in the study
were 18R445B3XF, 19R326LB3XF, and DeltaPine 2131B3TXF in 2019, 2020 and 2021, respec-
tively. The non-traited cotton cultivars included an unspecified isoline in 2019, and the
near-isoline, DeltaPine 2055B3XF, in 2020 and 2021. All seeds were sourced from Bayer
CropScience, had been treated with fungicides and insecticides to prevent early-season
pathogens and pre-fruiting pests (Acceleron Standard: Bayer CropScience, St. Louis, MO,
USA), and contained the lepidopteran active Bt traits Cry1Ac, Cry2Ab2, and Vip3al9. These
Bt proteins expressed in both cultivars are presumed to have negligible influence on our
results, as it is documented that CrylAc, Cry2Ab and Vip3Aa are active on lepidopteran
pests but not active on mirids such as cotton fleahoppers [19]. The experiment employed a
randomized complete block design with all combinations of the two main effects of trait,
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ThryvOn and non-traited, and an insecticide regimen, treated and untreated. Treatment
combinations included ThryvOn treated, non-traited treated, ThryvOn untreated, and
non-traited untreated with five, three, and eight replicates in 2019, 2020, and 2021, respec-
tively. Insecticidal treatments were applied when cotton fleahopper populations of the
treated plots reached or exceeded 5 percent infested terminals; however, precipitation and
equipment failure prevented timely application in some instances. Treatments designated
as ‘treated” were sprayed using a ground-driven high-clearance sprayer with commercially
available insecticides that had proven effectiveness in cotton fleahopper management,
as indicated by prior research conducted at Texas A&M AgriLife Extension [36]. Foliar
insecticide treatments were a tank mix of 44.7 g ai per ha of acephate (Orthene 97, AMVAC
Chemical Corporation, Newport Beach, CA, USA) and 60.5 g ai per ha of imidacloprid
(Admire Pro, Bayer Crop Science, Raleigh, NC, USA). Each experimental plot was approxi-
mately 0.2 ha with a row spacing of 1.02 m. The seeding rate was approximately 13 seeds
per meter. Applications of fertilizers, herbicides, growth regulators, and insecticides to
manage cotton, weeds and other insect pests followed the recommendations of Texas A&M
Agrilife Extension [36-38].

Cotton terminal inspections for cotton fleahoppers began at first week of squaring
and continued on a weekly basis until first bloom. In 2019, 25 terminals were inspected
per treatment plot. In 2020 and 2021, 100 terminals were inspected in each plot to reduce
data variability. The total numbers of cotton fleahopper adults, large nymphs (fourth
and fifth instar) and small nymphs (<third instar) in each plot were recorded on each
sample date. Cotton fleahopper instars were determined by the size of the head capsule
and relative development of wing pads; first, second, and third instars have a narrower
head and no presence of wing pads; fourth-instar nymphs have short wing pads that only
extend to the base of the second abdominal segment, whereas fifth-instar nymphs have a
head equal or greater in width relative to the abdomen, with long wingpads extending to
at least the fourth abdominal segment [39,40]. All cotton fleahopper counts for each plot
were converted to percent infested terminals by dividing the number of cotton fleahoppers
encountered by the number of terminals inspected. Cumulative insect days (CIDs) were
calculated using the method described by Ruppel [41], to highlight differences in overall
insect pressure across different sample dates.

During the fourth week of squaring, percent fruit retention was estimated by dividing
the number of squares present by the total number of fruiting positions on whole plants,
with a specific focus on sympodial branches (fruiting branches) [42]. In 2019, five random
plants were sampled per plot, whereas twenty random plants per plot were sampled in
2020 and 2021, to reduce variability in the data.

5.2. Statistical Analyses

All statistical analyses were performed utilizing GraphPad Prism 9.3.0 [43]. The per-
cent cotton fleahopper infested terminals and percent fruit retention data were analyzed
using a two-way ANOVA with trait, spray regimen, and their interaction as fixed effects.
When comparing cumulative insect days by life stage, the main effects of trait, insecticide
treatment, and the interaction of trait and insecticide treatment were designated as fixed
effects, while year was designated as a random effect. Significant differences between treat-
ment means were separated using Tukey’s honest significant difference method (x = 0.05).
A chi-square test of independence (x = 0.05) was performed to examine differences in the
small- and large-nymph population dynamics on ThryvOn and non-traited. Regression
curves, generated by plotting square retention against cumulative insect days, were com-
pared using an extra sum-of-squares F-test with an o = 0.05. The extra-sum-of-squares
F-test compared the two regression curves to a simplified regression curve of the entire
data set.
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Abstract: Genetically modified MON 89034 corn (Zea mays L.) expressing Bacillus thuringiensis (Bt)
insecticidal proteins, viz. Cry1A.105 and Cry2Ab2, is a biotechnological option being considered
for the management of the major corn pest in Indonesia, the Asian corn borer (Ostrinia furnacalis
(Guenée) (Lepidoptera: Crambidae)). As a part of a proactive resistance-management program for
MON 89034 corn in Indonesia, we assessed the baseline susceptibility of field-collected populations
of O. furnacalis to Cry1A.105 and Cry2Ab2 proteins. Dose-response bioassays using the diet-dipping
method indicated that the lethal concentration (LCjs() values of Cry1A.105 and Cry2Ab2 in 24 different
field populations of O. furnacalis ranged from 0.006 to 0.401 ug/mL and from 0.044 to 4.490 ug/mL,
respectively, while the LCo5 values ranged from 0.069 to 15.233 pg/mL for Cry1A.105 and from
3.320 to 277.584 ug/mL for Cry2Ab2. The relative resistance ratios comparing the most tolerant field
populations and an unselected laboratory population were 6.0 for Cry1A.105 and 2.0 for Cry2Ab2
based on their LCsy values. Some field populations were more susceptible to both proteins than the
unselected laboratory population. The LCqg and its 95% fiducial limits across the field populations
were calculated and proposed as candidate diagnostic concentrations. These data provide a basis
for resistance monitoring in Bt Corn and further support building resistance-management strategies
in Indonesia.

Keywords: Asian corn borer; Cry1A.105; Cry2Ab2; Indonesia; resistance monitoring; susceptibility
Key Contribution: This study provides evidence that the field-collected populations of Asian corn

borers in Indonesia are susceptible to Cry1A.105 and Cry2Ab2. This baseline study is an essential
element for the resistance management of this insect to the transgenic corn expressing these proteins.

1. Introduction

The Asian corn borer, Ostrinia furnacalis (Guenée), is one of the major pests of corn
(Zea mays Linnaeus) in Southeast Asia, including the Indonesian archipelago, Vietnam, the
Philippines, and China [1]. Areekul [2] and Camarao [3] reported two generations of O. fur-
nacalis infestation in each growing season in tropical areas with 24-30 total development
days for each generation. Damage from O. furnacalis occurs not only in the stem of corn
plants but also in the whorl, tassel, and ears [4,5]. In vegetative stage plants, the newly
hatched larvae feed on young leaf whorls, resulting in holes in the leaves that can widen as
the larvae grow and feed more vigorously. In the reproductive stage, the larvae feed on
tassel, then bore into the stem, making tunnels, and might continue to feed on the ears [2].
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Da-Lopez et al. [6] reported that the presence of O. furnacalis egg masses was as high as
nine egg masses per plant in fields in Sleman, Yogyakarta. A recent study (2018-2019) in
Lampung and Central Java showed that O. furnacalis infestations were present in as many as
95% of corn plants with an average of four holes per stalk and gallery lengths of 4-6 cm [7].
This level of damage was above the economic threshold for this insect, estimated as one
larva (hole) per stalk [8,9]. One O. furnacalis larva boring per plant during V10, R1, or R2
resulted in grain yield losses of 4.94%, 4.56%, or 3.76%, respectively [9].

The economic damage on corn indicates the need for effective and ecologically sound
management practices for O. furnacalis in Indonesia and other countries in Southeast
Asia [10,11], where growers have similar challenges due to this species attacking corn
plants [5,12,13]. Chemical control using insecticides is the most commonly practiced con-
trol measure in Indonesia for the management of O. furnacalis [7]. Genetically modified
corn plants expressing Bacillus thuringiensis (Bt) insecticidal proteins have been commer-
cialized and are widely grown in corn-growing countries, such as the United States, Brazil,
Argentina, Canada, South Africa, the Philippines, and Vietnam for the successful manage-
ment of corn stalk borers, corn ear feeders, and fall armyworm (Spodoptera frugiperda (J.E.
Smith)) [14-16]. Several Bt corn technologies are currently in the process of registration
in Indonesia [17], including the MON 89034 corn. MON 89034 is a pyramided transgenic
corn event expressing two Bt proteins, Cry1A.105 and Cry2Ab2, that are highly effective
against key lepidopteran corn pests [18-20]. MON 89034 has been approved for commer-
cialization in the Philippines since 2010 and in Vietnam since 2015 as a viable alternative
for the sustainable control of O. furnacalis and other corn lepidopteran pests [15,21,22]. In
September 2021, MON 89034 was approved as a registered product to control S. frugiperda
in the Philippines [23].

The development of resistance in populations of the target pests poses the risk to
the sustainability of Bt crops [24-26]. In Indonesia, the risk of resistance development
could be higher due to the year-round cultivation of corn which may result in continuous
pressure of selection once MON 89304 is commercialized. The planting of refuges and the
adoption of technologies expressing multiple Bt proteins with an independent mode of
action significantly reduces the risk of resistance development in populations of the target
pests [27,28]. Because MON 89034 corn expresses two Bt proteins of different mechanisms
of action targeting O. furnacalis, its inherent resistance risk is likely lower than that for
single-gene Bt plants [29]. Nevertheless, it is important to monitor the susceptibility of
O. furnacalis populations to Cry1A.105 and Cry2Ab2 proteins after the introduction of MON
89034 in Indonesia. Establishing the baseline susceptibility of O. furnacalis to Cry1A.105 and
Cry2Ab2 is important for resistance-monitoring programs in Indonesia. The assessment of
the baseline susceptibility would not only allow the assessment of the natural variation
among field populations but can also be used to document shifts in susceptibility likely
resulting from selection for resistance [30,31]. We hypothesize that there will be differences
in the sensitivity of O. furnacalis populations. The goals of this study were to establish the
baseline susceptibility of O. furnacalis to Cry1A.105 and Cry2Ab2 proteins in Indonesia
and to estimate Cry1A.105 and Cry2Ab2 concentrations to be used as candidate diagnostic
concentrations to monitor the development of resistance in O. furnacalis in Indonesia.

2. Results
2.1. Susceptibility of O. furnacalis to Cry1A.105

Populations of O. furnacalis collected from six provinces in 2013-2015 showed variation
in susceptibility to Cry1A.105 (Table 1). The LCsy values for the field-collected popula-
tions ranged from 0.006 to 0.401 pg/mL, and for the laboratory population, these were
0.067 pg/mL. The LCos of the laboratory population was 0.890 ug/mL, while those of the
field-collected populations varied from 0.069 to 15.233 pg/mL. The resistance ratios (RRs)
of the 24 field populations relative to the laboratory population were 0.1-6.0 based on the
LCs values (Table 1). Some field populations were more susceptible (RR < 1) to the protein
than the laboratory population, while other field populations were more resistant (RR > 1)
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than the laboratory population. The difference between LCs values of any two populations
from Cry1A.105 assays was considered significant if their 95% fiducial limits (FLs) did not
overlap [32,33].

Table 1. Susceptibility to Cry1A.105 of field-collected populations of Ostrinia furnacalis from major

corn-growing areas in Indonesia.

Population N Slope LCs (95% FL)  LCos 5% FL) o, ve
Province District Village (+SE) (ug/mL) (ug/mL) X
Pasar VI
0.035 0.224
Kwalg . 440 2.05 +0.32 (0.012-0.066) (0.112-1.173) 0.5 5.90
Langkat Mencirim
Purwo 0.039 0.535
Binangun 330 14032 001-108)  (0176-355.074) 00 6.38
North L 0.010 0.069
Sumatra el Sendang SM Diski 330 1.96 + 0.42 (0.001-0.020) (0.031-3.746) 0.1 1.31
0.013 0.250 o
Suka Dame 330 1.27 +0.36 (N/A-N/A)*  (N/AN/A)* 0.2 8.70
. 0.058 7.872
- Silenduk 550 0.77 £ 0.07 (0.031-0.105) (2.647-45.801) 0.9 7.74
imalungun
’ Tangga 550 0.93 +0.10 0.047 2.746 0.7 5.27
Batu ' ’ (0.023-0.081) (1.311-8.273) ’ '
0.045 0.495
South Lematang 330 1.57 +0.42 (0.008-0.084) (0.254-3.374) 0.7 3.57
Lampung 0.080 1.389
Kelau 550 1.33 +£0.13 (0.044-0.132) (0.701-4.166) 1.2 9.12
Central . . 0.185 15.233
Lampung [ oimpung  Tmugo 330 086£015  (0066-0357) (3345-127917) 2B 249
Metro Mulyojati 550 1.46 +0.20 © 035'(1%2055) © 2?i219606) 0.5 417
East Gondang 0.137 1.274
Lampung Rejo 550 1704021 (0.102-0.176) (0.906-2.003) 20 1.68
0.313 3.085
Coromtalo Pohuwato Manawa 550 1.65£0.17 (0.238-0.403) (2.062-5.408) 4.7 1.80
. 0.273 4316
Gorontalo Tenilo 550 1.37 +0.20 (0.115-0.451) (2.237-16.451) 4.1 2.18
. 0.166 2.597
Central Parworo Ketawangrejo 550 1.38 £0.18 (0.071-0.292) (1.148-16.906) 2.5 3.59
Java . 0.401 14.521
Wonosari 550 1.06 £0.11 (0.233-0.630) (7.038-45.194) 6.0 4.76
. 0.051 2.604
o Purwomartani 550 0.96 + 0.11 (0.020-0.104) (0.790-38.314) 0.8 6.87
) . 0.081 3.336
Yogyatarts Widodomartani 550 1.02 £0.13 (0.022-0.197) (0.932-98.888) 1.2 8.05
y
. 0.053 2.907
Kalon Progo Kedungsari 550 0.95 £ 0.10 (0.028-0.090) (1.199-12.762) 0.8 5.77
0.101 0.730
Kedundang 550 0.81 +£0.07 (0.059-0.173) (3.970-49.262) 15 6.55
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Table 1. Cont.

Population N Slope LCs 95% FL)  LCos 95%FL) o, ve
Province District Village (£SE) (ng/mL) (ug/mL) X
0.043 1.404
Papar 550 1.08 +0.10 (0.029-0.063) (0.716-3.727) 0.6 3.90
Kediri 0.006 0.418
Mekikis 550 0.88 +0.11 (0.002-0.010) (0.170-2.088) 0.1 3.16
Watu 0.014 1.905
East Java Dandang 550 077009 ()006-0.025)  (0.659-12.081) 02 524
Neaniuk e 0.009 0.858
ganj Banjar Sari 550 0.83 +0.11 (0.003-0.020) (0.231-20.417) 0.1 6.38
. 0.010 0.664
Malangsari 550 0.91+0.11 (0.004-0.021) (0.225-6.057) 0.2 4.84
0.067 0.890
b
Laboratory 330 1.47 £0.30 (0.004-0.164) (0.336-49.547) 1.0 6.11
N = number of larvae. SE = standard error. 95% FL = 95% fiducial limits. ® Resistance ratios (RRs) were calculated
by dividing the values of LCsy of field populations by that of the laboratory population. P Collected from
Yogyakarta in 2009 and maintained in the laboratory without Bt or insecticide selection. * The program did not
give the 95% FL values.  Double asterisk (**) indicates significant differences based on the p-value (« = 0.05).
2.2. Susceptibility of O. furnacalis to Cry2Ab2
Populations of O. furnacalis collected from six provinces in 2013-2015 also showed
variation in susceptibility to Cry2Ab2, as evidenced by the 0.1-2.0 RR values based on
the LCs (Table 2). The LCs values of Cry2Ab2 against 24 field-collected populations
ranged from 0.044 p1g/mL to 4.490 ug/mL, whereas that of the laboratory population was
2.276 pg/mL. The LCys value of the laboratory population was 22.984 ng/mL, and for the
24 field populations, it ranged from 3.320 to 277.584 ug/mL. Similarly to responses observed
in the Cry1A.105 assays, some field populations were more susceptible to Cry2Ab2 than
the laboratory population. The difference between LCs values of any two populations
from Cry2Ab2 assays was considered significant if their 95% fiducial limits (FLs) did not
overlap [32,33].
Table 2. Susceptibility to Cry2Ab2 of field-collected populations of Ostrinia furnacalis from major
corn-growing areas in Indonesia.
Population N Slope LCsp (95% FL) LCos (95% FL) RR® be
Province District Village (£SE) (ng/mL) (ug/mL) X
Pasar VI
1.527 37.665
Kwala 440 L8016 057 3 478) (11.088-1150.551) 0.7 412
Langkat Mencirim
Purwo 4.361 277.584
Binangun 440 091+019 1 68610.182)  (62.854-14,840.756) 19 270
North . 3.416 180.121
Sumatra ) SM Diski 330 0962018 g 311 17001)  (27.658-426921.2) L5 34
Deli Serdang 505 11185
Suka Dame 440 2.23 £0.50 (0.490-3.540) (5.908-130.605) 0.9 457
. 1.062 99.658
Silenduk 550 0.83 £0.10 (0.673-1.684) (36.621-502.575) 0.5 2.18
Simalungun T 4.490 49.531
angga . .
Batu 440 1584039 5 313 7.002) (22.220-511.071) 20 2.24
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Table 2. Cont.

Population N Slope LCs0 (95% FL) LCoys (95% FL) RR A 2
Province District Village (+SE) (ug/mL) (ug/mL)
0.667 16.275
South Lematang 550 1.19£0.23 (0.268-1.181) (6.610-132.775) 0.3 4.03
Lampung 4018 23.015
Kelau 330 2.17 £ 0.56 (1.242-6.506) (11.971-370.390) 1.8 5.09
Central . . 2.074 67.414
Lampun;
PE8  Lampung Trimurjo 550 LO9E0I9 396 5564  (17.091-12346001) 00 3
L 4.034 183.278
Metro Mulyojati 550 0.99 £+ 0.20 (0.966-12.182)  (36.318-284,609.920) 1.8 5.50
East Gondang 1.662 37.164
Lampung Rejo 330 122027 (0.720-2.884) (16.372-205.583) 07 171
1.590 40.540
Pohuwato Manawa 330 1.17 £0.28 (0.040-4.273) (10.897-459,863.240) 0.7 5.71
Gorontalo 0525 22,666
Gorontalo Tenilo 550 1.01£0.11 (0.212-1.110) (6.744-387.286) 0.2 7.83
. 0.989 14.861
Central ' Ketawangrejo 550 1.40 £0.16 (0.481-1.824) (5.979-122.810) 0.4 4.39
Purworejo
Java W i 550 1.08 £ 0.11 0254 8.371 (4.952-16.923 0.1 2.20
onosari . . (0.177-0.351) . (4.952-16.923) . .
Purwomartani 550 1.09 +0.11 0-322 10.463 (4.533-41.801) 0.1 6.49
Hrwomaria R (0.175-0.550) A ' ' '
Sleman 0163
Widodomartani 550 1.26 £0.16 (0.077-0.272) 3.320 (1.520-16.269) 0.1 2.57
Yogyakarta
. 0.741 17.198
Kedungsari 550 1.20 £0.12 (0.401-1.340) (6.732-104.303) 0.3 6.27
Kulon Progo 0276
Kedundang 550 1.01 £0.12 (0.134-0.477) 11.710 (4.766-61.882) 0.1 4.18
- 0.101 30.870
Kediri Papar 330 0.66 + 0.07 (0.058-0.176) (10.553-144.161) 0.1 5.41
s 0.095 41.121
Mekikis 330 0.62 £ 0.07 (0.039-0.229) (8.410-667.267) 0.1 11.65
. Watu 0.585 24.771
Eastjava  Nganjuk Dandang 20 LOLEOI0 6595 1 102) (8.645-164.730) 03 848
. . 0.044 22.509
Banjar Sari 550 0.61 + 0.06 (0.019-0.099) (4.654-375.668) 0.1 12.86
. 0.522 25.653
Malangsari 550 0.97 £ 0.08 (0.309-0.907) (9.980-113.189) 0.2 8.43
Laboratory P 440 1.64 £0.48 2276 22.984 1.0 0.62

(0.916-3.803)

(12.650-77.799)

N = number of larvae. SE = standard error. 95% FL = 95% fiducial limits. @ Resistance ratios (RRs) were

calculated by dividing the values of LCs of field populations by that of the laboratory population. b Collected
from Yogyakarta in 2009 and maintained in the laboratory without Bt or insecticide selection. © No significant

differences based on the p-value (x = 0.05).

2.3. Candidate Diagnostic Concentrations

The O. furnacalis LCy9 value for Cry1A.105 was significantly higher than its LCys
value as indicated by non-overlapping lower and upper limits of the 95% FL (Table 3).
However, there was no significant difference observed between LCq9 and LCgs values
for Cry2Ab2. We propose the LCqg and its upper and lower fiducial limits (95% FLs) as
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the candidate diagnostic concentrations: 13.240 (6.716-33.831) ug/mL for Cry1A.105 and
127.320 (46.616-676.792) pg/mL for Cry2Ab2. These concentrations need to be tested with
several field populations for further validation, followed by the selection of one diagnostic
concentration for each protein to be used in monitoring programs.

Table 3. Candidate diagnostic concentrations of Cry1A.105 and Cry2Ab2 estimated using baseline
susceptibility data of 24 field-collected populations of Ostrinia furnacalis.

. No. LCos (95% FL) LCay (95% FL)
Protein Slope Larvae (ug/mL) (ug/mL)
Cry1A.105 0.99 + 0.03 11,200 2.720 13.240 (6.716-33.831) b
YA : : ’ (1.680-5.158) a : : :
Cry2Ab2 1.04 £ 0.03 11,440 28.050 127.320

(13.600-89.795) a (46.616-676.792) a

SE = standard error. 95% FL = 95% fiducial limits. For each protein, LCo5 and LCgg values followed by different
letters were significantly different based on non-overlapping 95% fiducial limits.

3. Discussion

There is a need to develop a robust insect resistance-management (IRM) strategy
for MON 89034 in Indonesia to prolong its durability in the field and, thus, delay the
development of practical resistance once the event is approved for cultivation [27,34,35].
Baseline susceptibility data are essential for resistance-monitoring purposes, particularly
to provide information on the level of susceptibility of O. furnacalis to Cry1A.105 and
Cry2Ab2 before the introduction of MON 89034 corn and to provide benchmark data for
future comparison to detect susceptibility shifts. In this study, the baseline susceptibility of
O. furnacalis to Cry1A.105 and Cry2Ab2 was established based on the populations collected
from major corn-producing provinces in Indonesia.

Differences in susceptibility to Bt proteins before the onset of resistance have been
reported among geographically distinct populations in many different species of insects
attacking corn [20,36-38]. For O. furnacalis, several studies have been conducted using five
proteins, i.e., CrylAb, CrylAc, CrylF, Cry1A.105, and Cry2Ab2. Field-collected populations
of O. furnacalis in Vietnam differed in susceptibility to Cry1Ab by up to three-fold, which
was reflective of natural variability among the 11 populations used in the study [39]. In
China, the differences in susceptibility for this species were up to eight-fold for Cry1Ab [40],
and in different study, up to two-fold for CrylAb, CrylAc, and Cry1F [41]. Contrastingly,
in yet another study that assayed the bioactivity of Cryl1Ab with 25 field populations of
O. furnacalis in China [33], 80-fold and 309-fold variations at LCsy and LCos, respectively,
were demonstrated. Furthermore, Alcantara et al. [20] reported that the differences in the
Philippines were six- and seven-fold to Cry1A.105 and Cry2Ab2, respectively.

We reported higher levels of variation in the susceptibility of O. furnacalis field popula-
tions to Cryl1A.105 and Cry2Ab2 than were reported in the Philippines. However, direct
comparison between these two studies (diet dipping vs. diet overlay) was not possible
since different bioassay procedures were employed. Differences in the susceptibility of
O. furnacalis to these two proteins may represent natural variation among populations
because transgenic corn has not yet been planted commercially in Indonesia, and commer-
cial Bt formulations for controlling O. furnacalis are not commonly utilized by Indonesian
farmers [4]. A high difference in the susceptibility of field-collected populations was pre-
viously reported with O. furnacalis to Cry1Ab [33] and in Helicoverpa armigera to CrylAc
(67-fold) in India [42]. In addition, the innate heterogeneity within insect populations tested
in routine bioassays using the same methodology may account for three- to six-fold, or
even twelve-fold, variation in laboratory-reared population comparisons [43,44]. Therefore,
the heterogeneity may be even greater across field-derived populations, and the method
chosen for bioassay needs careful consideration in the context of resistance monitoring.

Cry1A.105 was more toxic than Cry2Ab2 against O. furnacalis in Indonesia
(Tables 1 and 2) and in the Philippines [20]. Similar results were reported for one species
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of corn stem borer, Chilo partellus, in India [38]. In contrast, Cry2Ab2 was more toxic than
Cry1A.105 against the other species of corn borer in India, Sesamia inferens [38]. The same
researchers also reported that Cry1A.105 was more toxic than Cry2Ab2 against H. armigera.
Hernandez-Rodriguez et al. [45] also reported that Cry1A.105 was more toxic than Cry2 Ab2
to Ostrinia nubilalis and S. frugiperda. These studies provide evidence that different species
of corn borers may have different levels of susceptibility to different proteins and that their
susceptibility may differ among geographically distinct populations.

A laboratory concentration of Cry1A.105 and Cry2Ab2 that reliably causes 99% mor-
tality provides a candidate for use as a discriminating concentration [46]. The proposed
diagnostic concentrations of 6.7, 13.2, and 33.8 ug/mL for Cry1A.105 and of 46.6, 127.3, and
676.8 pug/mL for Cry2Ab2 need to be validated against field-collected populations. Based
on these tests, the determination of diagnostic concentrations for each protein is planned
and these should be available before the commercialization of MON 89304.

The expression of Cry1A.105 and Cry2Ab2 in MON 89034 corn varies depending on
the tissues with the highest expression occurred in the young leaves of V2-V4 with the
average of 520 and 180 ug/g dry weight tissue [47]. This information in combination with
baseline data may be used in developing IRM strategies in Indonesia.

4. Conclusions

This study reports the baseline susceptibility of distinct geographical O. furnacalis
populations of Indonesia to Cry1A.105 and Cry2Ab2 proteins. Our findings demonstrate
that O. furnacalis populations are highly sensitive to Cry1A.105 and Cry2Ab2 proteins,
although there are differences in sensitivity among populations, which is a natural variation.
The baseline susceptibility data are used to establish candidate diagnostic concentrations for
further validations. The data on baseline susceptibility and the diagnostic concentrations
provide valuable tools for future resistance-monitoring programs to detect early shifts in
sensitivity among the field populations of O. furnacalis once transgenic corn expressing
these two proteins is commercialized in Indonesia.

5. Materials and Methods
5.1. Field-Collected Populations

Egg masses, larvae, and pupae of O. furnacalis were collected from six provinces in
Indonesia: three on Java Island (East Java, Central Java, and Yogyakarta Special Region),
two on Sumatra Island (North Sumatra and Lampung), and the province of Gorontalo
on Sulawesi (Figure 1). With the exception of Yogyakarta, these provinces are the major
corn production sites in Indonesia, and insect pressure in these provinces were prominent
based on the previous field observations. Field collections were made from non-Bt corn
plants between 55 and 70 days after sowing with the intention of collecting insects from the
second generation of O. furnacalis. Twenty-four populations were collected from 14 districts
distributed in the six selected provinces between November 2013 and May 2015. The
number of collected O. furnacalis from each location varied, and 83% of the collected
populations were between 65 and 113 larvae and pupae. Only three of the collections were
egg masses, each obtained from three different sites. The lowest number of O. furnacalis
collected from one population was 12 larvae + 12 pupae + 1 egg mass. Each population was
collected from at least two corn farms in one village to capture the genetic variability among
individuals within a population and also because of the low infestations of O. furnacalis
during the period of collection.
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Figure 1. The six provinces in Indonesia selected for collecting field populations of Ostrinia furnacalis
in 20132015 during the peak corn season in each province. With the exception of the Yogyakarta
Special Region, these provinces were the top corn-producing areas in the country.

O. furnacalis at different life stages collected from the fields were handled using
different methods. O. furnacalis egg masses were transferred into jars (18 cm tall, 7 cm
diameter) layered with wetted filter paper to maintain the freshness of the eggs. Newly
hatched larvae and bigger larvae were transferred individually into clear plastic containers
with a screw cap (4.3 cm tall, 3.3 cm diameter) containing an artificial diet (ca. 5 g) [48]
to minimize field-derived diseases. Collected pupae were put together in a container cup
(the same size as for the larvae layered with filter paper) with a maximum of 10 pupae
in each container. All collected larvae were healthy and pupated. Pupae produced from
collected larvae, as well as those collected directly from the field, were placed into a Petri
dish (9 cm diameter) layered with filter paper, and the Petri dish with the pupae was placed
in a wire mesh cage (20 cm in diameter and 20 cm in height) upon arrival in the laboratory.
Moisture was maintained by adding water to the filter paper in the plastic cups containing
egg masses. Ostrinia furnacalis populations collected from different locations were reared in
separate cups, trays, and cages to avoid contamination between populations. Additional
details are provided below in “Insect-Rearing Procedure”.

5.2. Insect-Rearing Procedure

The field-collected and laboratory O. furnacalis populations were reared using a similar
artificial diet and standardized laboratory procedures [48]. Larvae were fed on a red-bean-
based artificial diet (2-3 larvae per ~5 g of diet) in clear plastic cups (3.3 cm in diameter
and 4.3 cm height) until pupation. A maximum of fifty cups were placed in a plastic tray.
The trays were labelled with the locations of the populations. Pupae were collected daily
and approximately 200 pupae were placed in a Petri dish (9 cm in diameter). The Petri dish
containing the pupae were placed in the middle of a mating cage made of wire (21 cm in
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diameter and 21 cm height) covered with white paper on the top for oviposition. Emerging
adults were fed with a 10% honey solution, and wet cotton was placed in the cage for
maintaining high relative humidity during the day. The paper containing egg masses
was removed every other day or daily as needed to collect larvae of similar ages. Egg
masses were incubated in glass jars (6.5 cm in diameter and 15.5 cm height) containing
moistened filter paper until hatching. A portion of the newly hatched larvae (ca. 300 larvae)
was transferred individually into plastic cups as described above for the next generations,
and the other portion was used for bioassays. All insect life stages were incubated at
room temperature (24-28 °C) with relative humidity ranges of 60-85%. All equipment
for making the artificial diet as well as for rearing was semi-sterilized by dipping in 10%
sodium hypochlorite (SC Johnson, Indonesia). If mortality occurred during mass rearing,
dead larvae were removed immediately from the colony to prevent contamination during
mass rearing.

5.3. Susceptibility of O. furnacalis to Cry1A.105 and Cry2Ab2

The proteins (Cry1A.105 and Cry2Ab2) were provided by Bayer CropScience, St. Louis,
MO, USA. Bioassays were carried out using mostly F, generation O. furnacalis neonates and
a few using the F; or F3 generation. The F3 generation was used when neonates of F, was
not sufficient to do the whole bioassays. The larvae of F; and F3 were used if the F; neonates
in uniform age were inadequate for the conduction of the bioassay. Bioassays were carried
out by following the diet-dipping procedure described by Trisyono et al. [49] by dipping
the diet in protein solutions or distilled water. A cube of diet (1 cm x 1 cm x 1 cm) was
dipped for 10 s in a treated or control solution and then air dried for 20 min. After drying,
the diet was transferred into a plastic cup of similar size to the ones used for rearing. For
each replication, ten newly hatched O. furnacalis larvae were transferred individually into
two plastic cups containing the treated or control diet (5 larvae per cup). Each treatment
was replicated 3-5 times. In the CrylA.105 bioassays, 10 concentrations from 0.002 to
48 pg/mL Cry1A.105 (three-fold dilutions) were tested to determine LCsp and LCys of
24 field-collected O. furnacalis populations and the laboratory population. For Cry2Ab2,
10 concentrations ranging from 0.0007 to 15.5 pg/mL (three-fold dilutions) and the control
were used for all bioassays to determine LCsp and LCos against the same F;—F; of field-
collected and laboratory populations. Based on the results from the preliminary bioassays,
the concentrations used for Cry1A.105 and Cry2Ab2 were different due to varying response
of O. furnacalis to each protein. The selected concentrations based on the preliminary test
were expected to result in larval mortality ranging from 2% to 98%. Prior to the actual
assays, preliminary tests of both proteins were carried out using 10 newly hatched larvae
per concentration in three replicates. Larvae were exposed to the treated or control diet
continuously, and observed mortality was recorded 7 days after they were placed in the
plastic cups containing the artificial diet.

5.4. Data Analysis

Probit analysis [50] was carried out using the Polo]JR program within PoloSuite, Version
2.1 (LeOra Software 2016) to determine LCsy and LCgs values and their 95% fiducial limits
(FLs) for each protein and population. The relative resistance ratios (RR) were calculated by
dividing the values of LCs of field populations by that of the laboratory population [51].
The LCoys5 and LCy9 and their lower and upper limits for the Cry1A.105 and Cry2Ab2
proteins were determined from pooled baseline concentration-mortality data (24 field-
collected populations) using the program Polo]r, and the estimated LCgg and its lower and
upper limits of 95% were proposed as candidate diagnostic concentrations for each protein,
as they killed 99% of the susceptible population [52,53].
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Abstract: Bacillus thuringiensis (Bt) is the most widely used biopesticide worldwide and can produce
several insecticidal crystal proteins and vegetative insecticidal proteins (Vips) at different growth
stages. In our previous study, extracellular polysaccharides (EPSs) of Bt strain HD270 were found
to enhance the insecticidal activity of CrylAc protoxin against Plutella xylostella (L.) and promote
the binding of CrylAc to the intestinal brush border membrane vesicles (BBMVs). Whether the
synergistic activity of Bt EPSs is common to other Cryl-type or Vip proteins is unclear, as is the
potential synergistic mechanism. In this study, crude EPS-HD270 was found to increase the toxicity
of Cryl-type toxins and Vip3Aall against different lepidopteran pests by approximately 2-fold. The
purified EPS-HD270 also possessed synergistic activity against the toxicity of CrylAc and Vip3Aall
against Spodoptera frugiperda (J.E. Smith) and Helicoverpa armigera (Htibner). Furthermore, we found
that EPS-HD270 had a strong binding ability with Vip3Aall and promoted the binding of Vip3Aall to
the BBMVs of H. armigera and S. frugiperda. Bt EPS-HD270 also protected Vip3Aall from proteolytic
processing in larval midgut juice. Bt EPSs had universal synergistic effects on Cryl-type or Vip
toxins against S. frugiperda and H. armigera. Bt EPS-HD270 exhibited synergistic activity with Vip3Aa
through promotion of binding to BBMVs and protection from digestion by midgut protease. The
results indicated that synergistic activity with Bt toxins was an important function of Bt EPSs, which
was very different from other Bacillus spp.

Keywords: Bacillus thuringiensis; microbial pesticides; extracellular polysaccharides; synergistic
effects; BBMVs; midgut juice

Key Contribution: The EPS-HD270 could commonly increase the toxicity of both Cry and Vip
proteins against different target insect pests. The results reveal multi-biological functions of Bt EPSs
and lay a theoretical foundation for the application of EPSs in Bt formulation.

1. Introduction

Bacterial extracellular polysaccharides (EPSs) are synthesized inside the cells and
secreted into the extracellular environment or synthesized outside the cells by cell wall-
anchored enzymes during bacterial growth and metabolism [1,2]. Exopolysaccharides are
macromolecules composed of monosaccharide units that form complex structures and
exhibit multiple functions. Bacteria produce extracellular polysaccharides to protect them-
selves from various environmental stresses, including desiccation, ionic stress, and other
biotic stresses, such as predation by amoebae [3], facilitating their adaptation in different
habitats by forming biofilms. Bacillus bacteria have also been reported to produce extracel-
lular polysaccharides with flocculation activity [4], and the abilities to absorb lead [5] and
induce systemic resistance to plant pathogenic bacteria [6], in addition to their well-known
function in the biofilm matrix of Bacillus subtilis [7]. In our recent study, we found that
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most Bacillus thuringiensis (Bt) strains could produce extracellular polysaccharides. EPS
produced by the Bt HD270 strain increased the activity of insecticidal crystal proteins [8].

Bt is an aerobic, Gram-positive entomopathogenic bacterium [9] that produces in-
secticidal proteins at different growth periods [10]. These proteins are commonly known
as crystal (Cry) proteins when produced during the spore-forming stage and vegetative
insecticidal proteins (Vips) when produced at the vegetative growth stage. Due to their
specific insecticidal activity against a large number of lepidopteran and coleopteran pests
in agriculture, they are widely used in biopesticides and transgenic crops [11]. The two
types of proteins have different structures and different insecticidal mechanisms, but both
need to bind to receptors in the intestinal brush border membrane vesicles (BBMVs) to
exert insecticidal activity.

The exploration of Bt strains and insecticidal proteins has entered a bottleneck period,
making it difficult to explore new insecticidal resources. Therefore, there is growing interest
in synergistic substances that could improve the larvicidal activity of Bt proteins. In our
previous study, extracellular polysaccharides produced by the Bt strain HD270 (EPS-HD270)
were observed to increase the toxicity of the total toxins isolated from HD270 and CrylAc
proteins against Plutella xylostella (L.) [8]. The molecular weight of EPS-HD270 was 58.0 kDa,
and EPS-HD270 was composed mainly of mannose (44.2%) and GlcN (35.5%) [8]. However,
it is not clear whether Bt EPSs would commonly increase the toxicity of both Cry and
Vip proteins against different target insect pests. Clarification of this issue will reveal
multi-biological functions of Bt EPSs and lay a theoretical foundation for using EPSs to
improve the control effect of Bt formulations.

In this study, the synergistic effects of EPS with Cry and Vip proteins were analyzed.
EPS-HD270 not only enhanced the toxicity of the CrylAc, CrylAb, and CrylAh proteins
but also increased that of the Vip3Aall protein against Helicoverpa armigera (Hiibner) and
Spodoptera frugiperda (J.E. Smith). The potential mechanism involved in the synergism of
EPSs and Vip3Aall toxin was the protection of Vip3Aall from proteolytic processing in
larval midgut juice and the increased binding affinity of Vip3Aall to BBMVs of H. armigera
and S. frugiperda caused by adding EPSs.

2. Results
2.1. Universal Synergistic Activity of Bt EPSs on Insecticidal Proteins

EPS-HD270 was found to enhance the virulence of the CrylAc protoxin against P.
xylostella in our previous work [8], but the universality of the synergistic effect is unclear.
In this study, the synergistic activities of EPS-HD270 with CrylAc protein against larvae
of other lepidopteran insect pests, including S. frugiperda and H. armigera, were further
analyzed. The LCs) values of CrylAc protoxin against first instar larvae of S. frugiperda
and H. armigera were 68.26 ng/g and 12.40 ng/g, respectively, while the LCsy values of
CrylAc protoxin supplemented with 2.0 mg/g crude EPS were 33.64 ug/g and 5.92 ug/g
(Table 1), respectively, indicating a 2.03-fold and 2.09-fold increase in insecticidal activity.
Crude EPS was treated with proteinase K and further purified with an anion-exchange
chromatography column and a gel filtration chromatography column, as in our previous
study [8], to obtain a single component (shown in Figure S1). Moreover, the addition of
0.5 mg/g purified EPS significantly increased the 7-day mortality of 50 and 75 ug/g CrylAc
protoxin against S. frugiperda to 63.9% and 66.7% (p < 0.05, Figure 1A); 7-day mortality of
12 and 16 pg/g CrylAc protoxin against H. armigera increased to 69.4% and 87.5% (p < 0.05,
Figure 1B). However, crude and purified EPS showed no toxicity against S. frugiperda and
H. armigera larvae.

In addition, the synergistic activity of EPS-HD270 with Cryl1Ab (which shares 86% of
the amino acid sequence identity of CrylAc) and CrylAh protein (which shares 88% of
the amino acid sequence identity of CrylAc) was investigated (Figure 2A). The bioassay
results showed that the 3-day mortality of 20 pug/mL CrylAb against P. xylostella was
increased to 92.9% (p < 0.01) and 100.0% (p < 0.001) by adding 5 and 50 mg/mL crude EPS,
respectively (Figure 2B). The 3-day mortality of 0.8 ug/mL CrylAh against P. xylostella
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was increased to 76.2% (p < 0.01) and 95.2% (p < 0.001) by adding 5 and 50 mg/mL crude
EPS, respectively, and the mortality of 1.6 pg/mL CrylAh was also significantly increased
to 100.0% (p < 0.01) by adding 50 mg/mL crude EPS (Figure 2C). Overall, Bt EPS-HD270
enhanced the virulence of the CrylAc protoxin against lepidopteran insect pests, including
P. xylostella, S. frugiperda and H. armigera, and synergistic activities of EPS-HD270 with other
Cryl-type proteins, including CrylAb and Cry1Ah, were observed.

Table 1. The LCs( value of CrylAc and crude EPS against S. frugiperda and H. armigera.

LGCsp (uglg) 2
Insect Pests Treatment (95% Fiducial Limits) Slope + SE  x’ Fold Change
. CrylAc 68.26 (46.95-97.97) 267 +£030 7.25
S frugiperda o 1Ac+EPS  33.64(2976-37.60) 688+ 083 531 203
H. armicera CrylAc 12.40 (9.57-16.49) 122+017 230 209
' 3 CrylAc + EPS 5.92 (4.28-8.47) 1724019 317 :
The concentration of EPS in artificial diets was 2 mg/g. Three replications of each sample.
A B
100 0 CrylAe 120 . @8 CrylAc
80 _— I B (GEyTASEERS 100 . - 0 CrylAc+EPS
* = 80 -
£ oo £ 60
§ I : :
: e Iﬂ
20 20
ol olEm &
Buffer  EPS 50 75 100 125 Bufler m"'fnps 8 12 16 20
(05 mg/mt)) —mm .S mg/mL)

CrylAc concentration (ug/g) CrylAc concentration (ng/g)

Figure 1. Insecticidal activity of CrylAc protein by adding purified EPS of Bt HD270 against S.
frugiperda (A) and H. armigera (B). Data are the average + standard deviation (SD) from three
independent experiments. (* p < 0.05).

In addition to Cry-1 type proteins with a typical three-domain structure, the effects of
Bt EPSs on the toxicity of Vip3Aa were analyzed. The LCs of Vip3Aa protein against first
instar larvae of S. frugiperda and H. armigera were 1.22 pg/g and 12.57 pg/g, respectively,
while the LCs of Vip3Aa protein added with 2.0 mg/g crude EPS were 0.49 ug/g and
5.51 ug/g (Table 2), indicating that the virulence was enhanced 2.49-fold and 2.28-fold,
respectively. Furthermore, the addition of 0.5 mg/g purified EPSs significantly increased
the 7-day mortality of 0.8 and 1.2 ug/g Vip3Aa protein against S. frugiperda to 55.6%
(p <0.05) and 77.7% (p < 0.01, Figure 3A). The 7-day mortality of 9 and 16 pg/g Vip3Aa
protein against H. armigera was also enhanced to 50.0% and 72.2%, respectively (p < 0.05,
Figure 3B). In summation, Bt EPS-HD270 exhibited synergistic activities with Vip3Aa
against S. frugiperda and H. armigera as well.

Table 2. The LCs values of Vip3Aa and crude EPS against S. frugiperda and H. armigera.

LCs (ug/g)

2
Insect Pests Samples (95% Fiducial Limits) Slope = SE  x’ Fold Change
4 Vip3Aa 1.22 (0.96-1.58) 1344017 130
S frugiperda i 3 no + EPS 0.49 (0.34-0.70) 0924016 074 249
1 armicern Vip3Aa 1257 (9.62-1698)  117+017 158 o8
- armig Vip3Aa + EPS 5.51 (4.28-7.20) 1254017 263 :

The concentration of EPS in the artificial diet was 2 mg/g. Three replications of each sample.
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Figure 2. Insecticidal activity of crude EPS—HD270 and Cry1A protein against P. xylostella. (A) Anal-
ysis of the amino acid sequence identity of CrylAb and CrylAh with CrylAc protoxins. Percentage
represents amino acid sequence identity with domain I to VII of CrylAc protein. (B) Cry1Ab protein
and EPS. ! means the concentration of crude EPS was 5 mg/mL. 2 means the concentration of crude
EPS was 50 mg/mL. (C) CrylAh protein and EPS. Data are the mean value & standard deviation
from three independent experiments. (** p < 0.01, *** p < 0.001).
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Figure 3. Insecticidal activity of Vip3Aa protein and purified EPS-HD270 EPS against S. frugiperda
(A) and H. armigera (B). Data are the mean value + standard deviation from three independent
experiments. (* p < 0.05, ** p < 0.01).

2.2. EPS-HD270 Formed Specific Binding with Vip3Aall Protein

The Vip3A protoxin contains five distinct structural domains (domains I-V), and the
carbohydrate-binding module domains were found in domains IV and V, which were
exposed to the solvent [12,13]. We hypothesized that EPS might bind to the Vip3A protoxin,
which in turn affects the toxicity of the Vip3A protein against S. frugiperda and H. armigera.
The interaction between EPS-HD270 and the Vip3Aa protein was determined by ELISA
using an anti-Vip3A antibody. The results showed that EPS-HD270 specifically bound to
the Vip3Aall protoxin with a K4 value of 6.43 & 1.31 nM (Figure 4).
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Figure 4. Analysis of the interaction between Vip3Aall and purified EPS. Error bars represent SD.
Abs represents absorbance.

2.3. EPS-HD270 Delayed Proteolytic Processing of CrylAc and Vip3Aa Proteins in Midgut Juice

Purified EPS-HD270 specifically bound with CrylAc [8] and Vip3Aa, which might
protect proteins from being digested by proteases in the midgut. The effects of EPS on the
proteolytic processing of Bt proteins in midgut juice were analyzed. CrylAc and Vip3Aa
proteins were mixed with purified EPS-HD270 in the proportions used in the bioassay.
The intensity of the protein bands was determined using Image] software, and untreated
CrylAc or Vip3Aa was used as a 100% reference. After 40 ug of CrylAc processing by S.
frugiperda midgut juice ratios at 0.003% and 0.001%, the density of protein with a molecular
mass higher than 70 kDa was approximately 39% and 72%, while with the addition of
400 pg EPS-HD270, the density of protein greater than 70 kDa was approximately 67% and
91% (Figure 5A). The same phenomenon was observed when 10 ug of CrylAc was mixed
with 400 pug of EPS-HD270 processed with H. armigera midgut juice at ratios of 0.003% and
0.001% (Figure 5A). EPS-HD270 delayed proteolytic processing of Cry1Ac protoxin in the
midgut juice of S. frugiperda and H. armigera.

After 6 pg of Vip3Aa protoxin processing with S. frugiperda midgut juice ratios at
0.03% and 0.01%, the density of protoxin was approximately 29% and 66%, while with
the addition of 400 pg EPS-HD270, the density of protoxin was increased to 60% and 91%,
respectively (Figure 5B). Similar results were obtained when the density of protoxin was
increased to 68% and 93% with the addition of 400 pg of EPS-HD270 after processing
with H. armigera midgut juice ratios at 0.01% and 0.003% (Figure 5B). Overall, EPS-HD270
delayed proteolytic processing of the CrylAc and Vip3A protoxins in the midgut juice of H.
armigera and S. frugiperda.

2.4. EPS-HD270 Enhances the Binding Affinity of Vip3Aall to BBMV's of H. armigera and
S. frugiperda

Cry1-type proteins and Vip3A proteins are pore-forming toxins, and the ability to bind
to receptors on BBMVs is a primary factor affecting their virulence [14]. Our previous work
found that EPS-HD270 promotes the binding ability of Cry1Ac protoxin to BBMVs of P.
xylostella. Therefore, the effects of EPS on the binding of Vip3Aall protoxin to the BBMVs
of S. frugiperda and H. armigera were further analyzed in the present study. Saturation
binding assays were conducted by using increasing concentrations of Vip3Aa proteins
to bind to the BBMVs of H. armigera and S. frugiperda. Western blot results showed that
binding of Vip3Aall protein to BBMVs of these two insects was saturable (Figure 6A,B).
Subsequently, 80 nmol/L of Vip3Aall at unsaturated binding was used, and the addition
of EPS-HD270 at mass ratio of 1:10 and 1:50 enhanced the signal of Vip3Aall protoxin
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binding to BBMVs of S. frugiperda 2.41- and 3.16-fold (Figure 6C). In addition, for BBMVs
of H. armigera, 160 nmol/L of Vip3Aall at unsaturated binding was used, and the addition
of EPS-HD270 at mass ratio of 1:50 and 1:100 enhanced the signal of Vip3Aall protoxin
binding to BBMVs 4.07- and 6.18-fold (Figure 6D). Thus, the EPS-HD270 interacted with
Vip3Aall protoxin directly to enhance binding to BBMVs, which was correlated with
increased toxicity against S. frugiperda and H. armigera.
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Figure 5. Proteolytic processing of CrylAc and Vip3Aall in midgut juice. (A) SDS-PAGE analysis of
CrylAc digested by S. frugiperda (left) and H. armigera (right) midgut juice. The arrows indicate
CrylAc protoxin (~130 kDa) and activated toxin (~65 kDa). (B) SDS-PAGE analysis of Vip3Aall
digested by S. frugiperda (left) and H. armigera (right) midgut juice. The arrow indicates Vip3Aall
protoxin (~88 kDa) and activated toxin (~66 kDa). M, molecular weight marker.
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Figure 6. Binding assay of Vip3Aall protoxins and purified EPS to BBMVs of S. frugiperda and H.
armigera. Saturation binding assays of Vip3Aall to S. frugiperda (A) and H. armigera BBMVs (B). The
control represents the highest concentration of Vip3Aall without BBMVs, indicating that the toxins
did not precipitate in the absence of BBMVs. (C) The effects of EPS on the binding ability of Vip3Aall
(80 nM) to S. frugiperda BBMVs. (D) The effects of EPS on the binding ability of Vip3Aall (160 nM) to
H. armigera BBMVs. Control represents the absence of BBMVs, and the result indicates that toxins
mixed with EPS did not precipitate in the absence of BBMVs.

3. Discussion

Extracellular polysaccharides of Bt exist in fermentation broth during production
and are discarded as byproducts. In addition, due to the requirements of environmental
protection, fermentation wastewater can only be discharged after strict treatment, which
undoubtedly increases the production costs of Bt products, increases the economic burden
on manufacturers, and increases costs for farmers using biological pesticides.

In this study, we found that exopolysaccharides produced by Bt increased the toxicity
of Cryl-type and Vip3 proteins against Lepidopteran insect pests. In other words, EPS
produced by excellent strains such as HD270 can improve the insecticidal activity of a
variety of insecticidal proteins against a variety of insect pests. If these polysaccharides are
effectively recycled and added to Bt products, it will reduce the environmental pollution
caused by emissions; more importantly, it will improve the insecticidal effect of Bt products,
save production costs, and be an innovative move that kills two birds with one stone. To
our knowledge, Bt EPS were the first to exhibit synergistic activities with self-producing
active substances of bacteria. This study lays a theoretical foundation for the production
and application of Bt extracellular polysaccharides and provides important references for
the creation of other biological pesticides.

Chakroun et al. reported that trypsin-activated Vip3Aa protein showed higher toxicity
than nickel-purified Vip3Aa protoxin against S. frugiperda [15]. In this study, only nickel-
purified Vip3Aall protoxin was used. Further study is needed to investigate the effects of
EPS-HD270 on the activated Vip3Aa protein. In addition, some Bt toxins were found to
evolve resistance to lepidopteran insect pests, including P. xylostella with resistance against
CrylAc [16,17], H. armigera with resistance against Vip3Aa [18], and S. frugiperda with
resistance against CrylF and Cry1Ab [19-21]. Whether EPS produced by Bt can help Bt
toxins deal with the resistance is a question that needs to be analyzed.

The synthesis of extracellular polysaccharides is an energy-consuming process [22].
Our previous work found that 96.5% of 170 Bt strains cultured in LB medium produced
exopolysaccharides [8]. Exopolysaccharides produced by Bacillus can not only help Bacillus
spp. deal with external pressures [7], but also improve their virulence to the hosts, which
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is very important for the infection and epidemic of Bt strains [8]. These important eco-
logical functions may be the reasons why most Bt strains need to synthesize extracellular
polysaccharides at the expense of energy.

Whether Cryl-type or Vip3 proteins are activated by proteases in the midgut is the
key factor in exerting their insecticidal activities [23,24]. The difference is that domains
IV and V of Cry-1-type proteins are released, while domains I and II of Vip3 proteins are
removed after proteolytic processing [23-25]. Over-digestion or insufficient processing of
Cry protoxins has been reported to affect their virulence [26]. In addition, Vip3Aa mutants
with greater stability have been shown to exhibit higher toxicity against S. frugiperda and
H. armigera [27]. In the present study, the addition of EPS delayed proteolytic processing
of CrylAc and Vip3Aa proteins in the gut juice of H. armigera and S. frugiperda (Figure 5),
which was related to their enhanced toxicity. Because EPS formed specific bonds with
CrylAc [8] and Vip3A proteins (Figure 4), we speculated that EPS might cover the prote-
olytic processing sites and make them inaccessible. This is consistent with the extracellular
polysaccharide alginate of Pseudomonas aeruginosa protecting lipase LipA from degradation
by the extracellular protease elastase covering cleavage sites [28].

In our previous study, EPS-HD270 was found to specifically bind to CrylAc protoxin
(Kg4 values of 113.0 + 35.1 nmol /L) [8] and promote the binding of CrylAc to BBMVs of P.
xylostella. Vip3Aa protoxin showed a higher affinity for EPS (K4 values of 6.43 & 1.31 nM)
than CrylAc (Figure 4), and binding to BBMVs of H. armigera and S. frugiperda was pro-
moted by interaction with EPS-HD270 (Figure 6). The insecticidal activity of the Vip3Aa
protein increased with the promotion of its ability to bind to BBMVs [27].

Domains IV and V of Vip3Aa are predicted to contain a carbohydrate-binding mo-
tif [13]. In this study, EPS-HD270 was found to show a higher affinity for Vip3Aa than
Cry1Ac (Figure 4). Moreover, it promoted the binding of the Vip3Aa protoxin to BBMVs
of S. frugiperda and H. armigera. (Figure 6). Since the insecticidal activity of the Vip3Aa
protein increased with the promotion of its ability to bind to BBMVs [27], EPS-HD270 was
found to specifically bind to the Cry1Ac protoxin and promote the binding of Cry1Ac to the
BBMYV of P. xylostella [8]. We speculate that EPS-HD270 increased the virulence of Vip3Aa
by enhancing its binding to BBMVs.

4. Conclusions

In this study, we found that the extracellular polysaccharide from Bt HD270, a strain
belonging to subsp. kurstaki, can not only enhance the virulence of insecticidal proteins with
different structures commonly contained in subsp. Kurstaki, but it also has a synergistic
effect against a variety of lepidopteran insect pests. The synergistic activities of EPS-HD270
with Cry-1 type and Vip3Aa proteins were mainly related to the delay in proteolytic
processing and promotion of binding to BBMVs.

5. Materials and Methods
5.1. Strains

Bt serovar kurstaki HD270 was used for EPS production. The recombinant Bt strain
HD73™ -cry1Ab (Bt HD73-strain containing the cry1Ab gene) and the HD73" strain containing
the crylAh gene were used for CrylAb and CrylAh protein extraction. The Vip3Aall
protein was derived from an Escherichia coli expression system, and the plasmid pET28a
carried the vip3Aall gene. All of the strains mentioned here were stored in our laboratory.
Luria-Bertani (LB) media were used for all strains to grow at 30 °C.

5.2. Isolation and Purification of Insecticidal Proteins

Bt strains HD73-cry1Ab and HD73-cry1Ah were grown in 1/2 liquid Luria—Bertani (LB)
media until 50-60% of insecticidal crystals were released. CrylAb and CrylAh proteins
were extracted according to the continuous crystal solubilization method mentioned by
Zhou et al. [29], purified using an AKTA avant 150 system (GE Healthcare Life Sciences;
Piscataway, NJ, USA) and affinity chromatography (HiTrap Q Sepharose High Performance
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5 mL, GE Healthcare, Uppsala, Sweden). Vip3Aall protein was extracted and purified
according to a previous publication by Wang et al. [30]. Vip3Aa protein carrying a His-tag
was purified by Ni?*-affinity chromatography and finally desalted. The concentrations of
CrylAb/h and Vip3Aall purified proteins were measured via sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and quantified using Image] software
(Version 1.42I).

5.3. Culture of Strain and Preparation of EPS-HD270

The extraction and purification of EPS-HD270 were performed with reference to the
description published by Wang et al. [8]. The Bt serovar kurstaki HD270 strain, kept in our
laboratory, was cultured at 30 °C using liquid LB medium. The bacterial suspension was
collected via centrifugation at 12,000x g for 30 min before all spores were released. The
supernatant obtained after centrifugation was mixed with 95% ethanol at a volume ratio of
1:3 and placed at 4 °C overnight to precipitate EPS. After centrifugation, the precipitate was
resuspended in ultra-pure water, and proteinase K was added at one-tenth of the protein
mass in the mixture and digested at 50 °C for 2 h. Proteinase K was then inactivated for
20 min at 100 °C to obtain a crude EPS solution.

The proteinase K-treated solution was purified on an AKTA avant 150 system. After
small molecule impurities had been removed using a desalting column, the targets were
purified using an anion-exchange chromatography column (Q HP column). All fractions
were collected and identified via the phenol-sulfuric acid method [31]. The target samples
were further separated using a gel filtration chromatography column (HiLoad 26/600
Superdex 200, GE Healthcare Life Sciences). The main components were recovered, and
NaCl was removed using a desalting column. EPS-HD270 concentrations were tested using
the phenol-sulfuric acid method.

5.4. Bioassay

The first instar larvae of H. armigera were provided by the Jilin Academy of Agricultural
Sciences. The first instar larvae of S. frugiperda and the second instar larvae of P. xylostella
were maintained in our laboratory. Bioassays were performed using proteins, EPS and
mixtures of proteins with EPS.

The bioassay method for P. xylostella was conducted as mentioned previously [8].
Briefly, fresh cabbage leaves with a diameter of 6 cm were immersed in a gradient of
different concentrations of proteins and EPS. The leaf surfaces were dried, and each leaf
was placed in a plastic Petri dish (9 cm diameter) with 30 larvae. CrylA buffer (20 mmol/L
NayCO3-NaHCO3, pH 9.8) and EPS bulffer (ultra-pure water) were used as controls. Mor-
tality was calculated 3 days later. Each treatment was performed in three replicates. Thirty
larvae were used for each replicate.

The bioassays of S. frugiperda and H. armigera were performed using first instar lar-
vae [27]. Artificial diets containing soy flour, wheat bran, yeast, and vitamins were prepared
as described by Liang et al. [32]. Fifteen grams of artificial diets were weighed separately in
each Petri dish (9 cm diameter). The protein—exopolysaccharide mixture (3 mL) was added
to the diet and equally distributed into 24-well culture plates after moderate moisture
was evaporated. The larvae were placed in the treated diet and covered with tissue. Each
treatment was conducted in three replicates and 24 larvae were used for each replicate.
The same ratio of Cry1Ac/Vip3Aall buffer (20 mmol/L Na,CO3-NaHCO3/20 mmol/L
Tris-HCl) and EPS buffer (ultra-pure water) was used as the control. Seven-day mortality
was counted.

In all insect bioassay experiments, larvae that did not respond to being poked were
determined to be dead larvae.

5.5. Preparation of BBMV's

The insects were maintained until the third instar, and the midguts were obtained
after dissection. After the preparation of BBMVs via magnesium precipitation [33], the
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enzyme activity of aminopeptidase N (APN) was calculated to determine the purity of the
BBMVs [34].

5.6. ELISA Analysis of the Binding of Vip3Aall Protoxin to EPS-HD270

EPS-HD270 (2.0 mg/mL, 100 uL) was loaded into 96-well ELISA plates (Nunc Max-
isorb, Thermo) and immobilized at 4 °C overnight. The ELISA plates were washed three
times with Tris-buffered saline (TBS) and blocked with TBST (TBS containing 0.1% Tween-
20) containing 2.0% BSA (200 uL) at 37 °C for 2 h. The plates were washed with TBST
three times and incubated with different concentrations of Vip3Aall (0, 0.5, 1, 2, 4, 8, 16,
32 nmol/L) (100 uL) for 1 h at 37 °C. After washing with TBST buffer 3 times, anti-Vip3A
antibody (TBST 1:5000 dilution, 100 nL) was added. TBST (100 pL) containing 1/10,000
HRP-conjugated goat anti-mouse IgG (Solarbio Life Sciences, Beijing, China) was incubated
at 37 °C for 1 h. For each treatment, three replicates were performed. After washing,
the reaction was tested with 3,3’,5,5'-tetramethylbenzidine (TMB) solution (Solarbio Life
Sciences, Beijing, China) (100 pL) for 15 min in the dark at 37 °C. The reaction was termi-
nated with HCI (2.0 mol/L, 100 uL), and the absorbance was immediately read at 450 nm
using a microplate reader. The equilibrium dissociation constant (Ky) was analyzed using
Sigma-plot Software (Version 12.0).

5.7. Western Blot Analysis of the Binding of Vip3Aal1 Protoxin with EPS-HD270 to BBMVs of S.
frugiperda and H. armigera

The EPS-HD270 was incubated with Vip3Aall protoxin at 4 °C overnight after mixing
with BBMVs (20 pg). The control was EPS buffer (ultrapure water) incubated with BBMVs
(20 pg) and Vip3Aall protoxin. After centrifugation at 18,000x g for 10 min at 4 °C,
proteins were separated by SDS-PAGE and electrotransferred to PVDF membranes. After
blocking with TBST containing 5% skimmed milk powder on a low-speed spinner for
1 h, the PVDF membranes were incubated with Vip3A antibody at a 1:5000 dilution for
1 h and washed with TBST. HRP-conjugated goat anti-mouse IgG at a 1:10,000 dilution
in TBST was added and incubated for 1 h. After they had been washed three times,
the membranes were detected with SuperSignal™ West Pico PLUS Chemiluminescent
Substrate chemiluminescent substrate (Thermo Scientific, Waltham, MA, USA) using a
LAS-4000 mini-imaging system (GE Healthcare, Chicago, IL, USA).

5.8. Proteolytic Processing Analysis of Insecticidal Protoxin

The fresh intact midguts of S. frugiperda and H. armigera third instar larvae were
centrifuged at 14,000 x g for 20 min at 4 °C to obtain the supernatant. The concentration
gradient of protein to midgut juice was set at a volume ratio, and the final volume of
protein was 100 uL. EPS was added at the mass ratio (EPS: protoxin) used in the bioassay,
and the final volume of EPS was 100 pL. The digestion of proteins by the midgut fluid was
analyzed via SDS-PAGE after 1 h of incubation in a water bath at 30 °C.

5.9. Data Analysis

For each treatment, mortality data of five different concentrations were used to cal-
culate LCsp by SPSS 20 (IBM, Armonk, NY, USA) using probit analysis. The statistical
analyses in the figure were performed using GraphPad Prism (version 7.0). Before the
analysis was performed, percentages were arcsine square root transformed, and pairwise
comparisons were performed via ¢-test.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxins15100590/s1, Figure S1. The preparation flow diagram of
purified EPS-HD270.
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Abstract: Different Cry toxins derived from Bacillus thuringiensis (Bt) possess different insecticidal
spectra, whereas insects show variations in their susceptibilities to different Cry toxins. Degrada-
tion of Cry toxins by insect midgut extracts was involved in the action of toxins. In this study, we
explored the processing patterns of different Cry toxins in Cnaphalocrocis medinalis (Lepidoptera: Cram-
bidae) midgut extracts and evaluated the impact of Cry toxins degradation on their potency against
C. medinalis to better understand the function of midgut extracts in the action of different Cry toxins.
The results indicated that CrylAc, CrylAa, and CrylC toxins could be degraded by C. medinalis
midgut extracts, and degradation of Cry toxins by midgut extracts differed among time or concentra-
tion effects. Bioassays demonstrated that the toxicity of CrylAc, CrylAa, and CrylC toxins decreased
after digestion by midgut extracts of C. medinalis. Our findings in this study suggested that midgut
extracts play an important role in the action of Cry toxins against C. medinalis, and the degradation
of Cry toxins by C. medinalis midgut extracts could reduce their toxicities to C. medinalis. They
will provide insights into the action of Cry toxins and the application of Cry toxins in C. medinalis
management in paddy fields.

Keywords: Cry toxin; midgut extracts; Cnaphalocrocis medinalis; digestion; potency

Key Contribution: Midgut extracts could degrade the activated Cry toxins, which in turn could
reduce their toxicities to C. medinalis.

1. Introduction

Bacillus thuringiensis (Bacillales: Bacillaceae; [Bt]) is a Gram-positive bacterium that
generates parasporal crystals (formed mainly by Cry and Cyt proteins), which are activated
after solubilization and enzymatic digestion and have insecticidal activity against a variety
of insects [1-3]. It has been widely used in pest management for several decades due to
its insecticidal activity [4-7]. Upon ingestion by insect larvae, Cry proteins are solubilized
and proteolyzed into activated toxins in the alkaline environment of the midgut [8,9]. The
activated toxin binds to the receptor on the brush border membrane vesicles (BBMVs); then,
an oligomer of the toxin forms, binds with the other receptors on the BBMVs, and is inserted
into the membrane, resulting in the formation of pores [10,11], or signal transduction
involving Ac/PKA is induced, leading to subsequent cell death [12-15].

The midgut, an essential insect organ with various proteases, is important in food
digestion, utilization, and detoxification [16,17]. Enzymes in midgut juices were reported
in the mechanism of Bt action [18]. Cry protoxins are generally processed in the midgut
fluids of lepidopteran larvae from 130-140 kDa to 60-70 kDa [19]. However, the activated
toxins are digested into smaller molecules and may even be fully destroyed after prolonged
contact between toxins and midgut extracts. The digestive activity of insect pests is critical
to toxin action and influences toxin toxicity and specificity. When midgut extracts interacted
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with Cry proteins, two consequences were observed: activation and degradation, which
might result in two different toxicity effects [20]. Variations in midgut juices between
susceptible and resistant Plutella xylostella (Linnaeus) (Lepidoptera: Plutellidae) strains
may play an important role in P. xylostella resistance [21]. The activated toxin’s stability
was shown to be proportional to its toxicity against the target insect [22]. Anomala cuprea
(Hope) (Coleoptera: Scarabaeidae) neat gut juice demonstrated the capacity to breakdown
Cry toxin into smaller, atoxic particles in one minute [23]. Brunet et al. [24] proposed
that Manduca sexta (Linnaeus) (Lepidoptera: Sphingidae) midgut juice contains protease
inhibitors, which may have an essential function in Bt toxin action. Accelerated Cry toxin
degradation leads to loss of Cry1C vulnerability in fifth-instar larvae of Spodoptera littoralis
(Boisduval) (Lepidoptera: Noctuidae) [25], while serine protease inhibitors can increase the
insecticidal efficacy of some Cry proteins by up to 20-fold [26].

Rice, Oryza sativa L. (Poales: Poaceae), is one of the world’s most important essential
foodstuffs [27,28]. It is consumed by roughly half of the world’s population, the majority of
whom live in Asia, the primary rice-producing region [28,29]. With the growing human
population and consumption, it is critical to enhance the current rice yields [30]. However,
rice can be damaged by insect pests, leading to losses in rice yields [31]. Cnaphalocrocis med-
inalis (Guenée) (Lepidoptera: Pyralidae), a significant rice insect pest, is widely distributed
in China, Japan, Korea, India, Vietham, Thailand, the Philippines, Malaysia, and other
Asian countries [32,33]. It causes chlorophyll loss by folding and feeding leaves [32,33],
and its heavy outbreaks could cause significant losses in rice production [34]. In the worst
cases, this pest can cause 63-80% rice yield losses [35]. In 2015, C. medinalis damaged
15.5 million ha of rice plants, resulting in yield losses of 0.47 million tons in China [34].
For a long time, the control of C. medinalis relied on chemical insecticides. However, the
overuse and misuse of chemicals can cause many negative issues, such as environmental
pollution and insect resistance. Recently, with the proposal of “reductions in chemicals” in
China, an increasing number of nonchemical measures were recommended for pest control
in paddy fields. Bt sprays have been used as biological pesticides to control C. medinalis for
decades [36]. Bt rice cultivars on trial could suppress the population of Lepidoptera insect
pests such as C. medinalis and mitigate their damage in paddy fields [29]. Several Cry toxins
and Bt rice lines have both been shown to be effective against C. medinalis [37-39]. However,
insect tolerance and resistance to Bt toxins may impede their implementation, and many
insects were found to be resistant to Bt toxins in laboratory or field populations [40—43]. A
report from Wu et al. [44] suggested that C. medinalis has the potential to develop resistance
to low amounts of Cry toxin. It is crucial to understand the interaction between Cry toxins
and C. medinalis. The midgut is an essential organ in which the Cry toxin functions, and
midgut extracts play a role in its activity [7,45]. Yang et al. [46,47] reported that pH and
inhibitors could influence the protease profiles and the degradation of activated Cry toxins
in the midgut juices of C. medinalis. Moreover, variations in the toxicities of Cry toxins were
observed in C. medinalis [38]. Degradation of Cry toxins by insect midgut extracts might be
involved in the action of toxins in C. medinalis. In this work, we explored the processing
patterns of different Cry-activated toxins in C. medinalis midgut extracts and evaluated the
impact of Cry toxins digestion on their efficacy against C. medinalis to better understand
the function of midgut extracts in the action of different Cry toxins. Our findings may
help to explain variations in the potency of Cry toxins against C. medinalis, as well as their
interaction with Cry toxins, and will enhance the safe use of Cry toxins.

2. Results

2.1. Processing of Cry Toxins with Different Concentrations of C. medinalis Midgut Extracts
Three Cry-activated toxins, CrylAa, CrylAc, and Cry1C, were processed in C. medinalis

midgut extracts at four different ratios (10:1, 1:1, 1:10, and 1:100) (Cry toxin:extracts, w/w)

at 30 °C for 8 h, respectively. The results demonstrated that all three Cry toxins in this study

could be degraded by C. medinalis midgut extracts; however, the degradation levels varied

among the Cry toxins. CrylAa degradation levels rose with increasing concentrations
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of C. medinalis midgut extracts, and CrylAa toxins were entirely degraded into small
fragments at a ratio of 1:100 (Cry toxin:extracts, w/w) (Figure 1). The CrylAc and Cry1C
toxins showed a similar pattern of degradation as CrylAa, whereas CrylAc was not totally
degraded at a ratio of 1:100 (Cry toxin:extracts, w/w) (Figure 1).

Marker 1 2 3 4 5 6

70KD
Cry1Aa
55KD

70KD
Cry1Ac
55KD

70KD
Cry1C
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Figure 1. In vitro processing of Cry toxins with different concentrations of C. medinalis midgut extracts.

For in vitro processing, CrylAa, CrylAc, and Cry1C (1 ug) were incubated with C. medinalis midgut
extracts at 30 °C for 8 h at ratios (Cry toxin:extracts, w/w) of 10:1, 1:1, 1:10, and 1:100, respectively.

Cry toxins and midgut extracts were incubated at 30 °C for 8 h as controls, respectively. Processed
Cry toxins, after incubation with midgut extracts, were separated by SDS-PAGE gel. Lanes 1-4: 10:1,
1:1, 1:10, and 1:100; Lane 5: Cry toxin; Lane 6: midgut extracts.

2.2. Processing of Cry Toxins with C. medinalis Midgut Extracts over Time

Three Cry-activated toxins, CrylAa, CrylAc, and Cry1C, were processed in C. medinalis
midgut extracts (1:10, Cry toxin:extracts, w/w) at 30 °C over various times (2, 4, 8, 12, and
24 h). The results revealed that when the incubation period was prolonged, the degradation
levels of Cry toxins rose. The CrylAc, CrylAa, and CrylC toxins began to break down into
small fragments after four hours of incubation (Figure 2). After 24 h of incubation, CrylAc
and Cry1C toxins were entirely degraded into small fragments; however, CrylAa was not
completely degraded, but the small fragments were further degraded (Figure 2).
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Figure 2. In vitro processing of Cry toxins with C. medinalis midgut extracts over various times.
CrylAa, CrylAc, and Cry1C (10 ug) toxins were incubated with C. medinalis midgut extracts (1:10,
Cry toxin:extracts, w/w) at 30 °C for 2, 4, 8, 12, and 24 h, respectively. Cry toxin and midgut extracts
were incubated at 30 °C for 8 h as controls, respectively. Processed Cry toxins, after incubation with
midgut extracts, were separated by SDS-PAGE gel. Lanes 1-5: 2, 4, 8, 12, 24 h; Lane 6: Cry toxin;
Lane 7: midgut extracts.

2.3. Potency of Cry Toxin Processed by C. medinalis Midgut Extracts

The toxicities of CrylAa, CrylAc, and Cry1C toxins, with and without digestion by
C. medinalis midgut extracts, were evaluated in C. medinalis larvae through detached leaf-
dipping methods. The Cry-activated toxins processed by midgut extracts were prepared by
incubating activated Cry toxin and C. medinalis midgut extracts at 30 °C for 8 h at a ratio
of 1:10 (w/w). The LCs values of activated CrylAa, CrylAc, and Cry1C toxins against
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C. medinalis were 1.981, 0.673, and 1.207 ug/mL, respectively (Table 1). The LCsy values
of activated CrylAa, CrylAc, and Cry1C toxins processed by midgut extracts against C.
medinalis were 3.498, 1.068, and 2.186 ug/mL, respectively (Table 1). After being processed
by midgut extracts, the toxicities of activated CrylAa, CrylAc, and Cry1C toxins decreased.
The toxicity regression lines of activated Cry toxins were not equal but rather parallel with
those of activated Cry toxins digested by midgut extracts (Figure 3). The ratios of the LCsg
values of activated Cry toxins processed by midgut extracts to activated Cry toxins varied
from 1.586 to 1.811.

Table 1. Median lethal concentrations of Cry toxins and Cry toxins processed by midgut extracts
against C. medinalis.

Toxins n Slope (SE) LCs (95%FL) (ug/mL)
CrylAa 300 1.684 (0.181) 1.981 (1.556-2.472)
CrylAa processed by midgut extracts 300 1.562 (0.174) 3.498 (2.438-5.136)
CrylAc 300 1.511 (0.180) 0.673 (0.397-0.989)
CrylAc processed by midgut extracts 300 1.427 (0.168) 1.068 (0.664-1.609)
CrylC 300 1.695 (0.180) 1.207 (0.961-1.506)
Cry1C processed by midgut extracts 300 1.498 (0.174) 2.186 (1.463-3.534)

n = number of larvae in the probit analysis. LCsy (median lethal concentration): concentration of toxins (ug/mL)
required to kill 50% of larvae over 48 h. 95% FL = 95% fiducial limits.
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Figure 3. Equality and parallelism of the toxicities of Cry toxins compared with those of Cry toxins
processed by midgut extracts against C. medinalis. Red and blue lines represent the treatments of
Cry toxins and Cry toxins processed by midgut extracts, respectively. (A) CrylAa toxins with or
without midgut extracts digestion (equality: chi-square = 12.39, p < 0.05; parallelism: chi-square = 0.24,
p > 0.05); (B) CrylAc toxins with or without midgut extracts digestion (equality: chi-square: 7.24,
p < 0.05; parallelism: chi-square = 0.12, p > 0.05); (C) Cry1C toxins with or without midgut extracts
digestion (equality: chi-square = 12.92, p < 0.05; parallelism: chi-square = 0.62, p > 0.05).
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3. Discussion

Over 200 distinct Cry toxins, derived from Bt, were identified, with the majority
being harmful to insect pests and nematodes [48,49]. Numerous studies have revealed
differences in the toxicities of Cry toxins [2,36,50-55]. The difference in toxicity is affected
by many factors, and predigestion treatment by solubilization or enzymatic processing has
a great effect [2]. Degradation of Cry toxins by insect midgut extracts might be involved
in the action of toxins, and accelerated Cry toxin degradation could reduce or eliminate
insecticidal activity [25]. In this study, we explored the degradation properties of Cry toxins
in C. medinalis midgut extracts and evaluated the potency of the Cry toxins processed by
the midgut extracts. All three activated Cry toxins could be degraded by midgut extracts in
C. medinalis, and the digestion of Cry toxins by midgut extracts could reduce their toxicities
against C. medinalis. Our findings will help researchers better understand the variations in
the toxicity of Cry toxins against C. medinalis and aid in the investigation of interactions
between C. medinalis and the Cry protein.

In insects, the midgut is an essential organ for metabolism and food usage, and
enzymes in the midgut play a critical role in these functions [16,17]. Midgut extracts
are rich in enzymes that can activate the Cry protein as well as degrade it into smaller
peptides [20]. Our results suggested that all three Cry toxins in this study could be degraded
by C. medinalis midgut extracts, and they began to break down into small fragments after
four hours of incubation. However, the degradation levels varied among the Cry toxins. At
a ratio of 1:100 (Cry toxin:extracts, w/w), CrylAa and CrylC toxins were entirely degraded
into smaller fragments, whereas Cryl1Ac was not totally degraded at a ratio of 1:100 (Cry
toxin:extracts, w/w). After 24 h of incubation, CrylAc and Cry1C toxins were entirely
degraded into small fragments; however, CrylAa was not completely degraded, but the
small fragments were further degraded. Tomimoto et al. reported that pronase in Bombyx
mori (Lepidoptera: Bombycidae) could degrade Cry protein into several tiny fragments [56].
Cry1Ca toxin is completely destroyed when incubated with midgut extracts from high
larval instars of S. littoralis (Boisduval) (Lepidoptera: Noctuidae) [25]. Cry3Aa toxin is
digested into smaller pieces than the 55-kDa activated fragments in the red palm weevil,
Rhynchophorus ferrugineus (Coleoptera: Curculionidae), under distinct conditions [57]. How-
ever, no degradation of any of the toxins was observed in the proteolytic processing of Bt
toxins Cry3Bb1 and Cry34Ab1/Cry35Abl by western corn rootworm midgut extracts [58].
Our previous studies indicated that pH and inhibitors could influence the degradation of
Cry toxins in C. medinalis [46,47]. Apart from these factors, protease activity, developmental
stages of insects, and the structure of Cry toxins may be connected to Cry toxin degradation
in midgut extracts.

Toxicity variations were found in many Cry toxins against C. medinalis [38]. We
examined the efficacy of Cry toxins against C. medinalis with and without digestion by
midgut extracts in this study. The results showed that a Cry toxin digested by C. med-
inalis midgut extracts had reduced toxicity. A protein complex in the midgut of the
spruce budworm, Choristoneura occidentalis Freeman (Lepidoptera: Tortricidae), might
inactivate the Cry toxin by precipitation [59]. Previous studies indicated that overdiges-
tion of Cry toxins by lepidopteron midgut juice was normally associated with a loss of
toxicity [20,60,61]. Pang et al. [62] discovered that an increase in midgut juice content was
associated with a reduction in the insecticidal efficacy of Cry toxin due to the generation
of nonactive pieces. Smaller fragments of Cry1Ab toxin degraded by midgut extracts of
M. sexta and Spodoptera frugiperda (Lepidoptera: Noctuidae) were correlated with a decrease
in pore formation and insecticidal activities, and cleavage in domain II of Cry1Ab toxin
may be involved in toxin inactivation [20]. The toxicity of B. thuringiensis var. thuringiensis
to Pieris brassicae (Lepidoptera: Pieridae) and Mamestra brassicae (Lepidoptera: Noctuidae)
was shown to be closely linked to protein content and activity in the midgut [63]. Moreover,
in resistant strains of insects, decreased toxicity was associated with alterations in midgut
juice [20,61,64]. The initial stage influencing the variations in the toxicity of Cry toxins
was the distinct digestive levels of midgut juice for various Cry toxins. Brunet et al. [24]
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proposed that M. sexta midgut fluid components might influence pore formation by Cry9Ca
toxin. Yamazaki et al. [21] discovered that midgut extracts of P. xylostella (Lepidoptera:
Plutellidae), which are highly resistant to CrylAc, possess three times larger amounts of
glucosinolate sulfatase, which binds to CrylAc, compared to susceptible strains. Tetreau
et al. [65] found that midgut extract alterations were involved in the process of Bt resistance
in the yellow fever mosquito Aedes aegypti (Linnaeus) (Diptera: Culicidae) using proteomic
and transcriptomic approaches. Changes in the enzymes in the midgut juice also influence
CrylAc toxicity against Heliothis virenscens (Fabricius) (Lepidoptera: Noctuidae) through
a proteinase inhibition assay [66]. Engineering multiple trypsin/chymotrypsin sites in
the Cry3A toxin could enhance its activity against Monochamus alternatus (Coleoptera:
Cerambycidae) larvae [67].

Cry toxin activity was linked not only to midgut enzymes but also to a series of
receptors on the BBMV in the midgut [68]. Karim and Dean [39] found that CrylAc,
CrylAb, and CrylAa had distinct high binding affinities to C. medinalis and were linked
to an essential step in the Cry toxin’s action. Yang et al. [69] discovered that several genes
may be implicated in the C. medinalis reaction with the Cry toxin. Recently, at least seven
ABC proteins were reported to be associated with the C. medinalis’ response to the Cry1C
toxin [70]. Our results indicated the importance of midgut extracts in the degradation of
Cry toxins. Interestingly, C. medinalis possesses the potential to develop resistance to a low
amount of Cry toxin by increasing the activities of the main enzymes in the midgut [44].
Prevention of the further degradation of Cry-activated toxins might maintain their toxicity
against C. medinalis. In the case of Ephestia kuehniella (Lepidoptera: Phycitidae), CrylAc
toxicity was enhanced toward this lepidopteran pest through the toxin’s protection against
excessive proteolysis [71]. As an important material for bioagents, Cry toxins play a crucial
role in sustainable agriculture. Delaying insect resistance or maintaining the toxicity of
Cry toxin is important for the application of Bt toxins. The findings in our study provide
novel insights into the potential threat of C. medinalis resistance to Cry toxins and promote
the development of sustainable agriculture. Our results in this research only provide
one perspective on the interplay of Cry toxins and C. medinalis via Cry toxin digestion.
More investigations on the interaction of Cry toxins and C. medinalis will elucidate the
mechanism of Cry toxins in C. medinalis, boosting the application of Cry toxins in C.
medinalis management.

4. Conclusions

Herein, we investigated the degradation properties of Cry toxins in C. medinalis midgut
extracts and tested the efficacy of the Cry toxins processed by the midgut extracts. The
results suggested that midgut extracts from C. medinalis could degrade the activated Cry
toxins, and the degradation levels of Cry toxins by midgut extracts differed depending
on the time or concentration effects. In addition, further degradation of Cry toxins by
midgut extracts could reduce their toxicities to C. medinalis. The findings here will fa-
cilitate the understanding of Bt action on C. medinalis and promote Bt application in the
C. medianlis control.

5. Materials and Methods
5.1. Insects

C. medinalis adults were gathered using a sweep net from paddy fields (30.7° N, 120.9° E)
in Jiaxing, Zhejiang, China. The moths were given a 10% honey solution in a plastic cup
covered with nylon mesh. Eggs laid on the mesh were removed and placed in a box with a
detached leaf from a 45-day-old Taichung Native 1 (TN1) rice plant. The insect cultures
were maintained at 27 £ 1 °C with a relative humidity of 70-80% and a photoperiod of
14:10 (L:D) h.
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5.2. Toxins

Activated CrylAc, CrylC, and CrylAa toxins (MP, Cavey, CWRU, US) derived from
Bacillus thurigensis were purchased from Youlong BioTech Co., Ltd. (Shanghai, China). They
were produced from Cry protoxins through proteolysis using trypsin and refined using ion
exchange HPLC, and the activated Cry toxins were really 97% pure.

5.3. Preparation of Midgut Extracts

C. medinalis fifth-instar larvae were cooled on ice for 30 min before their midgut tissues
were dissected. The midgut fluids were separated from the solids by centrifugation at
10,000 x g for 20 min and then filtered through 0.22-m filters. The total protein content of
midgut extracts was measured through Bradford’s method [72] with a microplate reader
(Tecan Trading AG, Mannedorf, Switzerland). The midgut extracts were aliquoted and
kept at —70 °C until needed.

5.4. Processing of Cry Toxins with Different Concentrations of C. medinalis Midgut Extracts

One microgram of activated Cry toxin was combined with midgut extracts at various
ratios (Cry toxin:midgut extracts, w/w: 10:1, 1:1, 1:10, and 1:100) and incubated at 30 °C for
8 h. Toxin digestion was halted using a 1 mM solution of phenylmethylsulfonyl fluoride
(PMSEF, Sigma-Aldrich®, Sigma Aldrich (Shanghai) Trading Co., Ltd., Shanghai, China).

Protein was separated using an 8-10% SDS-PAGE and stained with Coomassie
brilliant blue.

5.5. Processing of Cry Toxins with C. medinalis Midgut Extracts over Time

In vitro testing of Cry toxin degradation levels by midgut extracts over time was
performed. Ten micrograms of activated Cry toxins were incubated at 30 °C with midgut
extracts at a concentration of 1:10 (Cry toxin:midgut extracts, w/w) for 2, 4, 8,12, and 24 h,
respectively. Toxin digestion was halted by 1 mM PMSF. Protein was separated using an
8-10% SDS-PAGE and stained with Coomassie brilliant blue.

5.6. Bioassays

Activated Cry toxins and Cry toxins processed by midgut extracts were employed to
determine insecticidal activity against C. medinalis larvae. The Cry-activated toxins pro-
cessed by midgut extracts were prepared by incubating activated Cry toxin and
C. medinalis midgut extracts at 30 °C for 8 h at a ratio of 1:10 (w/w). The bioassays were
delivered using the detached leaf-dip technique with modifications [73]. A final 0.1% Triton
X-100 solution was prepared in solutions for diluting and spreading over the rice leaf. The
leaves of the main rice stalks were chopped into 3—4 cm portions and soaked in every
solution for 1 min before being placed in Petri dishes coated with damp absorbent cotton
(5 cm in diameter). 0.01 M PBS (containing 0.1% Triton X-100) was used to treat control
leaves. Ten second-instar larvae were placed into each Petri dish using a camel hair brush,
and the dishes were then sealed with Parafilm® (Sigma Aldrich (Shanghai) Trading Co.,
Ltd., Shanghai, China) to keep the larvae from escaping and covered with wet mesh to
keep the moisture in. Each treatment was carried out five times. After 48 h, the survival
rate was calculated.

5.7. Data analysis

Bioassay data were analyzed through probit analysis using POLO Plus software (ver-
sion 2.0) (LeOra Software, Berkeley, CA, USA), with a natural response (control mortality) in-
cluded as a model parameter, and the equality and parallelism analysis of probit-regression
lines were also treated with POLO Plus software [74,75].
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Abstract: Aedes albopictus is a species of mosquito, originally from Southeast Asia, that belongs to the
Culicidae family and the Dipteran insect order. The distribution of this vector has rapidly changed
over the past decade, making most of the temperate territories in the world vulnerable to important
human vector-borne diseases such as dengue, yellow fever, zika or chikungunya. Bacillus thuringiensis
var. israeliensis (Bti)-based insecticides represent a realistic alternative to the most common synthetic
insecticides for the control of mosquito larvae. However, several studies have revealed emerging
resistances to the major Bti Crystal proteins such as Cry4Aa, Cry4Ba and Cry11Aa, making the finding
of new toxins necessary to diminish the exposure to the same toxicity factors overtime. Here, we
characterized the individual activity of CytlAa, Cry4Aa, Cry4Ba and Cryl1Aa against A. albopictus
and found a new protein, CytlA-like, that increases the activity of Cryl1Aa more than 20-fold.
Additionally, we demonstrated that Cyt1A-like facilitates the activity three new Bti toxins: Cry53-like,
Cry56A-like and Tpp36-like. All in all, these results provide alternatives to the currently available Bti
products for the control of mosquito populations and position Cyt proteins as enablers of activity for
otherwise non-active crystal proteins.

Keywords: Bacillus thuringiensis; Cyt toxins; Aedes albopictus; synergy; mosquitocidal; Cry toxins;
Tpp toxins

Key Contribution: A new function for Cyt proteins as enablers of activity of non-active proteins.

1. Introduction

Aedes (Stegomya) albopictus (Diptera, Culicidae) (Skuse 1894), commonly known as the
Asian tiger mosquito, and originally from Southeast Asia, experimented a quick expansion
across the Pacific and Indian Ocean [1], reaching the Americas, Africa and Europe in the
past few decades [2]. In Europe, A. albopictus was first reported in Albania in 1979 and, after
its introduction in Italy, it rapidly colonized the rest of the Mediterranean countries [3-5]. It
is thought that the expansion of this invasive species was mainly favored by the shipment of
used tires infested with eggs, which were able to survive until they reached their destination.
Additionally, the increase in the temperatures due to climate change may have facilitated
its establishment in temperate European countries [6]. Although, A. albopictus is generally
considered thermophilic; however, because of its ecological plasticity, tolerance to cold
temperatures and the ability of its eggs to enter diapause have allowed it to be present in
every inhabited continent [7]. For this reason, recent studies predict its establishment in
every suitable environment beyond 2050, affecting up to 197 territories of the world [8,9].

Because of its opportunistic blood feeding behavior, A. albopictus can be exposed to
different pathogens. Although A. albopictus can feed on a large number of animals, they
prefer humans as a blood source, which results in the infection of more than one billion
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people with vector-borne diseases every year [10]. This makes it one of the most important
vectors of arbovirus diseases, such as chikungunya (CHIKV) [11,12], dengue (DENV) [13]
and Zika (ZIKV) [14,15], which are a major threat to public health, as they can cause
symptoms like fever, hemorrhages and neurological diseases, among others [16]. In 2007,
the first outbreak of chikungunya in Italy causing high fever, joint pain and an itchy skin
rash caused public alarm and concern about the reemergence of previously eradicated
mosquito-borne diseases in Europe [6].

Today, the control of dipteran vectors of disease is addressed through source reduc-
tion, chemical pesticides, biological control, genetic control or combinations of these [17,18].
A. albopictus larvae can grow in natural and artificial water containers, either outdoors or in
peridomestic environments that can be eliminated when possible or treated with larvicidal
insecticides [18]. Larvicide and source reduction are the most efficient methods because they
give long-term results. The control of larvae can be achieved through chemical insect growth
regulators, organophosphates or Bacillus thuringiensis (Bt)-based insecticides. Chemicals such
as pyrethroids and organophosphates can be highly toxic if used in great amounts, and they
are most likely to produce insecticide resistance in mosquitoes [19-21]. These have been
consistently used as an efficient method to control the spread of mosquito-borne diseases;
however, the development of resistances has led to outbreaks and an increased vector com-
petence of mosquitoes [22]. The most common mechanisms of resistance in mosquitoes are
genetic mutations on the target sites of the active ingredients or changes in metabolism [21].

Bt-based solutions represents a good alternative to chemicals since they have a rela-
tively low environmental impact and a high target specificity that make them eligible for
the treatment of drinkable water due to its non-toxicity to humans and animals [23,24]. Bt
is a gram-positive and spore-forming bacterium capable of producing a parasporal crystal
composed of insecticidal proteins [25]. Strains from the serovar israeliensis, Bti, are mainly
used for the control of dipteran pests. Their parasporal crystals are mainly composed of
four major J-endotoxins (Cry4Aa, Cry4Ba, Cry11Aa and CytlAa), which are highly toxic to
insects of the Dipteran order, including mosquitoes. However, recent studies showed that
species of the Aedes genus had started to develop resistances to the individual Bti proteins
Cry4Aa, Cry4Ba and Cryl1Aa [26-30]. Among the Bti-based products, Vectobac-12AS, a
liquid formulation of strain AM 65-52%, is probably the most popular [31-33]. Although
this particular strain had already been evaluated against A. albopictus larvae, the effects
of each of its individual proteins remained unknown [34]. In this study, we characterized
the toxicity of the individual Cry4Aa, Cry4Ba, Cryl1Aa and CytlAa proteins against A.
albopictus larvae. Additionally, we focused on identifying new Cry and Cyt proteins for
the control of A. albopictus larvae that represent an alternative to the classic Bti toxins and,
hence, serve as a preventive measure for upcoming resistances. Finally we found a new
Cyt protein, Cytl1A-like, which behaved as a synergistic factor by enhancing the activity of
Cryl1Aa and as an enabler of activity of three new non-active mosquitocidal proteins.

2. Results
2.1. Activity of Cry and Cyt Proteins from Strain AM 65-52 against A. albopictus Larvae

In previous studies, the genome sequencing of strain AM 65-52 revealed its pesticidal
gene content, which included the cry4Aa, cry4Ba, cry10Aa, cryl11Aa, cry60Aa/cry60Ab, cytlAa,
cyt2Ba and cyt1Ca genes [35-39]. Since there was no publicly available data on the activity
of each of the top four components of its crystals, Cry4Aa, Cry4Ba, Cryl1Aa and CytlAa
against A. albopictus larvae, we decided to evaluate them individually. For this purpose, the
genes required for expressing each of the proteins were cloned in vectors optimized for
the expression of 5-endotoxins in Bt [40,41], and the resulting plasmids transformed into
the acrystalliferous Bt strain BMB171, as previously described [40]. The cry4Aa (3543 bp),
cry4Ba (3426 bp), cry11Aa (1941 bp) and cyt1Aa (750 bp) genes were independently cloned,
and the resulting recombinant strains expressing cry4Aa, cry4Ba, cryl1Aa and cyt1Aa were
grown in CCY medium for 48-72 h. The mixtures of spores and crystals were run in an
SDS-PAGE. Figure 1 shows that the observed bands are coincidental with the predicted
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molecular weight of each of the four proteins: 134 kDa for Cry4Aa, 128 kDa for Cry4Ba,
27 kDa for CytlAa and 73 kDa for Cryl1Aa.
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Figure 1. SDS-PAGE showing the protein profile of the BMB171 recombinant strains expressing the
AM 65-52 major crystal proteins. Lane M, molecular weight; lane 1, BMB171 carrying an empty
plasmid; lane 2, BMB171-Cry4Aa (134 kDa); lane 3, BMB171-Cry4Ba (128 kDa); lane 4, BMB171-
Cryl1Aa (73 kDa); lane 5, BMB171-Cytl1Aa (27 kDa); lane 6, AM 65-52. Triangles point at major
protein bands.

The mosquitocidal activity of the single J-endotoxins was evaluated on second instar
larvae of A. albopictus at two different concentrations of spores and crystals (1000 ng/mL
and 1.00 ng/mL). Cry4Ba showed the highest activity at 1000 ng/mL, with a mortality
of 100%. Conversely, Cryl1Aa seemed to be the least active of the tested proteins, with
a mortality of 73.33% =+ 0.11 at 1000 ng/mL (Table S1). Once the activity scale for each
toxin was defined, the LCs for each of them was calculated, which resulted in 178 ng/mL,
46 ng/mlL, 228 ng/mL and 171 ng/mL for Cry4Aa, Cry4Ba, Cryl1Aa and CytlAa, respec-
tively (Table 1). Strains AM 65-52 and BMB171 were used as positive and negative controls,
respectively. As expected, AM 65-52 showed high mosquitocidal activity, with a LCs of
0.019 ng/mL.

Table 1. Mean lethal concentration (LCsg) value of the AM 65-52 Cry4Aa, Cry4Ba, CryllAa and
CytlAa proteins for second instar larvae of A. albopictus.

Observed

Lower Upper 2 SE

Treatment LCso (ng/mL) Limits Limits X df Slope Slope Intercept
Cry4Aa 178 142 226 6.66 4 1.80 0.202 —4.04
Cry4Ba 46 30.4 65.7 2.45 4 1.17 0.182 —1.95

CryllAa 228 144 324 3.14 4 1.11 0.166 —2.61
CytlAa 171 133 219 4.55 4 1.85 0.223 —4.12
AM 65-52 0.019 0.013 0.024 4.20 4 1.66 0.191 2.90

Treatment: Spore-and-crystal mixtures; LCsp: median lethal concentration; X% chi-square; df: degree of freedom;
SE: standard error. Control insects experienced no mortality in all cases.
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2.2. Potential Mosquitocidal Cry, Cyt and Tpp Genes from the BST Collection

To expand the number of potential mosquitocidal proteins with activity against A.
albopictus, we conducted an in silico screening of 36 Bt wild type strains from our private col-
lection. These were previously isolated from soil samples from several regions and habitats
from Spain. Considering that the literature on active Bt proteins against A. albopictus larvae
is scarce, we used previously described toxins against Aedes aegypti (Diptera, Culicidae)
and other Aedes species as a query to select potential new toxic proteins and synergistic
factors [31,33,42—44]. Based on our sequencing data, we chose strains BST059.3 and BST-230
as a source of potentiators of toxicity and new mosquitocidal toxins, respectively. Although
BST059.3 did not show any activity against A. albopictus larvae (LCsy > 1 x 10° ng/mL of
spore-and-crystal mixture), the strain carried two cyt1-like genes: cyt1A-like and cyt1D-like.
Cyt proteins have been extensively described as synergistic factors that are able to poten-
tiate the activity of Bti toxins in different genera of mosquitoes, such as Aedes, Anopheles
and Culex [45-47]. In particular, Cyt toxins were shown to increase the activity of Cry4Aa,
Cry4Ba, Cryl0Aa and Cryl1Aa when combined together [40,42,45,48]. In agreement with
this, we hypothesized that cyt1A-like and cyt1D-like might be able to produce proteins with
a similar function to that of the previously described Cyt toxins. In the case of BST230,
several new genes of interest were found, namely, cry4-like, cry53-like, cry56-like and tpp36-
like. Table 2 contains a list of the new J-endotoxins and their identity percentages with
each of their closest matches, including Cytl1Aa5, CytlDal, Cry4Aa4, Cry53Ab1, Cry56Aa2
and Tpp36Aal.

Table 2. List of new cry and cyt genes selected for this study.

Accession Number

Target Database Pairwise Identity % MW (kDa) Accession Number Strain
of Reference
cyt1Aas 65 31 CAD30079 0Q397557 BST059.3
cyt1Dal 48 59 ADV33305 0Q397558 BST059.3
cry4Aa4 38 132 AFB18317 0Q397551 BST230
cry53Ab1 40 76 ACP43734 0Q397553 BST230
cry56Aa2 54 73 ADK38584 0Q397555 BST230
tpp36Aal 30 56 AAK64558 0Q397552 BST230

MW: Molecular weight.

To study the mosquitocidal properties of the newly found crystal proteins, genes
cry4-like, cry53-like, cry56A-like and Tpp36-like were amplified from strain BST-230, cloned
into pTBT02, and the resulting vectors electroporated into strain BMB171. In the case
of Cry53-like, we were not able to observe any crystals at first (Figure 2A). In order for
it to crystallize, we had to include an additional open reading frame (ORF) of 1623 bp
downstream of the cry53-like coding sequence (CDS) (3004 bp), mimicking its original
architecture in the genome. The sequence of this ORF matched the typical Domain V from
the crystallization region (C terminal) of CrylAc, according to the Conserved Domains
Database (CDD) [49]. These C-terminal domain ORFs are often found in mosquitocidal
protoxins [50] and, in this case, were required for crystal formation (Figure 2B). Likewise,
Cry56A-like also required a fragment of 1692 bp, namely orf1, upstream of its CDS (1974 bp)
for effective crystal formation (Figure 2B). Analogously, the cyt1A-like and cyt1D-like genes
were amplified from strain BST059.3 and independently cloned into pTBT02. However,
neither of them were able to form crystals (Figure 2A). To solve this, both genes were cloned
including the p20 orf, and the resulting plasmids were used to transform strain BMB171.
The reason for including p20 was to promote crystal formation in the Cyt proteins during
sporulation (Figure 2B) [51,52].
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Figure 2. Graphical representation of the impact of helper proteins on the crystallization of Cry53-like,
Cry56A-like, CytlA-like and CytlD-like and of their phenotypes under the microscope after their
expression in strain BMB171. (A) Images of BMB171 expressing cry53-like, cry56A-like, cyt1A-like and
cyt1D-like (produce only spores). (B) cry53-like + orf2, orfl:cry56 A-like, cyt1A-like:p20 and cyt1D-like:p20
are able to form both spores and crystals.

2.3. Characterization of the Bt Recombinant Strains Expressing the New Potential
Mosquitocidal Proteins

The BMB171 recombinant strains carrying cry4-like, cry53-like, cry56A-like, cyt1A-like,
cyt1D-like and tpp36-like were able to produce spores and crystals when grown in CCY
medium for 48-72 h. An SDS-PAGE analysis showed the expected molecular weights for
most of the new recombinant proteins. The predicted sizes of Cyt1A-like (~31 kDa), Cyt1D-
like (~59kDa) and Cry4-like (~130 kDa) correlated with their observed bands (Figure 3).
Cryb3-like:orf2 (lane 6) showed two bands: one of ~70 kDa (Cry53-like), which was a little
lower than the expected size (76 kDa), and a band of ~62kDa (orf2). For Cry56A-like:orfl
(lane 7), we were able to detect both expected band sizes ~73 kDa (Cry56A-like) and 64 kDa
(orfl). Tpp36-like produced a clear band of ~40 kDa (lane 8), although the expected size
was about ~55kDa. All of the plasmids were sequenced and did not have any changes
and/or mismatches in their sequences.
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Figure 3. SDS-PAGE showing the protein profile of the BMB171 recombinant strains carrying the
new recombinant proteins. Lane M, molecular weight; lane 1, strain TF059.3; lane 2, BMB171-Cyt1A-
like (31 kDa); lane 3, BMB171-Cyt1D-like (59 kDa); lane 4, strain BST-230; lane 5, BMB171-Cry4-
like (130 kDa); lane 6, BMB171-Cry53-like:orf2 (76 kDa:62 kDa); lane 7, BMB171-orf1:Cry56A-like
(64 kDa:73 kDa); lane 8, BMB171-Tpp36-like (55 kDa). Triangles point at major protein bands that
correspond with the expressed proteins.

The mosquitocidal activity of the new J-endotoxins was evaluated on second instar
larvae of A. albopictus. For these experiments, 1 x 10> ng/mL and 1 x 10® ng/mL of spore-
and-crystal mixtures were used as high and low concentrations, respectively. Surprisingly,
when analyzing the results, none of the Cry-like and Tpp-like individual proteins showed
activity, indicating that they might need to act in partnership with others to produce toxicity.

2.4. Synergies between Cyt and AM 65-52 Cry Proteins

To address the potential of CytlAa, CytlA-like and Cyt1D-like to produce synergistic
interactions with Cry4Aa, Cry4Ba and Cryl1Aa against A. albopictus larvae, we decided to
evaluate the effect of 1:1 mixtures on the aforementioned proteins. The preliminary results
of the potential synergistic interactions are shown in Table S2. A potential synergy was
considered when the activity of the 1:1 mix was higher than the sum of the individual
activities of the two proteins. Finally, LCs, values were calculated. As previously shown in
other mosquito species, CytlAa enhanced the activity of Cry4Aa, Cry4Ba and CryllAa.
However, in the case of the two new Cyt proteins, only Cyt1A-like increased the activity of
Cryl1Aa, with a synergism factor of 23.14. Cyt1D-like did not potentiate the activity of any
of the toxins. Table 3 shows the LCs for each of the binary combinations that produced
synergistic interactions.

Table 3. Mean lethal concentration (LCsg) value of the 1:1 mixture calculated for L2 larvae of A.
albopictus.

Expected i
Treatment Observed LCs L.()w'er U'pp.er 2 df  Slope SE Slope Intercept Synergism
LCs (ng/mL) Limits Limits Factor
(ng/mL)
CytlAa + Cry4Aa 6.04 170 4.68 8.13 191 4 1.66 0.212 —1.30 28.14
CytlAa + Cry4Ba 3.08 100 2.05 5.29 742 4 2.14 0.243 —1.05 32.46
CytlAa + CryllAa 17.1 195.6 13.8 21.0 192 4 2.37 0.257 —2.93 11.44
CytlA-like + CryllAa 19.7 456 16.1 24 0704 4 2.04 0.215 —2.69 23.14

Treatment: Spore-and-crystal mixtures; Expected LCso: Expected median lethal concentration calculated with the
method Tabashnik (1992); x2: chi-square; df: degree of freedom; SE: standard error; Synergism Factor: the ratio of
the expected LC5p and the observed LCsj. Control insects experienced no mortality in all cases.
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2.5. Cyt Proteins as Enablers of Activity of Cry and Tpp Toxins

Because none of the new potential mosquitocidal proteins found in strain BST-230
showed activity on their own, we wondered if CytlAa, CytlA-like and Cyt1D-like might
be able to make them active against A. albopictus larvae. Considering that Cry56A-like is
non-active, we would have expected the LCs( of the CytlAa + Cry56A-like mix to equal
the LCsp of CytlAa (171 ng/mL). However, the activity of the mix was higher by 7.3-fold,
with an observed LCs of 23.3 ng/mL. For the Cytl1A-like combinations, the expected LCs
was greater than 10° ng/mL since no activity could be observed for them when tested
individually. Nevertheless, when mixing Cyt1A-like with Cry53-like, Cry56A-like and
Tpp36-like, the LCsy values were 1331, 186 and 1053 ng/mL, respectively (Table 4). These
results indicated that although Cytl proteins are considered synergistic factors of Cry
proteins, in some cases, they may behave as enablers of activity of otherwise non-toxic
proteins in a specific manner.

Table 4. Mean lethal concentration (LCsp) value of the 1:1 mixture (enabler+Cry/Tpp) and the toxins
inoculated individually, calculated for L2 larvae of A. albopictus.

Treatment L gjgs&rg;::m ]I::’n":’l: El;ﬁ: X2 df Slope SE Slsope  Intercept
CytlAa 171 133 219 4.55 4 1.85 0.223 —4.12
Cry56A-like >10°
CytlAa+Cry56A-like 23.3 19.2 27.9 3.71 4 2.20 0.220 -3.01
Cyt1A-like >10°
Cry53-like >10°
Cyt1A-like+Cry53-like 1331 1091 1649 2.87 4 2.03 0.202 —6.35
CytlA-like >10°
Cry56A-like >10°
Cyt1A-like+Cry56A-like 186 138 239 6.26 4 1.59 0.192 ~3.60
Cyt1A-like >10°
Tpp36-like >10°
Cyt1A-like+Tpp36-like 1053 860 1298 5.85 4 2.04 0.208 —6.18

Treatment: Spore-and-crystal mixtures; x*: chi-square; df: degree of freedom; SE: standard error. Control insects
experienced no mortality in all cases.

3. Discussion

Mosquito larvae are highly susceptible to Bti crystals, for which the typical composition
is usually a combination of the Cry4Aa, Cry4Ba, Cryl1Aa and CytlAa proteins in variable
proportions. Interestingly, when analyzing the relative amount of each of the proteins in
the parasporal crystal, only a limited number of the anticipated pesticidal proteins are
represented and with variable abundance: CytlAa (38-61%), Cry60Ba (5-12%), Cry11Aa
(10-27%), Cry4Ba (10-28%), Cry60Aa (2-4%) and Cry4Aa (2-4%) [53]. Although the activity
of the major components of the AM 65-52 crystal were previously characterized against
A. aegypti and species from the genera Culex and Anopheles, little information is available
on their effect on A. albopictus larvae [54-58]. Additionally, the synergistic interactions
between the components of the crystals received attention from different research groups
due to the activity of the single Bti proteins being below the toxicity of the complex crystal.
Despite this, A. albopictus has rarely been used as a model organism for these kind of
studies. The reason for this may be the fact that it was traditionally associated with
wild animals and territories, and hence, it was a less dangerous species for humans [59].
A. aegypti, on the contrary, has often been regarded as the primary vector of arborviruses
in human health, becoming the most studied mosquito within its genus. However, in
recent times, the A. albopictus gained notoriety due to its establishment in Western countries,
specifically those in the Mediterranean coast. This led the European authorities to increase
the resources allocated to monitoring its spread and to enforce measures to avoid the
reemergence of previously eradicated diseases, such as Dengue, especially in countries
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like Italy and France, where outbreaks of this mosquito have been reported [10,60,61]. For
this reason, our research group deemed it appropriate to expand the knowledge on the Bti
toxin susceptibility of other Aedes species to A. albopictus. We began by characterizing the
insecticidal activity of individual Bti toxins on tiger mosquito L2 larvae. The LCsy values
for Cry4Aa, Cry4Ba, Cryl1Aa and CytlAa of 178, 46, 228 and 171 ng/mL, respectively,
were similar to the previously described ones for A. aegypti. These results suggested that
both species may have a similar susceptibility to Bti toxins and crystals [42,44]. When
analyzing the synergistic interactions of Cyt1Aa, we found that it was able to potentiate
the activity of Cry4Aa, Cry4Ba and Cryl1Aa by 28.14-, 32.46- and 11.44-fold, respectively.
This synergistic effect on the activity of the individual toxins was considerably higher than
previously reported in A. aegypti, for which the corresponding synergistic factors were
15.5,10.91 and 3.15 for the Cyt1A+Cry4A, Cyt1A+Cry4B and Cytl1A+Cry11 combinations,
respectively [42,45].

Crystal toxins differ in structure and sequence identity, those differences being that Cry
proteins are characterized by a three-domain structure [62], Cyt proteins by a single domain
constituted by a 3-sheet in the middle and surrounded by two o-helical layers [63] and Tpp
proteins by a single domain named Toxin_10 (Bin-like) [54]. The mode of action of Cry and
Cyt 8-endotoxins is somehow similar at the beginning of the infection, when the crystals
are ingested by a susceptible host. Once they reach the midgut, they are solubilized due to
the alkaline conditions and processed by proteases into their active form [64]. However,
whereas Cyt toxins directly interact with membrane lipids and insert themselves into the
membrane of the epithelial host cells, Cry toxins interact with specific receptors of the
surface of said cells and oligomerize before the insertion and pore formation occurs [64]. In
the case of Tpp proteins, the mode of action is not completely clear, but it was observed
that their toxin form binds to the mosquito midgut, specifically the posterior midgut and
the gastric caecum [65].

Synergistic interactions between Cry and Cyt toxins have been extensively described
in mosquitoes, but the precise mechanism of action remains poorly understood. The
most studied combination is the one between Cytl1Aa and CryllAa. One of the major
assumptions is that Cyt1Aa may function as a receptor for Cry11Aa, facilitating its insertion
in the peritrophic membrane of the insect midgut [66]. In agreement with this, Cyt1Aa was
shown to delay the development of resistances in mosquitoes by, hypothetically, habilitating
new binding sites to other toxins that do not necessarily need to be from the same crystals,
such as the Lysinibacillus sphaericus Mtx1 and Mtx2 toxins [67]. Currently, there is no
evidence of mosquito resistances to Bti crystals as a whole, probably due to the interactions
that occur between the proteins within the crystal [68,69].

Although resistance to Bti crystals seems unlikely, results showing the existence
of resistant biotypes to single Bti proteins open the possibility of specific populations
of mosquitoes becoming resistant to Bti-based solutions over time if used irresponsibly.
Therefore, we decided to look for new Bt toxins and synergistic factors that represent
an alternative to the most common Bti proteins for the control of A. albopictus larvae.
Acknowledging that resistances are less likely to develop when synergies take place, one of
our focuses was to find new synergistic proteins and characterize them. For this purpose,
we selected strain BST059.3, which, despite not showing any activity against A. albopictus
larvae (LCso > 1 x 10° ng/mL of spore-and-crystal mixture), carried two cyt1-like genes:
cyt1A-like and cyt1D-like. In addition, BST230, came across as an interesting strain due
to its novel insecticidal content: cry4-like, cry53-like, cry56-like and tpp36-like. Cyt1A-like
and Cyt1D-like were selected as possible synergistic factors, and the rest of the proteins
were selected as hypothetical mosquitocidal proteins. Cry4 toxins have been widely
described as one of the major mosquitocidal toxins [54,70,71], whereas, in a previous
study, Cry56 showed activity against A. aegypti larvae [72]. Despite Cry53 and Tpp36
not been previously reported as potential mosquitocidal toxins, we decided to include
them in the study because strain BST-230 showed toxicity against A. albopictus larvae
(LCs0 = 39.5 ng/mL) (Table S4). Interestingly, the Cyt1A-like toxin showed high specificity

97



Toxins 2023, 15, 211

as a synergistic factor. As opposed to Cyt1Aa, which had activity against A. albopictus larvae
and interacted synergistically with Cry4Aa, Cry4Ba and Cryl1Aa, CytlA-like showed no
activity (not active at a concentration of 1 x 10° ng/mL) and was only able to potentiate
Cryl1Aa when tested in combination with the aforementioned proteins. Interestingly, such
synergistic effect increased the activity of Cryl1Aa 23.14 fold, which was at least two times
greater than the one provided by CytlAa (synergistic factor of 11.44).

Possibly the most remarkable feature of CytlA-like was the ability to activate the
otherwise non-active and newly described Cry53-like, Cry56A-like and Tpp36-like, which
showed no activity on their own at a concentration of 1 x 10° ng/mL. This phenomenon
was shared with CytlAa for Cry56-like, for which the mixture produced a similar LCsg. The
combination of Cyt1A-like+Cry56A-like was the most effective, with an LCs of 186 ng/mL
of spore-and-crystal mixture, a concentration that is close to the ones found in some of the
major Bti toxins alone such as Cry4Aa and CytlAa. CytlA-like+Cry53-like and Cyt1A-
like+Tpp36-like had considerably higher LCsy values of 1331 ng/mL and 1053 ng/mL,
respectively. Although the combination Cyt1A-like+Tpp36-like was among the least active
ones, it confirmed that Cyt1A-like was also able to activate proteins that have a different
structure compared to the classic three-domain Cry proteins (Tpp proteins have a typical
structure that includes only one domain, named Toxin_10 [54]. In this study, Cyt1A and
CytlAa-like were able to activate toxins that were non-active on their own, came from
different strains, and had different structures, opening the possibility for them to enable
the activity of proteins that have been, until now, considered non-toxic. The biological
explanation for this could be that communities of Bt strains in the wild act in a cooperative
manner by activating and potentiating the crystal toxins of their fellow Bt neighbors in the
pursuit of higher efficacies and more varied mechanisms of actions for when infecting their
hosts. Although we were unable to decipher the mechanism of action of said interactions,
it may be similar to the one described for CytlAa and Cryl1Aa [64]. Here we propose that
the characterized Cyt1A and Cyt1A-like toxins could function as enablers of the activity of
otherwise non-active Cry and Tpp proteins by habilitating binding sites for them on the
lipidic membrane of the insect midgut epithelial cells.

Considering that Cyt1A toxins may delay the appearance of resistance and that the
proteins that we described are new, we believe they could represent a great alternative for
the control of A. albopictus larvae. Additionally, the capability of Cyt proteins to activate
non-toxic proteins in a specific manner may be a common characteristic among Cyt1A
proteins. To the best of our knowledge, this represents a new function for Cyt proteins,
rendering them not only as capable of potentiating the activity of Cry proteins but also as
activators of otherwise non-active proteins.

4. Materials and Methods
4.1. Total DNA Extraction and Genomic Sequencing of the Bacterial Strains

Bacillus thuringiensis var. israeliensis was isolated from the commercial Bt-based product
Vectobac-12AS®. TF059.3 and BST-230 were obtained from Spanish soils and belong to
the BST collection. Total genomic DNA (chromosome and plasmid) was extracted from
the strains using the Wizard® Genomic DNA purification kit (Promega, Madison, WI,
USA). A sequencing library was prepared for Illumina sequencing by using a NextSeq500
sequencer (Genomics Research Hub Laboratory, School of Biosciences, Cardiff University,
Cardiff, UK).

4.2. Identification of the Potential Mosquitocidal Genes in the BST Collection

CLC Genomic Workbench 10.1.1 (QIAGEN, Aarhus, Denmark) was used to process
and assemble the genomic raw data. Reads were trimmed and filtered to remove those
of low quality, and reads shorter than 50 bp were removed. Processed reads were de
novo assembled using a stringent criterion of overlap of at least 95 bp of the read and
95% identity, and reads were then mapped back to the contigs for assembly correction.
Genes were predicted using GeneMark v2.5 (Georgia Institute of Technology, Atlanta, GA,
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USA) [73]. To assist the identification process of potential mosquitocidal toxin proteins, the
Basic Local Alignment Search Tool [74,75] was deployed against a database built in our
laboratory, including the amino acid sequences of known Bt toxins with pesticidal activity
from the bacterial pesticidal protein database (https://www.bpprc.org, accessed on 18
July 2022) [76,77]. The pairwise sequence alignment comparison was calculated by using
needle v6.6.0 [78]. The prediction of structurally conserved domains was carried out using
CD-search [49].

4.3. Bacterial Strains and Plasmids Used in the Cloning Process

The recombinant plasmids pHT606:cry4Aa, pHT618:cry4Ba and pWF45:cyt1Aa:p20
were provided by Dr. Colin Berry (Cardiff University, Cardiff, UK) and electroporated
into the acrystalliferous BMB171 strain. BMB171 was used as a host vector to express all
of the proteins used in this study. Escherichia coli XL1 blue was used for transformation.
Cry4Aa4-like, cry53Ab1-like, cry56Aa2-like, cyt1Aab-like, cyt1Dal-like and tpp36Aal-like were
expressed in vector pTBT02. Cry11Aa (1941 bp) was cloned alongside p19 (540 bp) and
p20 (549 bp) [40]. Both P19 and P20 helped crystalize Cryl1Aa as well as increase its
mosquitocidal activity [79].

4.4. Amplification, Cloning and Sequencing of Cytla-like, Cyt1d-like, Cry4-like, Cry53-like,
Cryb6a-like and Tpp36-like

SnapGene® software (GSL Biotech, Chicago, IL, USA) was used to design plasmids
and simulate the cloning process.

To clone each of the selected toxin genes, these were first amplified using a specific set
of oligonucleotides listed in Table 5.

e cytl-like

Primers harboring the restriction enzymes PstI and Sall recognition sites at their
extremes were used to amplify the full coding sequence of the cyt1-like genes. Sall and Sacl
were used for the amplification of p20.

o  cry4-like

The coding sequence of cry4-like was amplified by using primers harboring Sall and
Sacl recognition sites.

e cry53-like

Primers harboring the restriction enzymes Sall and Sacl recognition sites at their
extremes were used to amplify the full coding sequence of the two contiguous genes
cry53-like and orf2.

e cry56A-like

Primers harboring the restriction enzymes Sall and Sacl recognition sites were used to
amplify the gene cry56A-like, whereas Pstl and Sall were used for the orfl gene.

o tpp36-like

Primers used for the amplification of tpp36-like harbored Sall and Sacl
recognition sites.

The PCR reactions were performed using a Q5® High-Fidelity 2X Master Mix (New
England Biolabs, Ipswich, SD, USA). PCR products were gel-purified by using NucleoSpin®
Gel and a PCR Clean Up kit (Macherey-Nagel Inc., Bethlehem, PA, USA). After the first
ligation into pJET-blunt plasmid using a CloneJET PCR Cloning Kit (Thermo Scientific,
Waltham, MA, USA), the ligation products were electroporated into E. coli XL1 blue cells.
Colonies were checked via PCR in order to isolate the ones carrying the plasmid. Plasmids
from positive clones were purified using the NucleoSpin® Plasmid Kit (Macherey-Nagel
Inc., Bethlehem, PA, USA), following the manufacturer’s instructions. Finally, pJET plas-
mids sequences were confirmed via sequencing (StabVida, Caparica, Portugal). Once
the sequences were verified, the plasmids were digested with the specific set restriction
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enzymes for each fragment of interest and run in agarose gels, and the corresponding bands
were excised and purified. These were then ligated to pre-digested expression vectors
using the Rapid DNA ligation kit (ThermoScientific, Vilnius, Lithuania). Cyt1A-like:p20,
cyt1D-like:p20, cry4-like, cry53-like:orf2, orfl:cry56A-like and Tpp36-like were cloned in the
pTBTO2 vector. The final plasmids were then electroporated into E. coli XL1 blue cells.
Positive clones were verified via colony-PCR, and plasmids were purified and verified via
digestion. pTBT02-cyt1A-like:p20, pTBT02:cyt1D-like:p20, pTBT02:cry4-like, pTBT02:cry53-
like:orf2, pTBT02:0rfl:cry56 A-like and pTBT02:Tpp36-like were finally introduced into the
BMB171 Bt strain. The pTBT02 expression vector was created using the pSTAB backbone
and by adding a more versatile multicloning site (MCS) as well as a terminator of tran-
scription (TT), which was not present in the previously utilized plasmid. The new MCS
and the TT were amplified from the pCN47 plasmid [80] using primers MCS-TT_Mfel and
MCS-TT_AatlI. The resulting amplicon was cloned in pJET and excised utilizing the Mfel
and Aatll enzymes. Next, the digested fragment was inserted in the pSTAB plasmid. Addi-
tionally, the cyt1A promoter was relocated in pSTAB by amplifying it with new primers
carrying the sequence for the Sphl and Sall restriction sites. The resulting fragment was
subcloned in pJET, digested using the corresponding restriction enzymes and inserted into
the pSTAB.

Table 5. Primers used for PCR and sequencing.

Primer Name Sequence (5'-3)
CytlAa_like_FW_PstI GTGTCGACCAAAGGCAGTGGTGTTTTAAG
CytlAa_like_RV_Sall CTCTGCAGGGGCTACCCAATTATAATCG

p20-Fw-Sall CCTGCAGGGATAAAATTGGAGGATAATTGATG
p20-Rv-Sacl GGCATGCGTTTCCAGTGCATTCAATTTAC
Cry4Aa4_FW_Sall_BST230 GTCGACGAAATTCAATTGGAAATGGAGGAAC
Cry4Aa_RV_Sacl_BST230 GAGCTCCTTTTTTCCAAATTTGTAATAGAAT
Orf_Cry56_FW_PstI CTGCAGCAGCAAAAAATACGCAGAAAAGGTA
Orf_Cry56_RV_Sall GTCGACGAATCGTTAACGGTTATATCTTTG
Cry56Aa2_FW_Sall_BST230 GTCGACGGACTACATAAGGAGTGAAA
Cry56Aa2_RV_Sacl_BST230 GAGCTCCTATAGAACTGGCCGCTTGA
Cry53+Orf2_FW_Sall GTCGACGGACTACATAAGGAGTGAAAAAT
Cry53+O0rf2_RV_Sacl GAGCTCCTAATTCTCATTTGGAATCGT
Tpp36Aal_FW_Sall_BST230 GTCGACGAAAAAAATCACATAAGGAGTG
Tpp36Aal_RV_Sacl_BST230 GAGCTCCCCTTACTTCGTTCTACTTAC
CytlAadlike FW_Pstl CTGCAGCAAAGGCAGTGGTGTTTTAAG
CytlAa4Like_RV_Sall GTCGACGGGCTACCCAATTATAATCG
Cyt1Dal_like_FW_Pstl CTGCAGCGAGAGAGGTATAAATATGAACC
Cytl1Dal_like_RV_Sall GTCGACGTAAGAACCCTACGACTAGG
MCS-TT Mfel CAATTGGCATGCCTGCAGGTCGACTCTAGAA
- GATCTCCCGGGTACCGAGC
MCS-TT_Aatll GACGTCAAAGGCGCCTGTCACTTTGCTTG
Sequencing
Cry4Aa_seq_BST230 CTAGTGAATAATGTAGGTTCTTTA
Cry4Aa_seq1_BST230 CAAGTATGCAATACTGCTTAC
Cry4Aa_seq2_BST230 GATATGGTTTCTATTTCACTTG
Cry4Aa_seq3_BST230 GTCAATCAAGAAATTTACTTCAAA
Cry56orf_seq_FW GAAGTGTCACGATCGCCAT
Cry56orf_seq_RV TTCACATGTTCCAATGCTTCA
Cry56orf_seq_FW_1 ATTCCGGCTGCACATGTAAC
Cry56orf_seq_RV_1 GAGCTGTTTGGTGAAGTATCCA
Cry56orf_seq_FW_2 CCATAACATTATATACTAACGTGG
Cry56orf_seq_RV_2 TACTGCTCAGATGCCACGTT
Cry53like_FW_seql GTAGAGAAATGACCATAACAG
Cry53like_RV_seq2 GCAGGAAATAGAGCAACTATATCT

Cry53like_FW_seq3 GCTTTGTCACTAAATAATTTGCG
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Table 5. Cont.

Primer Name Sequence (5'-3)
Cry53like_RV_seq4 GTAAGCAAAATTCTCATTTCGCAA
Cryb53like_RV_seq5 CATACCTAAGTTTGTATTTGTATCT
Cry53like_FW_seq6 GATTTTCATATTGACACAGGAGA
Tpp36like_FW_seq1 CATTAATTCCGTGTATACTTGTAAA
Tpp36like_RV_seq2 CTGCTAATGAATATTGATAATCA

Seq pCytlA F (59) CATATATTTGCACCGTCTAATGG
MCS-TT_Aatll GACGTCAAAGGCGCCTGTCACTTTGCTTG

Underlined nucleotides represent restriction enzyme sites.

4.5. Nucleotide Sequence Accession Numbers

The nucleotide sequence data reported in this paper were deposited in the GeneBank
database under the following accession numbers: OQ397557 for cyt1A-like, OQ397558 for
cyt1D-like, OQ397551 for cry4-like, OQ397553 for Cry53-like, OQ397554 for orf2, OQ397555
for cry56A-like, OQ397556 for orfl and OQ397552 for tpp36-like.

4.6. Spore-and-Crystal Mixture Production, Protein Quantification and SDS-PAGE Analysis

BMB171 recombinant strains carrying pHT606:cry4Aa, pHT618:cry4Ba, pWF45:
cytlAa:p20, pTBT02-cytlAa-like:p20, pTBT02:cytlDal-like:p20, pTBT02:cry4Aad-like,
pTBT02:cry53Abl-like:orf2, pTBT02:0rfl:cry56Aa-like and pTBT02:Tpp36Aal-like were
grown in 50 mL of CCY medium (supplemented with 20 pug/mL erythromycin) after
inoculating single colonies from LB plates [81]. The strains were grown constantly at
28 °C with shaking at 200 rpm. Crystal formation was observed daily at the microscope.
Once the cells lysed, after 48-72 h, spore-and-crystal mixtures were washed first with 1M
NaCl and 10 mM EDTA, resuspended in 1 mL of dH,O water and kept at 4 °C until use.
The mixtures were solubilized in carbonate buffer (50 mM Na,CO3 and 100 mM NaCl,
pH 11.3) and quantified for their total amounts of protein by using the Bradford method [82]
and by using bovine serum albumin as a standard. For protein profile analysis, the washed
spore-and-crystal mixtures were mixed with 2x sample buffer (Bio-Rad, Hercules, CA,
USA), boiled at 100 °C for 5 min and then subjected to electrophoresis with a previously
described method [83] using Criterion TGX™ 4-20% Precast Gel (Bio-Rad, Laboratories
Inc., Hercules, CA, USA). Gels were stained with Coomassie brilliant blue R-250 (Bio-Rad,
Laboratories Inc., Hercules, CA, USA) and then destained in a solution of 30% ethanol and
10% acetic acid.

4.7. Bioassays on L2 Larvae of A. Albopictus

The toxicities of the single proteins and mixtures were determined on second instar larvae
of A. albopictus. Eggs of A. albopictus were provided by BioGenius GmbH (Friedrich-Ebert-
Strafie 75, 51429 Bergisch Gladbach, Germany). The bioassays were performed by placing
between 10-15 larvae (L.2) in each well of a 6-well plate Corning® Costar® (Corning™, Corn-
ing, NY, USA). The bioassays were performed following a previously described method [84].
Each well contained a known concentration of spores and crystals in a total volume of 5 mL,
with 0.5 mg of brewer’s yeast as food source for the larvae. In order to calculate the median
lethal concentration LCs, 6 concentrations (from high to low) of Bt suspension were chosen
for each recombinant strain: 1000, 500, 250, 125, 62.5 and 31.5 ng/mL for Cry4Aa and Cyt1Aa,
500, 250, 125, 62.5, 31.5 and 15.75 ng/mL for Cry4Ba and 2500, 1250, 625, 312.5, 156.25 and
78.12 ng/mL for Cryl1Aa. The highest concentrations (C1) were defined as a dose that pro-
duces between 90-100% of mortality, whereas the lower doses were simply 1:2 serial dilutions
of the C1 dose.

4.8. Statistical Analysis

Concentration—mortality data were subjected to logit regression to estimate the LCs
for individual toxins and mixtures of toxins [85].The observed and expected LCsy values
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for the individual toxins and the toxin mixture in A. albopictus were used to evaluate the
interaction of CytlAa with Cry4Aa, Cry4Ba, Cryl1Aa and Cry56Aa2 and the interaction
between CytlAa and Cytl1A-like with Cryl11Aa, Cry53Ab-like, Cry56Aa-like and Tpp36Ab-
like. To calculate the expected LCs( values for the toxin mixture under the null hypothesis
of no interaction, the “simple similar action” model was used [86]. This model assumes
that the concentration-response regression lines for different components of a mixture are
parallel and suitable for testing synergism in chemically compounds that are alike, such as
Bt toxins. All synergies were evaluated by first calculating the expected LCs, as follows, as
there were no synergisms between them:

ra rb -1

+
LCsoa)  LGCsop)

LCSO(m)

where LCsqm) is the expected LCsq of the mixture of toxin A and toxin B, LCsq(a) is the
observed LCs for toxin A alone, LC5q) is the observed LCsy for toxin B alone and rA and
B represent the relative proportions of toxin A and toxin B in the mixture, respectively.
All statistical procedures were performed using R software (v.4.1.1) (R Foundation for
Statistical Computing, Vienna, Austria).
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Abstract: The beetle Anthonomus grandis Boheman, 1843, is the main cotton pest, causing enormous
losses in cotton. The breeding of genetically modified plants with A. grandis resistance is seen as
an important control strategy. However, the identification of molecules with high toxicity to this
insect remains a challenge. The susceptibility of A. grandis larvae to proteins (Cry1Ba, Cry7Ab,
and Mpp23Aa/Xpp37Aa) from Bacillus thuringiensis Berliner, 1915, with toxicity reported against
Coleopteran, has been evaluated. The ingestion of different protein concentrations (which were
incorporated into an artificial diet) by the larvae was tested in the laboratory, and mortality was
evaluated after one week. All Cry proteins tested exhibited higher toxicity than that the untreated
artificial diet. These Cry proteins showed similar results to the control CrylAc, with low toxicity
to A. grandis, since it killed less than 50% of larvae, even at the highest concentration applied
(100 pg-g~"). Mpp/Xpp proteins provided the highest toxicity with a 0.18 ug-g~! value for the 50%
lethal concentration. Importantly, this parameter is the lowest ever reported for this insect species
tested with B. thuringiensis proteins. This result highlights the potential of Mpp23Aa/Xpp37Aa for
the development of a biotechnological tool aiming at the field control of A. grandis.

Keywords: cotton boll weevil; Cry proteins; Mpp/Xpp proteins; Cry23Aa; Cry37Aa; Coleoptera;
Curculionidae

Key Contribution: Mpp23Aa/Xpp37Aa Bt proteins are promising molecular agents to control the A.
grandis cotton pest.

1. Introduction

Cotton (Gossypium hirsutum L.) is one of the major crops of the global agricultural
economy. During the 2020/2021 growing season, more than 24 million tons of cotton
fiber were produced worldwide, with an output of more than 25 million tons in the
2021/2022 growing season. Brazil is the world’s fourth-largest cotton producer after China,
India, and the USA, with an expected increase of around 19% for the 2021/2022 growing
season [1,2]. One of the greatest challenges for cotton cultivation in Brazil is the high
demand for agricultural inputs, particularly insecticides. Data indicate that the investment
in insecticides, mainly to control the Anthonomus grandis Boheman, 1843 (cotton boll weevil,
CBW) accounts for approximately 21% of the costs of cotton farming in Mato Grosso,
Brazil [3].
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The cotton boll weevil is a Coleopteran insect, considered the most harmful cotton pest,
and its stereotypic behavior makes control difficult [4]. In addition to feeding on the flower
buds, after mating, females lay eggs inside the fruiting structures of the cotton plant, where
the development of all immature stages of the insect occurs, causing abscission or reduction
in fiber quality [5]. In addition, newly emerged or old adults are commonly protected by
the flower bud bracts or refugees in plants outside of the cotton crops, decreasing exposure
to mortality factors, i.e., insecticides applied by spraying [6].

Once the insect is detected in pheromone traps, insecticide applications are performed,
using mainly malathion. These applications can be performed weekly until the insect is
no longer detected. Consequently, the field may receive as many as 25 applications in a
single growing season, boosting expenses regarding agricultural inputs, and negatively
affecting the environment and entomofauna [7-9]. However, the low effectiveness of the
available synthetic agents has contributed to inefficient control measures, an increase in the
insect population, and its genetic diversity. In addition, the non-existence of conventional
or transgenic commercial cultivars with some resistance to CBW has stimulated the search
for new biotechnological tools for the effective control of this insect pest.

The development of genetically modified crops expressing Cry and Vip toxins from
Bacillus thuringiensis (Bt) has been widely studied due to the toxic effect of these proteins,
mainly against Lepidoptera [10]. Interestingly, transgenic plants expressing insecticidal
proteins from Bt are effective in controlling stem borers, ear feeders, and rootworms [10].
Therefore, cotton plants expressing Bt proteins (toxic to CBW) may also control this dev-
astating insect pest. Currently, transgenic cotton plants expressing cry and vip genes to
control Lepidoptera are already being commercially launched in Brazil, but to date, no
variety or cultivar capable of controlling the beetle A. grandis has been released [11-13].

The insect order Coleoptera comprises numerous species considered pests for the
world’s major crops, few of which have proved susceptible to Bt toxins [14]. Despite
causing significant economic losses around the world, the number of studies carried out to
identify Bt proteins active against beetles is lower than those performed in Lepidopteran
insect species. In the case of CBW, only a few studies have been performed to assess the
insecticidal activity of either Bt strains or individual Bt insecticidal proteins. Therefore,
more research is needed to determine which Bt proteins are able to effectively control CBW.

The application of Bt toxins to control A. grandis in cotton crops, especially as a
transgenic plant, is of considerable agronomic interest, since this biotechnological tool is
promising for reducing production and yield losses and containing CBW infestation, which
represents a major problem for the cotton farmers in the Americas. Herein, in the present
work, four Bt proteins known to be toxic to Coleopterans have been tested for the first time
on A. grandis larvae. Two of the proteins tested belong to the 3-domain toxin class (Cry1Ba
and Cry7Ab), and the other two mixed proteins (Mpp23Aa and Xpp37Aa, previously
known as Cry23Aa and Cry37Aa, respectively) to the Mpp/Xpp class. Specifically, these last
two proteins are expressed in a single operon and are mentioned as Mpp23Aa/Xpp37Aa.
Therefore, results from this study could assess the potential of these proteins to effectively
control CBW in the field.

2. Results

The survival of newly hatched larvae of A. grandis was affected by the ingestion of an
artificial diet containing the different Bt proteins (Figure 1). The decreased survival of Bt-
treated individuals increased with the increase in Bt protein concentration. For example, the
analysis of the number of dead larvae after treatment at the highest dose (100 pg-g~1) was
significantly different from that in the untreated group (one-way ANOVA, n =269, F =78,
p < 0.0001). At this dose, the CrylAc, CrylBa, and Cry7Ab proteins had similar effects
(Tuckey’s post-test, p > 0.99 for any combination), but the results were statistically different
from those regarding the effect of Mpp23Aa/Xpp37Aa (Tuckey’s post-test, p > 0.0001). Cry
proteins showed corrected mortality below 50%, which shows the low susceptibility of
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these insects to these proteins. In contrast, when the toxicity of the Mpp23Aa/Xpp37Aa
proteins was tested at the same concentrations, 100% mortality was observed.

100+

754

50

25-

A. grandis mortality (%)

16 31 63 125 25.0 50.0 100.0

Protein concentration (ug-g'1)
B CrylAc M CrylBa B Cry7Ab W Mpp23Aa/Xpp37Aa

Figure 1. Corrected mortality [15] of A. grandis larvae after seven days of protein intake in an artificial
diet at seven concentrations of different B. thuringiensis Cry proteins. Error bars represent the mean

standard error. The error bars for Mpp23Aa/Xpp37Aa are not shown because of the death of all
treated larvae in all replicates.

Moreover, the death of all larvae tested was found in all assayed concentrations, even
at the lower level (1.56 pg-g~!). Based on these results, Mpp23Aa/Xpp37Aa proteins were
selected for additional bioassay testing with lower toxin concentrations (ranging from 0.13
to 4 ug-g~1) to obtain dose-response data suitable for analysis. An example of the effect of
these proteins can be observed in Figure 2.

(A) (B) ©

Figure 2. Effect of Mpp23Aa/Xpp37Aa on A. grandis larvae with 0.5 pg-g~! treatment. (A) Neonate
larva at the start of the treatment (1 mm size), (B) larva on control untreated media after 7 days of
treatment (5 mm size), (C) larva on Mpp/Xpp treated media after 7 days of treatment (1 mm size).

The probit analysis was applied to the data obtained, estimating the bioassay pa-
rameters (Table 1). In addition, the analysis provided some extrapolated data of lethal
concentration (LC) parameters useful for toxicity comparisons. As expected, CrylAc pro-
tein (described as a Coleopteran non-toxic) was marginally toxic (indicated by a high LCsq
value). Based on the LCs( values obtained, Cry1Ba and Cry7Aa were slightly more toxic
than CrylAc; however, the test of the hypothesis that slopes and intercepts are the same,
discarded significant differences (X% =7.04, degrees of freedom, d.f. = 4).
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Table 1. Parameters estimated by probit analysis from the bioassays with A. grandis larvae tested
with several Bt proteins. Toxin concentrations are given in pg of protein per-g~! of artificial diet.

Bt Protein n Slope (+SE) LCyg (FLgs) LCsg (FLgs) X% (d.f.)
CrylAc 841 058(0.16)  2.01(0.04-7.70) 317 (188-3378)*  2.08 (5)
CrylBa 840 0.43 (0.11) 0.33 (0.01-1.84) 293 (92-4486) * 2.05 (5)
Cry7Aa 841 035(0.12)  0.38(0.01-3.05) 1598 (233-ND)*  4.60 (5)

Mpp23Aa/Xpp37Aa 735 3.80(047)  0.08(0.04-0.12)*  0.18 (0.13-0.22) 443 (4)

n = number of evaluated larvae; slope = dose-response quickness; SE = standard error of the mean; LCy and
LCs) = concentration that killed 10% and 50%, respectively; FLos = 95% fiducial limits; d.f. = degrees of freedom;
ND = not determined; * value interpolated because they were out of the range of assayed concentrations.

On the other hand, the Mpp23Aa/Xpp37Aa proteins showed significantly different
toxicity dynamics (slope parameter) to A. grandis than to the Cry proteins tested, according
to the previous test applied (x> = 532, d.f. = 2). The Mpp23Aa/Xpp37Aa toxicity was
higher than that of the Cry proteins tested, since they provided a higher response to the
concentration (a slope value higher), and the LC;y and LCs values were lower. Only the
LC parameters ratio (LC CrylAc protein/LC Mpp/Xpp proteins) could be provided, since
the slopes were not parallel between Mpp/Xpp and the Cry proteins. The ratio of LCqq
and LCjs) values were 25 and 1761, respectively.

The concentration of Mpp/Xpp proteins required to kill 90% of the treated larvae
(LCgp), which is significant for pest control, was estimated as 0.4 ug-g~' (fiducial limits,
FLgs = 0.32-0.56), increasing the evidence of its high toxicity.

3. Discussion

Although A. grandis is currently one of the most devastating cotton insect pests in
Brazil and other cotton crop-producing countries, there is little information about which
Bt insecticidal proteins are effective against this insect pest [12-14]. The toxins usually
described as active against insects of the order Coleoptera are those of the Cry3, Cry7,
Cry8, Cry10, and Gpp34/Tpp35 classes [9,14], although other classes can be toxic as well,
including the Cry1 class. Particularly, the Cryl1Ba6 [16], Cry8Ka5 [17], Crylla [18,19],
Cry1Ial2 [20,21], and Cry10Aa [22] proteins have already been proven as toxic to CBW
larvae in bioassays using purified recombinant protein or virus-infected insect extracts,
while the Cry1Ial2 [20], Crylla [19], and Cry10Aa [11,13] proteins were also confirmed to
show some toxic activity when used in transgenic cotton lines.

It is important to highlight that studies evaluating the toxicity of single insecticidal
proteins from Bt are required to show which proteins are effective against A. grandis.
Furthermore, additional studies indicating whether it is suitable to combine the selected
proteins in the same transgenic crop will be desirable to avoid the occurrence of cross-
resistance among these proteins [23].

Results from the selective bioassay showed that although the survival of the larvae
was affected after the ingestion of an artificial diet containing Cry1Ac, Cry1Ba, and Cry7Ab
proteins, the highest dose used (100 pg- gfl) caused less than 50% mortality. The results
obtained indicate that these proteins have low toxicity towards A. grandis larvae. The
CrylAc is a protein known to be toxic to lepidopteran agricultural pest species such as
Helicoverpa zea, Heliothis virescens [24], Helicoverpa armigera [25], Anticarsia gemmatalis, and
Chrysodeixis includens [26], among others. For Coleopterans, although toxicity has been
reported for some species [27], studies demonstrating high susceptibility to CrylAc are rare.
Therefore, given the expression levels of CrylAc in commercial varieties, with a maximum
of 7 and 20 ug-g ! of fresh and dry leaf tissue, respectively [28,29], our results indicate that
these current commercial varieties would not be able to control A. grandis.

CrylBa was included in this study because it has been described as a protein that
has dual activity (toxicity to both Lepidopteran and Coleopteran insects) [14,30]. A
previous study that tested the toxicity of CrylBa on A. grandis established an LCs of
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380.8 ng-g ! [16], which is in line with our results. Interestingly, the authors reported that
the toxicity of the original Bt strains that contained the cry1B gene was higher, suggesting
that other virulence factors were causing the toxicity of these strains on A. grandis.

The Cry7 group is known to be poisonous to different Coleopteran insect species [10,14].
Here, we showed that the mortality of A. grandis caused by Cry7Ab was not high (40% as
a mean in response to 100 pg-g 1), suggesting that this protein is not active against this
insect pest. Similarly, Anomala corpulenta and Pyrrhalta aenescens larvae were not affected
after ingestion of protein Cry7Ab3, and low susceptibility to Cry7Ab was observed in
Acanthoscelides obtectus [30,31]. However, Cry7Ab was highly toxic to Xylotrechus arvicola
and Henosepilachna vigintioctomaculata larvae, respectively [31,32].

On the other hand, Mpp23Aa/Xpp37Aa were extremely active against A. grandis
larvae, with an estimated LCsg = 0.18 ug-g~! (Table 1). These two proteins were described
as toxic to A. grandis in a previous work [33], although this is the first study that establishes
LCsp values. The toxic effect of Mpp23Aa/Xpp37Aa was also observed on larvae of
Tribolium castaneum [34], Cylas spp. [35], and Xylotrechus arvicola [32], suggesting that these
proteins are able to control different Coleopteran pests.

The Mpp23Aa/Xpp37Aa proteins were first described as a binary toxin based on the
fact that both genes were located in the same operon. However, recently, it was shown that
these proteins were toxic for C. puncticollis larvae when tested individually [36]. In our
study, we have tested the toxicity against A. grandis larvae by using a B. thuringiensis strain
that expresses both proteins; thus, we cannot determine whether both proteins are required
to exert their toxic effect. Further research will be required to test whether both proteins are
required for the toxic effect against A. grandis larvae.

Concentrations of some Cry proteins considered viable for introgression in cotton
range up to about 20 pg-g !, since the levels of protein expression in plants differ between
flower buds and leaf tissues, ranging from approximately 3.0 to 19.0 ug-g~! of fresh
tissue [10,13]. Thus, according to our results, the potentially possible control of A. grandis
by Mpp23Aa/Xpp37Aa toxins can be satisfactory. More experiments will be conducted
to deepen the understanding of the toxicity and mode of action of this protein complex
on A. grandis; however, the results presented here may be useful to outline several lines
of research.

4. Materials and Methods
4.1. Bt Proteins Preparation

The source and preparation of the Bt proteins (CrylBa, Cry7Ab, and Mpp23Aa/
Xpp37Aa) tested in this study were the B. thuringiensis strains described by Rodriguez-
Gonzalez et al. [30]. An exception was CrylAc, but it was prepared in the same way. In
detail, CrylAc and Cry7Ab proteins were obtained from the B. thuringiensis HD-73 and
HD867 strains, respectively, provided by the Bacillus Genetic Stock Center, USA. Cry1Ba
was obtained from the recombinant B. thuringiensis strain EG11916 (Ecogen, Inc., Langhorne,
PA, USA) and Mpp23Aa/Xpp37Aa were obtained from the EG10327 strain (Ref. No. NRRL
B-21365) obtained from the Agricultural Research Culture Collection, Northern Regional
Research Laboratory (NRRL), USA, respectively.

The Bacillus thuringiensis strains were grown in CCY medium supplemented with the
appropriate antibiotic for 48 h at 29 °C, under constant agitation. Spores and crystals were
separated by centrifugation at 16,000 x g for 10 min at 4 °C and then washed three times
with 1 M NaCl, 10 mM ethylenediaminetetraacetic acid (EDTA), and twice with 10 mM
KCL. The final pellets were frozen using liquid nitrogen and lyophilized. The presence of
the proteins in the lyophilized powder was determined using sodium dodecyl sulfate 12%
polyacrylamide gel electrophoresis (SDS-PAGE) (Figure S1).

4.2. Rearing of Anthonomus grandis

Approximately 500 adult boll weevils collected from cotton fields in the region of
Rondonoépolis City, Mato Grosso, Brazil, were placed in cages at a 1:1 male-female ratio
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and maintained at 27 °C, under 40% relative humidity, and with a photoperiod of 12:12 h
light:dark. In small, cube-shaped cages, the insects were fed an artificial diet [37].

The insect cages were serviced every two days, when the artificial diet was replaced
by a fresh one, and insect eggs were collected. The eggs were superficially disinfected
with a 20% copper sulfate and 0.2% benzalkonium chloride solution and separated from
impurities such as diet leftovers and feces. Then, they were incubated in Petri dishes lined
with filter paper and moistened with sterile water until hatching, and the newly hatched
larvae (<48 h) were used for the bioassays.

4.3. Bioassays of A. grandis with Bt Proteins

The bioassays were based on the method of incorporating the test substances into
an artificial diet [16]. The proteins, supplied as a lyophilized powder, were resuspended
in sterile deionized water, and the concentration in this solution was determined by the
Bradford method, using bovine serum albumin (BSA) as a standard. The aliquots required
to obtain the doses corresponding to concentrations of 100; 50; 25; 12.5; 6.25, 3.13, and
1.56 pg-g~! were incorporated into the artificial CBW diet in a total volume of 30 mL. After
blending, the mixture was poured into Petri dishes (J 90 x 15 mm) for solidification, and
then 35 newly hatched A. grandis larvae were placed at equal distances on the diet surface.
The control for natural mortality consisted of an artificial diet, without the protein addition.
The plates were incubated at 27 °C, with 40% relative humidity, and a photoperiod of
12:12 h light:dark for seven days, at which time the number of live and dead larvae on each
plate was counted. All assays were performed in triplicate.

Mpp23Aa/Xpp37Aa proteins that induced very high mortality (100%) at the lowest
dose (1.56 ug~g’1) were selected for an additional bioassay at concentrations of 4,2, 1, 0.5,
0.25, and 0.13 pg-g~!, according to the methodology described above.

4.4. Data Analysis

Mortality results for the figure were corrected based on mortality observed in the
control using Abbott’s formula [15], obtaining the mean value and the standard error of
the mean. All data analyses were performed with uncorrected mortality data. Differences
in dead larvae among different protein treatments at 100 j1g-g~! were tested by one-way
ANOVA, followed by a Tukey’s post-test, considering p < 0.05 as a significant difference.
GraphPad Prism 7.0 (GraphPad Software, La Jolla, CA, USA) was used.

Bioassay data were analyzed through probit analysis [38] using the POLO-PC software
program (LeOra Software, Berkeley, CA, USA, 1987) in order to obtain the toxicological
parameters and to compare the obtained results.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/toxins15010055/s1, Figure S1: SDS-polyacrylamide gel electrophore-
sis of insecticidal proteins used in the toxicity tests: CrylAc, Cry1Ba, Cry7Ab, and Mpp23Aa/Xpp37Aa.
BlueStar pre-stained protein marker (bands in kDa: 180, 130, 100, 75, 63, 48, 35, 28, 17, 10). Bands
were stained with Coomassie blue. The Bt insecticidal protein bands are indicated by an arrow.
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Abstract: AbstractTpp80Aal from Bacillus thuringiensis is a Toxin_10 family protein (Tpp) with
reported action against Culex mosquitoes. Here, we demonstrate an expanded target range, showing
Tpp80Aal is also active against the larvae of Anopheles gambiae and Aedes aegypti mosquitoes. We
report the first crystal structure of Tpp80Aal at a resolution of 1.8 A, which shows Tpp80Aal consists
of two domains: an N-terminal 3-trefoil domain resembling a ricin B lectin and a C-terminal putative
pore-forming domain sharing structural similarity with the aerolysin family. Similar to other Tpp
family members, we observe Tpp80Aal binds to the mosquito midgut, specifically the posterior
midgut and the gastric caecum. We also identify that Tpp80Aal can interact with galactose-containing
glycolipids and galactose, and this interaction is critical for exerting full insecticidal action against
mosquito target cell lines.

Keywords: Bacillus thuringiensis; Tpp80Aal toxin; crystal structure; Culex; Anopheles; Aedes; biocontrol;
pesticidal protein

Key Contribution: We present the crystal structure of Tpp80Aal- to 1.8 A resolution. We expand
the known target range of Tpp80Aal to include two more mosquito species: Anopheles gambiae and
Aedes aegypti, increasing the potential utility in the field. We also demonstrate Tpp80Aal can bind
galactose-containing lipids, and this binding can affect toxicity in cell-based models. This study will
underpin future Tpp80Aal mode of action investigations and aid in insecticide optimization against
mosquito vectors of disease.

1. Introduction

The Bacillus thuringiensis (Bt) is a Gram-positive, sporulating bacterium that can pro-
duce a range of insecticidal toxins that are active across an array of invertebrate targets [1].
Bt-produced proteins show highly selective and potent activity and, as such, have revo-
lutionised agriculture by negating the use of hazardous and non-specific chemical pes-
ticides. Additionally, Bt proteins are used for the control of insect vectors of human
disease-principally mosquitoes [2]. The importance and commercial success of Bt proteins
motivates ongoing searches for novel proteins with new spectra of insecticidal activity.

Tpp80Aal (formerly Cry80Aal) is a recently identified mosquitocidal protein, dis-
covered by whole genome sequencing of Bt strain S3589-1 isolated from a soil sample [3],
and it is reported to be active against third instar Culex pipiens pallens larvae. Control of
disease-spreading Diptera—such as mosquitoes and black-fly—is critical for the control of
diseases such as Zika virus, malaria, dengue, yellow fever, and African river blindness [4,5].
To date, the most successful entomopathogenic bacteria for controlling these populations
in the field have been Bt serovar. israelensis (Bti) and Lysinibacillus sphaericus. Bti produces
several Cry and Cyt toxins in the form of crystalline inclusions, which allow the bacterium
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to demonstrate significantly stronger toxicity due to the synergism between individual
proteins within the whole Bti crystal [6]. The most utilised L. sphaericus toxins are a het-
erodimer of TpplAal and Tpp2Aal (formerly BinA and BinB), which are highly potent
against Culex and Anopheles larvae [7], and can also act synergistically with CytlAa to
become active against Ae. aegypti and Tppl/2-resistant larvae [8-10]. TpplAal/Tpp2Aal-
producing L. sphaericus strains are heavily utilised in mosquito control in the field, and the
emergence of resistance incentivises the discovery of new mosquitocidal proteins—such as
Tpp80Aal—that can be used as stand-alone agents, or in a synergistic approach [11,12].

Bacterial pesticidal proteins belong to one of several distinct structural classes [13].
Tpp proteins have two domains, an N-terminal trefoil domain and a C-terminal pore-
formation domain [14]. Conserved domain analysis of Tpp80 indicated the greatest identity
to Tpp78Aal (38.6%)—a protein with activity against the Hemiptera Nilaparvata lugens
and Laodelphax striatellus and the Tpp78Aal structure has recently been published [15]. In
this study we report the structure of Tpp80Aal (1.8 A), which consists of an N-terminal
ricin B lectin domain and a C-terminal toxin_10 putative pore-forming domain (PFD).
We demonstrate that the protein has an affinity for galactose-containing glycans, which
may mediate its activity. We also reveal an expanded range of activity against new target
mosquito species, An. gambiae and Ae. aegypti, increasing the protein’s value as a novel
toxin for mosquito control.

2. Results
2.1. Tpp80Aal Has Activity against C. quinquefasciatus, Ae. aegypti, and An. gambiae Larvae and
Mosquito Cell Lines

In mosquitocidal bioassays, trypsin-activated Tpp80Aal (Figure S1A,B) demonstrated
activity against An. gambiae, C. quinquefasciatus, and Ae. aegyptilarvae, with LCs values
of 8.6, 24.6 and 29.6 pg/mL, respectively (Figure 1A). Only Culex pipiens pallens (LCsq
72 pug/mL) susceptibility has been reported previously [3]. Compared to other mosquito-
cidal Tpp proteins, Tpp80Aal has a lower potency but a broader target range of activity
(Table 1). Cellular models were used to investigate Tpp80Aal toxicity in vitro. In line with
the larval bioassays, 48 h after the addition of Tpp80Aal, cell viability was substantially
reduced in MRA-918 (C. quinquefasciatus), C6/36 (Ae. aegypti), and Ag55 (An. gambiae)
cell lines (Figure 1B). Inspection of cellular morphology, via light microscopy, at the 48 h
time point shows cells exposed to Tpp80Aal have a rounded morphology and are be-
coming detached from the plate—indicative of cell death. Vacuolisation is also present
in the Tpp80Aal-treated cells (Figure 1C), a cellular phenotype that has been described
previously with other Tpp family member two-component toxins, Cry48/Tpp49 [16] and
Tppl/Tpp2 [17-19]. This establishes these cell lines as models for further investigations
into the Tpp80Aal mechanism of action.

2.2. Tpp80Aal Binding Occurs Predominantly in the Posterior Midgut

To investigate the gut binding profile of Tpp80Aal, we fed fluorescently labelled
Tpp80Aal to Ae. aegypti larvae (Figure 1D). Tpp80Aal binding is predominantly present
in the posterior midgut (PM) and gastric caecum (GC), with substantially weaker binding
observable in the anterior midgut (AM). A clear punctate staining pattern is present
throughout the midgut—particularly in the PM—suggesting internalisation of Tpp80Aal
in cytoplasmic vesicles. This binding pattern is very similar to that previously reported
with radio-labelled or fluorescently labelled Tpp1/Tpp2 in the Culex midgut [7,20,21] and
may suggest that the elusive Tpp80Aal receptor(s) is specifically localised to brush border
membranes of the PM and GC. The localisation pattern of the binding may also be due
to the known pH gradient throughout the mosquito midgut (approx. pH 8 in the gastric
caecum, >pH 10 in the anterior midgut, falling to pH 7.5 in posterior midgut) [22,23]
affecting the processing and binding of Tpp80Aal.
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Figure 1. Tpp80Aal is active against Culex quinquefasciatus, Aedes aegypti, and Anopheles gambiae.
(A) Dose response curve of Tpp80Aal added to larvae in water plotting log concentration (ug/ mL)
against % of surviving larvae. The 50% lethal concentrations (LCs)) were determined as 8.6, 24.6, and
29.6 ug/mL for An. gambiae, C. quinquefasciatus, and Ae. aegypti, respectively. (B) Cell lines isolated
from C. quinquefasciatus (MRA-918), Ae. aegypti (C6/36), and An. gambiae (Ag55) show significantly
reduced viability (as determined via resazurin assay) 48 h post addition of Tpp80Aal at 50 pug/mL.
Data are presented as % of control &= SD and were analysed using unpaired f-tests (*** p < 0.0001,
** p =0.0014) (C) Light microscopy images of untreated (UT) or Tpp80Aal treated C. quinquefasciatus
cells (MRA-918), 48 h post addition. Representative scale bar in the UT image = 10 um. (D) Tpp80Aal
fluorescently labelled with Alexa Fluor® 555 (red) was fed to Ae. aegypti larvae via addition to water.
Post-ingestion, larvae were transferred to fresh water for 30 min before guts were dissected, labelled
with Hoecsht 33342 (blue), and imaged with a single plan illumination microscope. Grey insets
showing punctate binding pattern of Tpp80Aal. Representative scale bar in GC image = 100 pm.

Table 1. Summary of LCs( values (ug/mL) of mosquitocidal Tpp proteins.

Anopheles gambiae Culex quinquefasciatus Aedes aegypti
Tpp80Aal 8.6 24.6 29.6
Cry48/Tpp49 NT* 0.02/0.006 [24] NT*
Tppl/Tpp2 0.013-0.03 [20] 0.013-0.03 [24] No toxicity to very low

toxicity-depending on variant [25,26]

* NT = reported nontoxic.

2.3. Tpp80Aal Structure Description

Our final model had an Ry /Reee of 0.17/0.21 at 1.8 A resolution and showed
Tpp80Aal packs into the crystal lattice as homodimers, which could be indexed in the
monoclinic space group C 12 1 (Table S1). The electron density map showed continuous
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density for residues 5-355 of the 373 aa wild-type Tpp80 protein sequence (Figure S2).
Within each Tpp80Aal monomer, two distinct conserved domains appear: an N-terminal
ricin B-lectin domain (IPR035992) spanning residues 5-155, and a C-terminal Toxin_10
domain (IPR008872) spanning residues 156-355 (Figure 2A). In the Tpp80Aal homodimer
structure we also see the presence of two calcium ions (1 per monomer) and five buffer
molecules present in the crystallization solution; four bis-tris propane and one citrate
(Figure 2).

A B
Terfoil domain ) Pore forming domain

Figure 2. Tpp80Aal structure and homodimer packing. (A) Cartoon representation of Tpp80Aal
shows an N-terminal Ricin-B like-lectin domain (blue) and a C-terminal putative pore-forming
domain (green). Two bound calcium ions are represented by the black spheres and orange sticks
represent buffer molecules (2 bis-tris propane, 1 citrate). (B) The carbohydrate binding domain is
composed of three pseudo symmetric sections of (3-trefoil fold corresponding with residues 9-57
(orange), 58-105 (blue), and 106-155 (green). (C) Tpp80Aal is present as a homodimer with a large
molecular interface between monomer 1 (blue) and monomer 2 (green).

The N-terminal domain is composed of the well-described ricin B type (-trefoil
lectin fold [27]. The p-trefoil consists of three subdomains « (31-34), B (f5-p8), and
v (B9-p12) assembling around a pseudo three-fold axis. The first and fourth {3 strand
of each repeat form together a f3-barrel, whereas the second and third form a -hairpin
(Figures 2B and 3C). The C-terminal domain of Tpp80Aal is rich in 3-sheet topology char-
acteristic of other Tpp proteins (Figure 3A) and the founding member of -pore-forming
toxins (3-PFTs), aerolysin [28]. Aerolysin and aerolysin-like proteins have a structurally
conserved PFD, generally consisting of five -strands with an insertion loop between
strands 32 and 33 [29]. A structure reminiscent of an aerolysin insertion loop is present in
Tpp80Aal between residues 259-272 (SWSIGADMGES), as a short 3-hairpin—with pre-
dominantly amphipathic structure—tucked under a loop. Similar structures are present in
other Tpp proteins and are hypothesised to unfold in pore formation (Figures 3A and S4).
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Figure 3. Tpp80Aal shows structural homology to other Tpp family members, and ricin B-lectin
domains. (A) Cartoon depiction of Tpp80Aal and insecticidal Tpp family members with strong
structural homology, Tpp35Ab1 and Tpp2Aa3. The putative insertion loop is depicted in orange,
and disulphide bonds in Tpp35 and Tpp2 are shown in red (there are no Cys residues in Tpp80Aal).
(B) Cartoon depiction of the PFD putative insertion loop, boxed in (A). The PFD f3-hairpin contains a
conserved aspartic acid residue that forms polar contacts (magenta) with the backbone of histidine
291 and side chain of serine 290 on the adjacent loop. The conserved aspartic acid residue is marked
with an (¥) in the sequence alignment of all known Tpp structures, (:) indicates conservation between
groups of strongly similar properties, and (.) indicates conservation between groups of weakly
similar properties (determined by Clustal Omega). Residues are highlighted cyan = basic amino
acids, yellow = acidic amino acids, green = polar uncharged side chains. (C) Lectin domain of
Tpp80Aal, highlighting the 3 subdomains & (cyan), 3 (orange) and 7y (grey). A sequence alignment
of the 3 domains indicating the regions of repeated (3-sheet topology. The region where the ‘QxW’
motif is often found in ricin domains is boxed in red, and the regions of putative carbohydrate-
binding residues in related structures are highlighted by a red star. (D) Cartoon depiction of lectin
domains with strong structural homology include 1,3Gal4,3A bound to glycerol, MOA bound to
Gal(1,3)Gal(1,4)GIcNAc, R. solani agglutinin bound to N-acetylgalactosamine, and Mtx1Aal, with
ligands are depicted in magenta. Sequence alignments were generated by Clustal Omega.
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2.4. Interface Analysis

The final model shows the presence of a homodimer with a large molecular interface
forming an ‘X’ structure (Figure 2C). Superposition of the Tpp80Aal monomers show
the two copies to be highly similar with a root-mean-square deviation (RMSD) of 0.795A
estimated by PyMOL [30] (Figure S3A). This "X’ structure between Tpp monomers has also
been observed in natural crystals of Tpp49Aal homodimers [31], and TpplAa2/Tpp2Aa2
heterodimers [32], showing that similar dimer forms are produced in in vitro crystal screens.
In the case of Tpp80Aal, PDBePISA interface analysis identified 12 interfaces (Table S2); the
largest interface (1010.9 A?) between the two monomers in the ‘X’ shape involves 34 residues
of monomer 1 and 35 residues of monomer 2, with 13 hydrogen bonds (Figure S3B).
Although the size of the Tpp80Aal molecular interface (1010.9 A2) exceeds the threshold
estimated to discriminate between a biological and an artificial dimer (856 A?) [33], it
is significantly smaller than that observed for the Tpp1/Tpp2 heterodimer (1833.1 A2)
and has a much lower binding energy (Tpp80Aal AIG of —7.1 keal/mol, Tppl/Tpp2 of
—22.5 kcal/mol). Whereas the large Tpp1/Tpp2 interface may be preserved in solution,
this is unlikely to be the case for the Tpp80Aal dimer—indeed SEC indicates Tpp80Aal
is largely monomeric in solution (Figure S1A). Mechanistically this makes sense, given
the Tpp1/Tpp2 1:1 molar ratio shown to be optimal for receptor binding and toxicity is
1:1. As Tpp80Aal does not need a partner to elicit toxicity, it is possible this X" shape is a
requirement for packing and stability in the crystal structure.

Insecticidal proteins are usually produced in protoxin form and processed, often by
trypsin-like enzymes, in the target insect gut [34,35]. N-terminal sequencing by Edman
degradation shows the first 5 amino acid residues of trypsin-activated Tpp80Aal are
XMTEFX (where X is an amino acid that could not be assigned). Combined with LCMS
analysis, which showed the molecular weight of activated Tpp80Aal to be 41,115.5 Da
(Figure S1), this indicates that proteolytic activation removes the first three residues and the
last eleven amino acids of Tpp80Aal. In the Tpp1/Tpp2 heterodimer, the large 53-residue
Tpp2 pro-region is hypothesised to maintain the heterodimer until receptor binding, where
the slow release of the large pro-region signals pore formation [32]. Although the Tpp80Aal
pro-region fragments are not visible in the electron density map, the pro-regions are
located near crystal contact interfaces, and could play a role in stability prior to dissolution
(Figure S3B-D).

2.5. Tpp80Aal Has Structural Similarity with Other Tpp Proteins and Ricin B-like Lectin
Domain-Containing Proteins

Tpp80Aal structurally related proteins were identified by using the DALI server to
search the Protein Data Bank (Figure 3, Table S3). The strongest matches were other Tpp
insecticidal proteins: L. sphaericus Tpp2Aa2 (PDB 5FOY-B) and B. thuringiensis Tpp35Ab2
(PDB 4JP0-A). The related Tpp structures all share the N-terminal 3-trefoil and C-terminal
Toxin_10 family PFD (Figure 3A), and, within the PFD, a putative membrane insertion
-hairpin tucked under a loop. Multiple sequence alignment of the 3-hairpin from all
published Tpp structures indicated a conserved aspartic acid residue (Figure 3B), which
forms polar contacts with the backbone of a residue in the overlying loop, and frequently
with the sidechain of a semi-conserved serine/threonine residue preceding it in the loop
(Figures 3B and S4).

In addition to the structural homology with other Tpp proteins, Tpp80Aal shows
strong regional matches with the mosquitocidal holotoxin (Mtx1Aal, PDB 2VSE-A), which
belongs to a distinct structural class of toxin but contains 4 ricin-lectin repeats; an exo-beta-
1,3-galactanase (Ct1,3Gal43A; PDB 3VSF-F) from the thermophilic bacterium Clostridium
thermocellum; and agglutinins from both the fungi Marasmius oreades (MOA; PDB 5D63-A),
and Rhizoctonia solani (PDB 4G9N). These homology matches are based on the structural sim-
ilarity of the N-terminal ricin_B lectin-like domain (Figure 3D). Ricin B-lectins are frequently
characterised by galactose binding, and this has been shown for the four lectin-domains
with the greatest structural similarity. Mtx1Aal is a mosquitocidal protein comprising a
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catalytic domain with 4 ricin B-type lectin domains curled around it, containing 12 putative
sugar binding sites [36]. These sites are structurally related to pierisin—a cytotoxin from
Pieris rapae (cabbage white butterfly) that is reported to bind the glycolipids globotriaosylce-
ramide (Gb3) and globotetraosylceramide (Gb4) which have a terminally linked galactose
and N-acetylgalactosamine, respectively [37]. Furthermore, the structurally homologous
proteins noted above—MOA [38], Ct1,3Gal43A protein [39], and R. solani agglutinin [40]—
also display binding affinity towards galactose/GalNAc and galactose/GalNAc containing
polysaccharides. A characteristic, although not completely conserved, sequence feature of
ricin B lectin domains is the presence of a glutamine-any residue-tryptophan motif (QxW)
as internal repeats near the origin of the fourth (3-strand of each subdomain (QxW)3 [41].
The tryptophan consistently forms part of the hydrophobic core [42], whereas the glutamine
is hypothesised to be a putative carbohydrate binding residue [43]. Tpp80Aal does not
have any fully conserved QxW motifs but does have conserved hydrophobic residues
(either phenylalanine or tryptophan) in the "W’ position (Figure 3C and Figure S5). There
is also a conserved aspartic acid in the second B-strand, and a ‘QQY’ repeat in the third
-strand of each domain, which have been proposed as putative carbohydrate binding
sites in related structures (Figures 3C and S5).

2.6. Tpp80Aal Binds Galactose-Containing Glycolipids and Lipids from Target Species

Given the presence of the ricin_B lectin domain, we investigated the ability of trypsin-
activated Tpp80Aal to bind carbohydrate residues. Based on the structural similarity
between the N-terminus of Tpp80Aal and other galactose-binding lectins, we utilised
glycolipids as a tool to investigate the ability of Tpp80Aal to bind galactose. Lipid binding
blots (Figure 4A) show Tpp80Aal can bind mixed ganglioside extracts (which contain GM1,
GD1a, GD1b, GT1b), purified GM1, and purified GM3, but does not interact with gluco-
sylceramide, C20 ceramide, sphingomyelin, phosphatidylcholine, cholesterol, ceramide
phosphoethanolamine, or lysosphingomyelin. This indicates specific binding activity of
Tpp80Aal to glycolipid structures with terminal (3-D-galactose residues (GM1, GM3, GD1a,
GD1b, GT1b) and no interaction with a terminal glucose (GlcCer) or the lipid moieties. In
the case of GM3 binding, this also indicates that Tpp80Aal can bind a terminal galactose
residue conjugated to a sialic acid residue. Indeed, Tpp80Aal can strongly bind the sugar
headgroup of GM1 after it had been cleaved from the lipid fraction (Figure 4B) and adding
galactose as a competitive inhibitor substantially reduced GM1 binding (Figure 4C). Col-
lectively these experiments indicate the observed binding is via an interaction with the
glycolipid headgroup.

To see if trypsin-activated Tpp80Aal was interacting with mosquito-derived lipids,
we isolated lipids from the guts of Culex and Aedes mosquitoes into two chemical phases—
the upper of which is hydrophilic and attracts glycolipids with more polar carbohydrate
structures and the hydrophobic lower fraction which contains non-polar lipids which tend
to have less complexity or no sugar structure [44,45]. We observed binding to both phases
(Figure 4D), indicating Tpp80Aal can interact with mosquito-derived lipids. Binding
to the upper phase suggests binding to polar glycolipids, presumably in part through
galactose binding. Further work is required to validate if glycolipid interaction occurs
in vivo: it is equally possible that Tpp80Aal is also capable of interacting with a galactose-
containing glycoprotein.

2.7. Galactose Competition Reduces Tpp80Aal Toxicity in Mosquito Cell Lines

To investigate the biological relevance of galactose interaction, we performed sugar in-
hibition assays using the MRA-918 cell line from target species C. quinquefasciatus (Figure 4E).
Addition of trypsin-activated Tpp80Aal rendered cells 28% viable compared to untreated
controls, yet addition of Tpp80Aal alongside galactose or N-acetyl-galactosamine has a
protective effect and resulted cells being 66% and 54% viable, respectively. Addition of
mannose, fucose and glucose had no protective effect (Figure 4E). The addition of sugars
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alone had no effect on cell viability (Figure S6). These results show addition of external
galactose or GalNAc significantly decreases Tpp80Aal cytotoxicity.

A structural alignment of the Tpp80Aal N-terminal lectin domain with the recently
identified galactose-interacting Tpp78Aal (PDB: 7Y78) shows the trefoil domain adopts
a highly similar conformation (RMSD 0.927 A, Figure 4F), as was noted previously with
an alignment between Tpp78Aal and ricin B [15]. Tpp78Aal has four conserved residues
(D86, Y100, N107, and Q108) with ricin B (PDB: 3VT1) that are attributed to binding and
recognition of galactose (D416, Y431, N438, and Q439). In Tpp80Aal we see a similar
conservation (D73, Y88, 596, and E97) where the sidechains superimpose with those present
in Tpp78Aal, and we propose this as the putative galactose binding site of Tpp80Aal
(Figure 4F). These conserved residues are present in each of the 3 subdomains within the
[-trefoil of Tpp80Aal (Figure 3C), indicating multiple putative sugar binding sites.
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Figure 4. Tpp80Aal interacts with glycolipid moieties containing a terminal galactose residue.
(A) Dot blots probed with biotinylated activated Tpp80Aal (20 ug/mL) show binding to porcine
and bovine mixed gangliosides (P/B Ganglio), and ganglioside GM1 and GM3. No binding is ob-
served to cholesterol (Chol), glucosylceramide (GlcCer), sphinganine (d18:0 Sph), C20 ceramide, or
sphingomyelin (SM), and solvent only (C:M 2:1 or EtOH). (B) Tpp80Aal can bind the isolated sugar
headgroup (HG) of GM1—CGase was utilised to cleave the sugar headgroup off GM1 as depicted in
GM1 glycan (created using DrawGlycan 2.0 using standard sugar symbols). (C) Addition of galactose
(100 mM) to the binding assay significantly reduces Tpp80Aal binding to GM1. (D) Tpp80Aal binds
upper and lower phase lipid(s) isolated from C. quinquefasciatus and Ae. aegypti larvae. (E) Competi-
tion assay investigating the protective effects of sugars (15 mM) in the C. quinquefasciatus MRA-918
cell line. Galactose (Gal) and N-acetylgalactosamine (GalNAc) addition alongside Tpp80 reduces
Tpp80 induced cytotoxicity (green bars). Mannose (Man), fucose (Fuc) and glucose (Glc) do not affect
Tpp80-induced toxicity (grey bars). Statistical analysis was performed using GraphPad Prism (ver
8.2.0), using one-way ANOVAs comparing each group to the Tpp80 treated * p < 0.05, *** p < 0.01
(F) Alignment generated in PyMOL of Tpp80Aal (cyan) with Tpp78Aal (dark blue) with putative
carbohydrate binding sites shown (Tpp78 = orange, Tpp80 = pink).
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3. Discussion

Tpp80Aal is an interesting novel candidate for mosquito control, having recently
been shown to cause mortality in Culex pipiens pallens larvae [3], and its demonstrated
target range has been expanded in this work to include C. quinquefasciatus, Ae. aegypti, and
An. gambiae. Tpp80Aal may also be an option for circumventing resistance (such as in
Tpp1/Tpp2 resistant Culex) or combining with other mosquitocidal proteins to lower the
chance of resistance development. Compared to the other Tpp family members, Tpp80Aal
is the only one capable of exerting mosquitocidal activity alone, although, in contrast
to the other mosquitocidal Tpp binary toxins (Tppl/Tpp2, Tpp49/Cry48) the potency
appears to be lower, with approximately a 1000-fold higher concentration required for
activity—although the variable nature of bioassays make this difficult to compare directly.
Conceivably, the binary nature of these proteins facilitates a higher potency, with other Tpp
proteins reported to act alone against insect targets also showing a lower potency: Tpp36
against western corn rootworm (147.3 ug/well) [46]; Tpp78Aal and Tpp78Bal against
their rice planthopper targets (between approximately 6 and 16 ug/mL) [47,48]. Here, we
demonstrate Tpp80Aal is localised and internalised in the same regions of the mosquito
larval midgut epithelium as the Tppl/Tpp2 complex [7]. Coadministration of Cyt1A
protein has been observed previously to facilitate Tpp1 internalisation in resistant mosquito
populations where Tpp2 no longer binds to the Cqm1 receptor [49]. The ability of CytlA to
act as a surrogate receptor for Tpp80Aal in the same manner remains to be investigated.

The fact that Tpp80Aal acts alone makes it particularly appealing for manipulation
to understand the mechanisms underlying insecticidal activity, and for engineering mu-
tants to increase/alter toxicity—for which our resolved structure of Tpp80Aal provides a
template. Tpp80Aal consists of a ricin B-type N-terminal trefoil domain and a C-terminal
putative pore forming domain. Lectin domains are commonplace in domain 1 of Tpp
proteins, and domain 3 of Cry toxins, suggesting a wider role for carbohydrate binding
in pesticidal activity. This is indeed the case with some pesticidal proteins, as illustrated
by glycosphingolipid receptors mediating Cry5B and Cry14A toxicity in nematodes [45],
and N-acetylgalactosamine (GalNAc) forming a component of the CrylAc receptor(s) in
some lepidopteran species [50,51]. In terms of the Tpp family, Tpp78 has recently been
identified to interact with galactose, GalNAc, and lactose, and several sugars—including
chitobiose, chitotriose, N-acetylmuramic acid and N-acetylneuraminic acid—can reduce
Tppl/Tpp2 activity in Culex cells [35], with arabinose and fucose also shown to reduce
Tpp1 toxicity towards Culex larvae [52]. Within the Tpp80Aal (-trefoil, we recognise
three putative carbohydrate binding domains—one in each of the «, f & y subdomains,
indicating the potential to interact with several-sugar molecules simultaneously. Further
investigation will be required to confirm if these putative sites are facilitating the Tpp80Aal
galactose interaction, and whether other carbohydrates—such as GaINAc—can also interact
with Tpp80Aal.

Lipids are known to play crucial roles in the mode of action of most protein toxins
through promoting binding, endocytosis, and/or cytoplasmic translocation [53]. Examples
include cholera toxin binding to GM1 [54], anthrax toxin to lipid microdomains [55], Shiga
toxin to Gb3 [56], and lysenin binding to sphingomyelin [57]. Initial binding on the cell
surface is hypothesised to initiate toxin oligomerisation—a critical step for facilitating
conformational change, receptor recognition, and pore formation with 3-PFTs. We suggest
Tpp80Aal oligomerisation may occur through an interaction with galactose or GalNAc
present on proteins or lipids at the cell surface. Indeed, addition of galactose/GalNAc
to our cell bioassays has a protective effect on the cells, suggesting Tpp80Aal binding
to free galactose/GalNAc is preventing it from interacting with its putative receptor(s).
We observed binding to lipids isolated from target species, indicating that lipid binding
occurs—although whether this facilitates toxin action is still to be investigated. As terminal
galactose residues are not specific to glycolipids or glycoproteins of the mosquito midgut, it
is highly likely other receptor(s) are present in the mosquito midgut to confer target species/
tissue specificity. However, a change in glycan binding profiles might be an indication of
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resistance development, as is exampled in previous studies investigating Cry5B toxicity in
nematodes [45].

A two-stage binding process is hypothesised for many insecticidal toxins, with an
initial low affinity interaction allowing the flexibility required for reorganisation into an
oligomeric state prior to receptor interaction [58,59]. A well characterised example is the
initial low-affinity interaction of CrylAc to GalNAc followed by secondary high-affinity
binding to a glycoprotein receptor [60,61]. For the Tpp1/Tpp2 binary complex, receptor-
mediated endocytosis appears to be a key component of pore formation, as demonstrated by
the formation of cationic ion channels in—normally nontarget—MDCK cell lines engineered
to express the relevant Cqm1 receptor [17]. Furthermore, the Cqm1 receptor is localised to
lipid microdomains enriched in glycosphingolipids which could be playing an important
role in initial oligomerization. Precisely how the pore-forming domain in Tpp proteins
inserts into the membrane is unknown.

Future experiments to confirm pore forming activity and discover the Tpp80Aal recep-
tor will be key to understanding its mechanism of action. Here, we pinpoint both putative
carbohydrate-binding residues and residues hypothesised to initiate membrane-insertion
and pore formation. This work can facilitate future studies exploring the mechanism
of action, enhancing Tpp80Aal activity, and developing Tpp80Aal for potential use in
the field.

4. Materials and Methods
4.1. Tpp80Aal Expression and Purification

A synthetic clone of the fpp80Aal gene was produced in the pET30a plasmid to ex-
press a Tpp80Aal protein with a short N-terminal extension including a hexa-histidine
tag (by inserting the entire t{pp80Aal reading frame, downstream of the BamHI site in the
vector). This plasmid was introduced into BL21 E. coli cells and cultured in 2x YT medium
containing kanamycin. Once the ODgq reached ~0.6, protein expression was induced with
0.5 mM IPTG for 18 h with shaking at 25 °C (200 rpm). Bacterial cultures were collected
(7000 x g, 4 °C, 15 min) and lysed via two freeze-thaw cycles (—80 °C/37 °C) and sonication
(10 x 10 s, with 20 s intervals, on ice). The lysate was clarified by centrifugation (23,000 g,
4 °C, 30 min) and then filtered through a 0.45 pum filter and proteins were purified using
standard immobilised metal affinity chromatography (Protino Ni-TED, Macherey-Nagel,
Diiren, Germany). Samples were concentrated and imidazole removed via buffer exchang-
ing the sample by 4 rounds of dilution/concentration in a 10 kDa cut-off centrifugal filter
unit (Amicon Ultra-15, MilliporeSigma, Burlington, USA using 50 mM TrisHCI pH 7.4
supplemented with a protease inhibitor cocktail (cOmplete Protease Inhibitor Cocktail,
Roche, Basel, Switzerland). Purified proteins were examined by SDS-PAGE. For ultra-pure
samples, eluted samples were subjected to size-exclusion chromatography (SEC; Figure S1).
Where trypsinised protein was required (all presented dot blots and cell assays), immo-
bilised TPCK treated trypsin resin (20233, Thermo Scientific, Waltham, MA, USA) was
added to the sample and incubated in a shaker at 37 °C for 16 h, followed by centrifugation
to remove the trypsin resin prior to use. Liquid chromatography mass spectrometry (LCMS)
was used to quantify molecular weight, and N-terminal sequencing by Edman degradation
was performed by Alta Bioscience (Birmingham, UK).

4.2. Bioassays (Insects & Cells)

Bioassays were carried out against a range of mosquito larvae (C. quinquefasciatus, Ae.
aegypti, and An. gambiae) and insect cell lines derived from C. quinquefasciatus (MRA-918),
Ae. aegypti (C6/36) and An. gambiae (Ag55). MRA-918 cells were kindly gifted by Dr.
Mario Soberdn (Mexico City, Mexico) and ¢6/36 and Ag55 cells from Dr. Claire Donald
(Glasgow, UK). For insect larvae, 10-15 third-instar larvae were placed in 5 mL of dH,O
and maintained in a humidified room at 24 °C. Mortality was assessed by counting live
larvae at 24 h after the addition of purified toxin, or the equivalent amount of the relevant
buffer (50 mM TrisHCI, pH 7.5). For all larval bioassays, non-trypsinised protein was used.
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The concentration giving 50% mortality (LCsp) was calculated using GraphPad prism for
Mac OS (Ver 8.2.0) plotting log(concentration of toxin) against % survival rate.

Insect cell lines were maintained at 27 °C in Schneider’s Insect Medium supple-
mented with 10% FBS. For cellular bioassays, cells were plated at 10,000/ well of a 96-well
plate in 150 uL of medium until ~70% confluent. Cell viability was investigated using
resazurin, as described previously. Trypsinised Tpp80Aal was used in cellular bioas-
says. For the sugar competition assay, sugars (glucose, galactose, mannose, fucose, N-
acetylgalactosamine) were dissolved into the cell culture medium at a final concentration
of 15 mM, alongside activated Tpp80 and sugar-only controls. GraphPad Prism for Mac OS
(Ver 8.2.0), using one-way ANOVAs followed by Dunnett’s multiple comparisons test was
used to compare individual treatment groups back to the control. Data are presented as
mean =+ standard deviation.

4.3. Tpp80Aal Labelling

Fluorescent labelling of Tpp80Aal (non-activated) for midgut imaging was performed
using the Alexa Fluor™ 488/555 Protein Labelling Kit (A10235, Invitrogen, Waltham, MA,
USA), as per the manufacturer’s instructions. Briefly, Tpp80Aal was diluted to 2 mg/mL
in dPBS in a final volume of 0.5 mL, to this 50 pL of 1 M sodium bicarbonate buffer (pH 8.3)
was added. Tpp80Aal solution was added to the dye-containing vial and stirred at RT
for 1 h. Purification of labelled protein was achieved using the Zeba Dye Spin Columns
provided. Labelled protein (Tpp80Aal-555) was stored at 4 °C protected from light.

4.4. In Vivo Midgut Imaging

Labelled Tpp80Aal-555 protein was added to 1.5 mL water at a final concentration
of 50 pg/mL containing 4 mosquito larvae (third instar). After 45 min, larvae were put in
fresh water (containing no Tpp80Aal-555) and left for a further 30 min before gut dissection
in PBS. To label cell nuclei, extracted guts were added to PBS containing 1 pug/mL Hoechst
33342 and gently rocked at RT for 30 min. Samples were mounted in 1 mm glass capillary
tubes (10490413, Fisher Scientific, Waltham, MA, USA) with 1% low melting point agarose
(16520050, ThermoFisher, Waltham, MA, USA). For imaging, we used a Zeiss Lightsheet
7.1 (Oberkochen, Germany) with a 405 nm (20 mW) and 561 nm laser (20 mW) with either
a10x /0.5 W Plan Apo or a 20x /1.0 Plan Apo (water immersion) objective.

4.5. Crystallisation

For crystallisation trials, Tpp80Aal was concentrated to 8 mg/mL in 50 mM TrisHCI
pH 8.0. Crystallisation screening was performed in 96-well plates (3 Lens Crystallisation
plate, SWISSCI, Zug, Switzerland) using a commercially available crystal screen, PACT
Premier HT-96 screen (MD1-36, Molecular Dimensions, Rotherham, UK). Plates were set
up using a Mosquito Crystallisation robot (SPT Labteck, Melbourn, UK), with 200 nL
Tpp80Aal added to 200 nL screen solution. Very small crystals grew in several wells, the
most promising single crystals appeared in F11 condition (0.2 M sodium citrate, 0.1M Bis
Tris propane, 20% w/v PEG 3350, pH 6.5) and were used for seeding preparation. For
making seed stock, 20 pL of F11 reservoir buffer was added to crystal drops, crystals were
then crushed with a glass crystal crusher and transferred to an Eppendorf containing a
PTFE seed bead for brief centrifugation. Crystal seeds were diluted 1:10 with well solution
and added to the same 96-well screen (200 nL seed dilution, 200 nL protein, 200 nL buffer).
Seeding produced multiple hits, which were harvested 2-weeks post seeding and flash-
frozen in liquid nitrogen. H11 condition (0.2 M sodium citrate, 0.1 M Bis Tris propane, 20%
w/v PEG3350, pH 8.5) produced the 1.8 A Tpp80Aal dataset.

4.6. Data Collection and Structure Determination

Data were collected at Diamond Light Source (Harwell, UK) at beamline 103. Images
were processed with the DIALS package and amplitudes estimated with TRUNCATE,
in the CCP4 package [62]. The structure of Tpp80Aal was determined using molecular
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replacement in PHASER using the CCP4i2 software (ver 7.1.012). The starting search model
was a synthetic construct, ThreeFoil (PDB entry 3PG0), and the C-terminus (aa 159-366) of
Tpp1 (formerly BinA, PDB entry 5FOY). This was followed by successful model building
of a partial model with Buccaneer. The resulting model and maps were inspected manually
via Coot [63], followed by iterative rounds of real-space refinement and model building
cycles using Coot and REFMACS [64], respectively. Data collection and processing statistics,
and refinement statistics are summarised in Table S1.

4.7. Structural Analysis

Comparing Tpp80Aal structural similarity to other proteins in the Protein Data Bank
was performed using the DALI server and a heuristic PDB search [65]. Interface analysis
was performed using the PDBe PISA web server [66].

4.8. Lipid Extractions

Lipids were purified from larvae into two chemical phases using Svennerholm parti-
tioning. Larvae were starved for 24 h prior to lipid extraction. Second/third instar larvae
(0.5 g total mass) were rinsed three times in dH,O, then flash frozen in liquid nitrogen
and thawed at RT three times. Pellets were sonicated and lipid extraction was performed
at 37 °C for 2 h with agitation in a mixture of chloroform, methanol, and water with a
final ratio of 4:8:3. Samples were centrifuged at 1400x g for 5 min to split into upper
(hydrophilic, attracts more polar lipids) and lower (hydrophobic, attracts generally simpler
nonpolar lipids) phases. Silica-based hydrophobic cartridges (WAT036810, Sep-Pak tC18,
Wilmslow, UK) were used to purify and concentrate upper phase glycolipids. All samples
were dried under N; at 40 °C and resuspended in 50 pL methanol (upper phase) and 200 uL
1:1 chloroform to methanol (lower phase) for use in dot blots. Thin layer chromatography
was used to check successful lipid extraction (not shown).

4.9. Lipid Dot Blots

All dot blots were performed using a PVDF 0.2 pm pore membrane (ISEQ00010
Immobilon®-PSQ PVDF, Millipore, Burlington, MA, USA). Lipid standards were added to
the blot at a concentration of 2 ug in a volume no larger than 4 pL, or for larvae-extracted
lipids, 2 uL of the final suspension. Blots were left to dry and then blocked with tris
buffered saline (TBS) containing 5% BSA for 1 h at room temperature (RT). Trypsin-activated
Tpp80Aal was added at 20 pug/mL in TBS containing 1% BSA (TBS-1%) and left agitating
overnight at 4 °C. Blots were washed in TBS-1% for 10 min at RT, and then probed with an
anti-polyHistidine-Peroxidase antibody (A7058, Sigma-Aldrich, St. Louis, MO, USA) for
1 h at RT with agitation. Blots were washed in TBS-1% and visualised using a LI-COR C-
Digit chemiluminescence Western blot scanner and a WESTAR ECL-Sun HRP detection kit,
(K1-0052, geneflow, Lichfield, UK). For activated toxin, the same process was used but with
biotinylated Tpp80Aal and an ABC-HRP kit (PK-6100, vector laboratories, Burlingame,
CA, USA). The lipids used in this manuscript were; porcine brain total ganglioside extract
(860053P Avanti® Polar Lipids, 2 mg/mL in chloroform:ethanol 2:1), ganglioside GM3
(GMS3, 860058P Avanti® Polar Lipids, 2 mg/mL in ethanol), glucosylceramide (GlcCer,
131304P Avanti® Polar Lipids, 2 mg/mL in ethanol), ganglioside GM1 (GM1, 860065P
Avanti® Polar Lipids, 2 mg/mL in ethanol), mixed bovine gangliosides (1065 Matreya LLC,
10 mg/mL in chloroform:ethanol 2:1), C20 ceramide (860520P Avanti® Polar Lipids, 10 mg/
mL in ethanol), sphingomyelin (860062 Avanti® Polar Lipids, 10 mg/mL in chloroform),
cholesterol (700000P Avanti® Polar Lipids, 2 mg/mL in ethanol), and, sphinganine d18:0
(860498P Avanti® Polar Lipids, 2 mg/mL in ethanol). For the galactose competition assay,
GM1 was added to the blot as described above, and 100 mM galactose was added into the
Tpp80Aal-containing TBS solution. Ceramide glycanase (LZ-CER-HM-KIT, LudgerZyme,
Oxfordshire, UK) was used to remove the sugar headgroup from GM1, as per instructions
from the supplier. Briefly, 10 puL of enzyme was added per 2 nmol of GM1 alongside
10 pL of reaction buffer and 16 uL of dH,O, and the resulting solution was incubated at
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37 °C for 24 h. To purify the glycan from the mixture, LudgerClean S cartridges (LC-S-A6,
LudgerZyme, Oxfordshire, UK) were used as per the supplier’s instructions. Eluted glycans
were dried and resuspended in 50 uL ethanol prior to dot blot assay.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/toxins14120863/s1, Figure S1: Tpp80Aal expression, crystallisation,
and N-terminal sequencing; Figure S2: Electron density map and model of the Tpp80Aal structure;
Figure S3: Superposition and interfaces of the Tpp80Aal monomers; Figure S4: Conserved putative
insertion loop contacts in Tpp family members; Figure S5: Multiple sequence alignment of QxW
motifs in Tpp80Aal and structurally similar lectin domains; Figure S6. Sugar addition had no
effect on MRA-918 cell viability. Galactose (Gal), N-acetylgalactose (GalNAc), mannose (Man),
fucose (Fuc) or glucose (Glu) were added to C. quinquefasciatus derived cells (MRA-918) at a final
concentration of 15 mM. Twenty-four hours post addition, no significant impact was observed on cell
viability, as quantified by resazurin assay (p > 0.05, one-way ANOVA compared to control); Table S1:
Data collection and refinement statistics for Tpp80Aal; Table S2: Interfaces in the Tpp80Aal crystal
structure, as calculated by PDBePISA; Table S3: Top 20 proteins with structural similarity to Tpp80Aal,
as identified by the DALI server. References [67-77] are cited in the supplementary materials.
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Abstract: The crystal protein Cry5B, a pore-forming protein produced by the soil bacterium Bacillus
thuringiensis, has been demonstrated to have excellent anthelmintic activity. While a previous
structure of the three-domain core region of Cry5B(112-698) had been reported, this structure lacked
a key N-terminal extension critical to function. Here we report the structure of Cry5B(27-698)
containing this N-terminal extension. This new structure adopts a distinct quaternary structure
compared to the previous Cry5B(112-698) structure, and also exhibits a change in the conformation
of residues 112-140 involved in linking the N-terminal extension to the three-domain core by forming
arandom coil and an extended o-helix. A role for the N-terminal extension is suggested based on a
computational model of the tetramer with the conformation of residues 112-140 in its alternate x-helix
conformation. Finally, based on the Cry5B(27-698) structure, site-directed mutagenesis studies were
performed on Tyr495, which revealed that having an aromatic group or bulky group at this residue
495 is important for Cry5B toxicity.

Keywords: Cry5B; crystal structure; nematicidal activity; oligomerization
Key Contribution: This structure provides insight into the structure of the N-terminal extension of

Cry5B that is required for function. Site-directed mutagenesis and C. elegans toxicity assays are used
to show that Tyr495 is important for the toxicity of Cry5B.

1. Introduction

Crystal (Cry) proteins produced during sporulation by the spore-forming soil bac-
terium Bacillus thuringiensis (Bt) are best known for their ability to serve as natural insecti-
cides. The specificity of Cry proteins to insects, and the absence of their toxicity towards
mammals and other vertebrates have contributed to the incorporation of their genes into
various transgenic crops for protection against insect infestations [1-3]. In recent years,
a select group of Cry proteins has been identified and shown to be toxic to nematodes.
One of the most extensively characterized of these is Cry5B, which has been demonstrated
to be highly active in vitro and in vivo against multiple nematodes including free-living
and parasitic species [4]. Plant-parasitic nematodes, such as root-knot nematodes, cyst
nematodes and lesion nematodes, annually cause a hundred billion US dollars in damage
to crops worldwide, and thus there is interest in combining the use of Cry5B together
with other insecticidal Cry proteins in order to protect the agricultural crop production to
provide broader protection against crop pests.

Parasitic nematode infections also occur in humans and animals, and thus there has
been interest in exploring their use as a therapy to treat intestinal nematode infections
with some promising results having been obtained in early in vivo studies [5-8]. Oral
administration of purified Cry5B crystals to Ancylostoma ceylanicum-infected hamsters
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elicited a comparable effect to the standard anthelminthic drug mebendazole [5], while
Bt lysate with cytosolic Cry5B treatment of pigs infected with Ascaris suum showed 97%
elimination of L4 larvae [6]. These findings support the use of Cry5B as a potential drug for
treating livestock and human nematode infections.

The nematicidal activity of Cry5B has been proposed to follow a sequence of events
similar to those of the insecticidal Cry toxins binding to a host receptor, followed by
membrane insertion that causes intestinal damage and ultimately the death of the host [9].
Previous investigations on the toxicity of Cry5B against Caenorhabditis elegans have shown
that Cry5B binds to a glycolipid comprised of an invertebrate-specific tetrasaccharide
core N-acetylgalactosamine (GalNAc) 31-4 N-acetylglucosamine (GlcNAc) 31-3 mannose
(Man) p1-4 glucose (Glc) attached to the lipids on the surface of C. elegans’ intestinal
epithelial cells [10,11]. How the binding affects the Cry5B conformation and/or triggers
the oligomerization is currently unclear.

A structure of an elastase-treated Cry5B encompassing residues 112-698 has been
reported [11]. The structure revealed that Cry5B(112-698) possesses a three-domain core
similar to that found in the structures of other Cry proteins (e.g., CrylAc, Cry3Aa, Cry4Ba).
In these structures, domain I consists of a helix bundle, domain II adopts a 3-prism motif,
and domain III has a $-sandwich motif. Notably, the fold of domain IT in Cry5B exhibits
similarity to banana lectin (BanLec), a mannose-specific jacalin-related lectin whose two
separate glycan-binding sites are located in the loop regions on the top of the 3-prism [12].
The glycan-binding sites in BanLec are made up of loops with a GG or GXXXD motif, while
in Cry5B domain II they are conserved as GG and GXXXE, respectively.

Given that proper proteolytic activation is required to convert Cry protoxin to its toxic
counterpart, and the fact that previous studies found that while C-terminal truncation of
Cry5B at residue 698 does not affect its toxicity to C. elegans, truncation of the N-terminus
before nucleotide 63 (residue 21) weakens the toxicity dramatically [13], a key question
with respect to the Cry5B(112-698) protein was whether this elastase-treated Cry5B con-
struct retained its toxicity to C. elegans. We subsequently confirmed that Cry5B(1-698)
was active as reported [13] and exhibited similar nematicidal activity as Cry5B(1-772),
while Cry5B(112-698) was inactive (Figure S1). The significance of these findings was the
implication that the N-terminus of Cry5B contains a feature critical to function. We thus
sought to determine the structure of Cry5B containing its N-terminal region and herein
report such a structure of Cry5B(27-698). In addition to the N-terminal extension, the
newly determined crystal structure reveals a network of inter-residue hydrogen bonding
mediated by Tyr495; we thus evaluated the functional significance of Tyr495 by site-directed
mutagenesis and showed that mutation of Tyr495 can significantly impact the toxicity of
Cry5B against C. elegans.

2. Results
2.1. Structure of Cry5B(27-698) with Its Functionally Required N-Terminal Extension

Recombinant Cry5B(1-772) with an N-terminal His-tag was overexpressed in E. coli
and the soluble protein was purified by Ni-affinity and gel-filtration chromatography
(Figure S2). Screening of crystallization conditions led to the identification of protein
crystals that diffracted to 4.5 A resolution. The structure was determined by molecular
replacement using the Cry5B(112-698) (PDB ID: 4D8M) structure as the initial model and
found to contain two molecules in the asymmetric unit (Table 1).

The dominant feature of the new Cry5B(27-698) structure is the three-domain core
(residues 141-698) observed in the previous elastase-treated Cry5B(112-698) structure. A
new region does not present in previously determined Cry5B structures; however, it is
an N-terminal extension attached to the three-domain core consisting of five short helices
buttressed against a pocket formed by domains I and II. While an initial trace could be
generated, the assignment of residues based on the electron density map was hindered by
the low resolution. Thus to assist in the residue assignments of this N-terminal extension,
the amino acid sequence of residues 1-134 was submitted to Robetta [14] to generate a
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predicted model. Notably, the resulting Robetta model fitted the polyalanine model built
based on the electron density quite well for at least the first four helices. Using this Robetta
model to guide the side chain assignments, a final model was obtained spanning residues
27-698 (Figure 1A). N-terminal additional helices were assigned as «1(29-39), x2(50-61),
«3(71-78), x4(91-97) and «5(115-122). Residues 1-24 were predicted by Robetta to be
flexible loops with two very short helices, and thus we presume residues 1-26, which
could not be modeled, are disordered. No density for amino acids beyond residue 698
was observed, suggesting either their disorder or cleavage during crystallization. The
presence of aromatic amino acids (Phe, Trp and Tyr) with strong electron density, and
the location of Pro and Gly residues at the turns were also used to guide the sequence
alignment and side chains were fitted to the electron density map to the best extent possible.
The positions of residues 141-698 were based on the existing Cry5B(112-698) structure
used for molecular replacement.

Table 1. Data Collection and Refinement Statistic.

Cry5B(27-698)

Data collection

Wavelength (A) 0.99984
Space group P4212
Cell dimensions: 4, b, ¢ (A) 114.4114.4 263.4
B,y () 90.0 90.0 90.0

Resolution (A) 20 (4.5)
Rumerge 0.274 (0.559)
/0l 22(1.3)
Completeness (%) 99.7 (100)
Redundancy 53(54)
Refinement
No. reflections 10,836
Ruwork/ Reree 23.76/28.85
No. atoms: Protein 10,254

Ligand/ion 0

Water 0
B-factors(A2): Protein 107.08
R.m.s. deviations: Bond lengths A) 0.002

Bond angles (°) 0.54

Range of residues 27-83,88-107, 113-165, 173-214, 224-698

Outer shell statistics are in parentheses.

In addition to the presence of the N-terminal extension, another significant differ-
ence between our Cry5B(27-698) and the elastase-treated Cry5B(112-698) structures is in
the orientation and secondary structure conformations of residues 112-140. In the previ-
ous Cry5B(112-698) structure, these residues form part of an extended x-helix (residues
112-162) that helps to tighten the homotrimer (Figure 1D,E). However, in our new structure,
residues 113-127 form an o-helix that lies adjacent to the short helices of the N-terminal
extension, while residues 128-140 unwind to adopt a random coil (Figure 1A). Presumably
this unwinding is needed to accommodate the N-terminal extension and remain connected
to the three-domain core.

Arguably the biggest difference in the two Cry5B structures, however, is the oligomer-
ization state of the protein. While the elastase-treated Cry5B(112-698) structure forms
a trimer with no apparent channel (Figure 1E,F), which is similar to that observed for
Cry4Ba [15-17], our Cry5B(27-698) structure appears to form a weakly associated tetramer
with a wide opening that narrows into a 10 A pore (Figure 1B,C). Considering the interac-
tion of Cry5B with cadherin sequences has been shown to lead to a tetrameric species [18],
we also verified that Cry5B(1-772) can oligomerize when co-expressing with cadherin
repeats 7 and 8 (CD7/8) from nematode-specific cadherin CDH-8 (Figure 2). It is possible
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that the cadherin peptides can strengthen the interaction between Cry5B subunits and
stabilize a tetramer similar to that observed in the structure.

Figure 1. Structures of Cry5B(27-698) and Cry5B(112-698). Structure of (A) single subunit and
tetramer in (B) side view and (C) top view of Cry5B(27-698). N-terminal functional extension
(residues 27-107) in red, residues 112-140 in blue and the three-domain core (residues 141-698)
colored in yellow. Structure of (D) single subunit and trimer in (E) side view and (F) bottom view
of Cry5B(112-698) (PDB ID: 4D8M). Residues 112-140 in cyan and the three-domain core (residues
141-698) colored in orange. The black boxes in (B,E) showing the interaction between neighboring
subunits. Hydrogen bond shown as black dashed lines.
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Figure 2. CDH-8 CR7/8 can trigger the in vitro oligomerization of Cry5B(1-772). The blue and red
arrows indicate the Cry5B(1-772) monomer and oligomer in native condition, respectively.

2.2. CrybB (27-698) Is an Active Toxin

As mentioned above, the previous structure of Cry5B(112-698) was of an inactive
form of the toxin. Based on the structure, the shortest N-terminal truncation of the protein
forming the crystal used for the Cry5B(27-698) would be at residue 26, though addi-
tional residues could be present but not observed due to disorder. To determine whether
Cry5B(27-698) represents an active form, E. coli expressing Cry5B with different truncations,
Cry5B(1-698), Cry5B(12-698), Cry5B(21-698), Cry5B(27-698) and Cry5B(112-698), were
fed C. elegans to see which were toxic (Figures 3 and S3A). These results confirmed that
Cry5B(112-698) is non-toxic, while N-terminal truncations before residue 21 showed no
effect. Importantly, while the Cry5B(27-698) construct showed a statistically significant
reduction in the toxicity compared to constructs with the shorter N-terminal truncation, it
still remained highly active and showed much higher toxicity than Cry5B(112-698). These
data indicate that the Cry5B(27-698) structure represents an active form of the toxin.

2.3. Identification of Tyr495 as a Residue with a Key Role in the Nematicidal Activity of Cry5B

In the course of analyzing the putative tetramer of our Cry5B structure, we noticed
that Tyr495 formed a hydrogen bond to a neighboring Leu carbonyl, which together with
the 4-fold symmetry, formed a ring of hydrogen bonds at the apex of the tetramer (Figure 4).
We thus decided to evaluate whether this residue and the relevant inter-residue interac-
tions were important. Tyr495 was therefore substituted with Ala and the toxicity of the
corresponding protein was investigated (Figures 5 and S3B). It was found that a mutation
of Tyr495 to Ala in the Cry5B(1-772) construct resulted in the loss of nematicidal activity,
demonstrating the importance of this residue. Previous studies of Cry1Ab identified a
Phe residue involved in membrane insertion, which lost activity when mutated to Ala
but retained activity when mutated to other aromatic residues [19,20]. We thus prepared
Phe and Trp mutants of Tyr495 and found that these mutations resulted in retention in
activity as well (Figure 5). Replacing Tyr495 with an Arg appeared to retain some activity,
though there was a statistically significant decrease compared to the wild type (Figure 5).
Collectively, these data suggested that the hydrogen bond in this region was not critical for
activity, and instead that having an amino acid with an aromatic or possibly bulky group at
residue 495 is important for function.
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Figure 3. Toxicity test of Cry5B N-terminal truncations against C. elegans. (A) Relative length of
worms indicated the toxicity of Cry5B constructs. (B) Each panel shows a typical C. elegans grown
on E. coli BL21 expressing different constructs after three days. Scale bar represents 1 mm. Worms
grown on empty vector and Cry5B(112-698) are obviously large and healthy, while those grown on
Cry5B(1-698), Cry5B(12-698), Cry5B(21-698) and Cry5B(27-698) are much smaller, indicating intoxica-
tion. Two-way ANOVA, N = 15-25, **** p <0.0001, ** p < 0.001, ** p < 0.01, * p < 0.05; ns, not significant.

Figure 4. A ring of hydrogen bonds at the apex of the tetramer Cry5B(27-698). Four subunits colored
as in Figure 1B. Hydrogen bonds shown as black dashed lines.
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Figure 5. Toxicity test of Cry5B(1-772) Y495 mutants against C. elegans. (A) Relative length of worms
indicated the toxicity of Cry5B constructs. (B) Each panel shows a typical C. elegans grown on E. coli
BL21 expressing different constructs after three days. Scale bar represents 1 mm. Worms grown
on empty vector and Cry5B(1-772) Y495A are obviously larger, while those grown on wild-type
Cry5B(1-772), Cry5B(1-772) Y495F, Cry5B(1-772) Y495W and Cry5B(1-772) Y495R are much smaller.
Two-way ANOVA, N = 10, *** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05; ns, not significant.

3. Discussion
3.1. Computational Model for the N-Terminal Extension in Cry5B Tetramer

As mentioned previously, one surprising difference in our Cry5B(27-698) structure
and the previous elastase-treated Cry5B(112-698) structure is the location and conformation
of residues 112-140 (Figure 1A,D). In the Cry5B(112-698) structure, this region forms an
extended helix (residues 112-162) belonging to the five-helix bundle. In our Cry5B(27-698)
structure, however, it appears to be partially unwound, connecting the N-terminal extension
(residues 27-107), which was not present in Cry5B(112-698), to domain I of the three-
domain core.

Given that forming the extended «-helix(112-140) observed in the Cry5B(112-698)
should be enthalpically favorable, we decided to produce a computational model of the
tetrameric structure of Cry5B(27-698) with an extended helix (residues 112-162) to see
where the N-terminal extension (residue 27-107) would be located. The model shown in
Figure 6 reveals that in the tetramer, the rearranged N-terminal region would be positioned
near (~7 A) the proposed glycan-binding motif in domain I [11] of a neighboring subunit.
Given that the N-terminal extension is important for eliciting the nematicidal activity of
Cry5B, we wondered whether the possible rearrangement could provide a mechanism for
the N-terminal extension to impact glycan binding, and decided to test this hypothesis by
further mutagenesis and functional analyses.
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Proposed
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Figure 6. Computational model of the Cry5B(27-698) with extended helix. (A) Proposed reorientation
of N-terminal region. (B) Modeled Cry5B(27-698) tetramer structure when N-terminal region rear-
ranged to form an extended helix (residues 112-162). Colored as in Figure 1A. Black boxes showing
the close distance (~7 A) between the proposed glycan-binding motif (GG and GPIEE shown as grey
spheres) and the possible position of N-terminal region (red).

3.2. Cry5B N-Terminal Region (Residues 27-111) Contributes to Binding with Galactose

Considering the galactose-dependent binding mechanism between Cry5B and gly-
colipid in C. elegans, and the fact that galactose can inhibit their binding [10], the binding
affinity between the Cry5B constructs (residues 27-698 and 112-698) with galactose was
determined by microscale thermophoresis (MST). The data show that the dissociation
constant (Kd) between Cry5B(27-698) and galactose was 1.64 & 1.04 uM, while that for
Cry5B(112-698) was 21.5 & 10.3 uM, suggesting a 10-fold weaker binding (Figure S4).
These data support the notion that the N-terminal region (residues 27-111) of Cry5B is
likely involved in its binding with the glycolipid receptor with one possibility being the
rearrangement of the N-terminal extension predicted by the computational model. Further
insights could be obtained from the complex structure of Cry5B(27-698) and galactose.

3.3. Comparison of the Cry5B(27-698) with Other Three-Domain Cry Proteins

The toxicity studies of different N-terminal truncations of Cry5B (Figure 3) showed
that N-terminal truncations before residue 21 had no impact on its toxicity, and that
Cry5B(27-698) was still active though less toxic, while Cry5B(112-698), which lacks the
N-terminal extension, showed complete loss of activity, thus highlighting the importance of
the N-terminal extension on the function of Cry5B. Notably, similar N-terminal helical ex-
tensions are present in other Cry proteins. For CrylA proteins, a widely used toxin against
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lepidopteran insects, the presence of these N-terminal regions was also shown to be func-
tionally important. For Cry1Ai, a construct consisting of residues (36-605) (corresponding
to residues 36-606 in CrylAc) was found to be its minimal active fragment. Loss of one N-
or C-terminal residue of this construct abolished its toxicity against P. xylostella larvae [21].
In another Cry1A protein, Cry1Ah(50-639) was toxic, but losing residues 50-108 abrogated
its toxicity against P. xylostella larvae [22]. Significantly, sequence alignment of these CrylA
proteins to the structurally determined CrylAc proteins (Figure S5) shows the presence of
an N-terminal extension whose truncation suggests a similar requirement for activity. Our
findings with the Cry5B(27-698) structure corroborate these previous results and reaffirm
the vital role the N-terminal regions that extend from the Domain I of three-domain Cry
proteins play in the activity of Cry proteins against both insects and nematodes. Notably,
many other structures of Cry proteins have been shown to contain a similar N-terminal
extension (Figure S6), which could be similarly important for their function.

4. Conclusions

In summary, we determined the structure of an active form of Cry5B that contains
an N-terminal extension encompassing residues 27-107 that is absent in the previously
determined Cry5B structures. The Cry5B(27-698) structure allowed us to elucidate the
structural features of this N-terminal extension, and suggests a possible role in eliciting its
toxicity toward nematodes. This structure led to the identification of Tyr495 as a residue
critical for Cry5B nematicidal function. These studies could help to improve the use of
Cry5B as a treatment for gastrointestinal nematode infections and for preventing nematode
damage on crops.

5. Materials and Methods
5.1. Cloning of Cry5B Fragments and Mutants

Cry5B(1-772) gene was amplified from Bt strain YBT-1518 genomic DNA by PCR using
KAPA HiFi polymerase using primers Cry5B 1-EcoRI-F and Cry5B 772-Xhol-R in Table S1.
The PCR products were then ligated into the EcoRI and Xhol sites of the double digested
PET28b vector using Gibson Assembly. Other fragments of Cry5B such as Cry5B(1-698),
Cry5B(12-698), Cry5B(21-698), Cry5B(27-698) and Cry5B(112-698) were cloned using
similar strategy with corresponding primers listed in Table S1.

Using the wild-type pET28b-Cry5B(1-772) plasmid as a template, different mutations
at Tyr495 were introduced using site-directed mutagenesis. Primers for each construct are
listed in Table S1.

5.2. Expression and Purification of Cry5B(1-772)

A pET28b plasmid containing the cry5B(1-772) gene was transformed into E. coli
BL21(DE3) and the recombinant protein was overexpressed in Luria—Bertani (LB) media
supplemented with 50 pg/mL kanamycin and induced with 0.1 mM isopropyl (3-D-1-
thiogalactopyranoside (IPTG) at 20 °C and grown overnight. The harvested cells were lysed
by sonication in buffer A (20 mM Tris pH 8.0, 500 mM NaCl, 0.1% phenylmethylsulfonyl
fluoride (PMSF) and 0.1% benzydamine) and loaded on to a 5 mL Ni-NTA column (GE
Healthcare), which was then washed with buffer containing a 0 to 500 mM imidazole
gradient. The recombinant Cry5B(1-772) protein was eluted at ~150 mM imidazole and
further purified by size-exclusion chromatography (GE Healthcare) with buffer B (20 mM
HEPES pH 8.0, 50 mM NaCl). The fractions were analyzed by SDS-PAGE and checked by
mass spectrometry-based protein identification.

5.3. Crystallization and Data Collection

Cry5B(1-772) was crystallized using the sitting-drop vapor-diffusion method from
plates initially incubated at 18 °C, and then transferred to 32 °C after 2 weeks. Several
crystals were obtained from similar conditions of the Cubic Screen (Hampton) containing
2500 mM NaCl as precipitant. The crystal used for data collection was obtained from
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condition with 2500 mM NaCl, 100 mM sodium cacodylate pH 6.5 and 200 mM Li;SOj.
The diffraction dataset was collected on beamline 13B at the NSRRC in Hsinchu, Taiwan.
Data processing and scaling were performed with iMosflm [23] and SCALA [24] from the
CCP4i suite [25].

5.4. Phase Determination and Refinement

The initial structure was generated using PHASER [26] using the structure of
Cry5B(112-698) (PDB ID: 4D8M) as searching model. The extra N-terminal region be-
yond this model was manually added and adjusted to fit the electron density using the
program Coot [27]. To assist in the side chain identification, the N-terminal sequence
(residues 1-134) was submitted to Robetta [12], which was used to generate a predicted
model. In addition to guiding the side chain assignments, some density at the ends of
helices that we had initially fitted as random coils were recognized as being helical when
Robetta model was used for comparison. Iterative cycles of model building and refinement
with the programs Coot and Phenix [28], respectively, were carried out to improve the
model. The quality of the final model was evaluated using the program MolProbity [29]
and summarized in Table 1. The coordinates and structure factors have been deposited in
the Protein Data Bank (PDB ID: 8HHE).

5.5. Cry5B Toxicity Study on C. elegans
5.5.1. General Preparation

The C. elegans strain Bristol N2 and E. coli OP50 used in this study were a gift from
Professor King-Lau Chow of HKUST. Nematode growth media (NGM) was prepared
according to published protocol [30], and the C. elegans worms were grown on NGM
plates inoculated with 100 uL E. coli OP50 overnight culture. After 3-5 days” growth and
reproduction at 20 °C, the worms were synchronized based on the protocol [30], and the
larvae harvested at the L1-L2 stage were used in toxicity test.

5.5.2. Toxicity Test

E. coli BL21 transformed with pET28b vectors harboring either Cry5B(1-772) or one of
its Y495 mutants or Cry5B(1-698) or one of its N-terminal truncations were induced with
0.1 mM IPTG and grown at 20 °C in 5 mL LB culture. The overnight culture supplemented
with an additional 5 mM IPTG was used to inoculate NGM plates. The plates seeded with
E. coli were incubated at 20 °C overnight before use. For the control group, empty pET28b
vector was used.

Five synchronized L1-L2 larvae were transferred to each NGM plate. The appearance
of worms was monitored for three days. As the toxin inhibits the growth of worms, the
relative length of C. elegans reflects the toxicity of the Cry5B constructs. Photographs
of every worm were taken every 24 h. The length was determined using the software
Image] [31], and data were analyzed using software GraphPad Prism 6.

5.5.3. Microscale Thermophoresis (MST)

Purified His-Cry5B(27-698) and His-Cry5B(112-698) as protein targets were labelled
using Alexa Fluor 647 NHS ester dye according to the instruction. Unreacted dye was
removed with a desalting column (30K MWCO, Bio-Rad). The labelled targets were
adjusted to appropriate concentrations for detection, and the galactose as ligand was
freshly solubilized in the same buffer—aforementioned buffer B (20 mM HEPES pH 8.0,
50 mM NaCl).

For each assay, 16 different serially-diluted concentrations of ligand were firstly pre-
pared, and then mixed with equal volume of labelled protein target at room temperature.
The reaction mixtures were loaded into standard Monolith NT.115 capillaries and measured
using a Monolith NT.115 instrument (NanoTemper Technologies). Instrument parameters
were adjusted to 40% MST power and 2% or 6% excitation power (2% for Cry5B(27-698) and
6% for Cry5B(112-698). The Kd values were calculated using MO.Affinity Analysis v.2.2.4
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software (NanoTemper Technologies) as mean + SEM from at least three independent
experiments with a single site-specific binding model.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxins14120823/s1, Figure S1: Toxicity test of Cry5B(1-698),
Cry5B(1-772) and Cry5B(112-698) against C. elegans. Figure S2: Purified Cry5B(1-772). Figure S3:
Western blot detects His-tag indicating the expression level of His-Cry5B constructs. Figure S4: Bind-
ing curves from MST assays for the binding of Cry5B constructs and galactose. Figure S5: Sequence
alignment of Cry1A proteins. Figure S6: Structures of three-domain Cry proteins possessed with the
extra amino acid beyond five-helix bundle. Table S1: Primers used for making Cry5B constructs.
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Abstract: Chemical products still represent the most common form of controlling crop pests and
diseases. However, their extensive use has led to the selection of resistances. This makes the finding
of new solutions paramount to countering the economic losses that pests and diseases represent in
modern agriculture. Bacillus thuringiensis (Bt) is one of the most reliable alternatives to chemical-based
solutions. In this study, we aimed to further expand the global applicability of Bt strains beyond
their spores and crystals. To this end, we selected a new Bt strain (BST-122) with relevant toxicity
factors and tested its activity against species belonging to different phyla. The spore and crystal
mixture showed toxicity to coleopterans. Additionally, a novel Cry5-like protein proved active against
the two-spotted spider mite. In vivo and plant assays revealed significant control of the parasitic
nematode, Meloidogyne incognita. Surprisingly, our data indicated that the nematocidal determinants
may be secreted. When evaluated against phytopathogenic fungi, the strain seemed to decelerate
their growth. Overall, our research has highlighted the potential of Bt strains, expanding their use
beyond the confinements of spores and crystals. However, further studies are required to pinpoint
the factors responsible for the wide host range properties of the BST-122 strain.

Keywords: Bacillus thuringiensis; bioassays; toxicity; multifunctional; Coleoptera; plant-parasitic
nematode; mite; phytopathogenic fungi

Key Contribution: The potential of Bt strains beyond the confinements of spores and crystals. Extend
the use of Bt products to pests and diseases that are conventionally controlled with synthetic products.

1. Introduction

Bacillus thuringiensis (Bt) is a Gram-positive, ubiquitous, spore-forming bacterium that
produces a parasporal inclusion body (crystal) during its stationary phase of growth. The
crystal is primarily composed of insecticidal proteins, which have been effectively used to
control lepidopteran and coleopteran crop pests in agriculture, as well as mosquito disease
vectors [1-3]. Bt-based solutions currently represent 1% of the agrochemical market, includ-
ing insecticides, fungicides, and herbicides [4]. Within the microbial pesticide segment, Bt
solutions lead the bacterial product market, with close to 70% of the total share [5].

Bt crystals are mainly composed of Cry and Cyt proteins which are toxic to species
of insects of different orders such as Lepidoptera, Diptera, Coleoptera, Hymenoptera,
etc. Additionally, Bt synthesizes other water-soluble components and insecticidal toxins
during the growth phase, named Vip (vegetative insecticidal protein) and Sip (secreted
insecticidal protein), among others [1,3,6]. In the industry, there are some examples of
Bt-based products that are manufactured by concentrating the fermentation broth (such as
heat spray drying), hence they retain water-soluble components [7]. However, many of the
most relevant products today do not incorporate these pesticidal factors since the method of
production involves retrieving spores and crystals through centrifugation, leaving behind
non-crystal toxins and other factors.
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Today, Bt represents a popular biological resource when controlling populations of
lepidopteran, dipteran, and coleopteran pests. One of the reasons for this is the specificity
of its host spectrum, making it an alternative to the wide spectrum of chemical synthe-
sized pesticides [1]. For instance, the Cry1, Cry2, and Cry9 groups are mainly toxic to
lepidopterans [8-10]. Analogously, Cry3, Cry7, Cry8, and Crylla (a subgroup of Cry1)
have increased activity against coleopterans [11-14]. For dipterans, Cry4, Cry10, Cryll,
and Cyt have been proven as the most relevant so far [15-21]. Some exceptions to these are
the Cry1B, Cry2A, App6, Xpp22, and Mpp51 proteins, among others, with proven activ-
ity across various insect orders [8,22-24]. However, its potential for becoming a realistic
solution against other challenging pest organisms, such as mites, parasitic nematodes, or
phytopathogenic fungi, is still being addressed and studies to demonstrate this are still
being conducted [25-30]. In the case of phytophagous mites, a number of species from the
Tetranychidae (Arachnida) family constitute relevant agricultural pests. The most widely
distributed species of these types of spider mites is the highly polyphagous and ubiquitous
Tetranychus urticae (two-spotted spider mite) [31]. It is relevant in the most extensive crops,
but their damage is more severe in vegetable and ornamental crops, which are cultivated in
greenhouse conditions [32]. Although detailed information on the damage caused by PPNs
(plant parasitic nematodes) is not easily accessible, the current estimations place the world’s
economic losses due to these types of pathogens at USD 75-125 billion per year [33]. One of
the most relevant PPNs are the root-knot nematodes (RKN) (Meloidogyne spp.), which are
widespread geographically and have a large host range. For instance, M. incognita can para-
site more than 2000 species of plants [34,35]. Another significant source of agriculture losses
in crops, such as wheat, rice, maize, potato, and soybean, are phytopathogenic fungi [36].
Phytopathogenic fungi can damage the plant (aerial or root part) or affect post-harvesting
products. The main fungi species that cause disease in agriculture are Alternaria spp.,
Fusarium spp., Rhizoctonia solani, Puccinia spp., Sclerotinia spp., Phytophthora infestans, and
Verticillium dahliae, among others [36,37]. The particularity of some of these organisms is
that their control relies on the use of synthetic chemical products [34,38].

Here, we focused on finding and characterizing a wild-type Bt strain as a source of
toxicity factors to confer protection and control against diverse pests and pathogens that
produce significant economic losses in agriculture. Specifically, its microbial pesticide
properties against the Colorado potato beetle (Leptinotarsa decemlineata), the two-spotted
spider mite (Tetranychus urticae), the root-knot nematode Meloidogyne incognita, and the
Verticillium dahliae and Fusarium oxysporum species of phytopathogenic fungi were evaluated.
Our study showed that the spores and crystals contain toxicity factors with significant
activity against coleopterans and mites in vivo. However, the selected strain showed
nematocidal properties in vivo and in cucumber plants in the pot assay, which were found
to reside within the supernatant after the fermentation process. Additionally, it decelerated
the growth of diverse phytopathogenic fungal species in plate assays. Although these
preliminary results, under controlled conditions, could represent a good starting point in
understanding the potential of strain BST-122, further studies would be required to address
the precise factors, mechanisms of action, and overall biosafety of the microorganism. All
in all, the results suggest that the potential of Bt strains for controlling different pests may
be overlooked by the currently available commercial solutions, which are usually based on
mixtures of spores and crystals. Uncovering additional secreted factors and understanding
their mechanism of action may prove a reliable source for expanding their uses in the crop
protection sector.

2. Results

2.1. Selection of a Bt Strain Harboring Previously Described Toxicity Factors against Pest
Organisms Belonging to Different Phyla

The currently available Bt-based solutions often focus on an insect order at once.
Meaning that a Bt solution aimed at controlling dipterans may not be effective for the
control of lepidopterans and vice versa. One of the objectives of this study was to find a Bt
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strain with multifunctional properties in order to control species of phytophagous or plant
parasitic pests belonging to different orders, phyla, or even kingdoms of life. In order to
search for the right candidate, we screened our library of sequenced Bt strains using the
crystal genes cry5, app6, cry12, cryl3, cryl4, cry21, and xpp55, and secreted factors—such
as chitinases and metalloproteases—as the main criterium. The reasoning behind this
selection was as follows: Cry5, App6, and Cry12, had previously been described as nemato-
cidal/acaricidal proteins [25-28,39,40], Cry14 and Xpp55 as active against nematocidal and
coleopteran [14,25,39], and Cry13 and Cry21 as nematocidal proteins [39-41]. Additionally,
chitinases and metalloproteases had been reported by other research groups to enhance
their activity against nematodes and to possibly affect fungi [42—-44].

Out of the screened Bt strains from our laboratory library, BST-122 (isolated from a
dust sample) was selected for this study since it presented an interesting gene content,
with the potential for controlling pests out of the scope of most currently available Bt-
based products (Table 1). Specifically, we found the sequence of a cry5-like gene (96%
identical to Cry5Ad1 (ABQ82087.1) using local alignment (BLASTP), but with global
alignment the identity dropped sharply to 36% pairwise identity and endotoxin_N and
delta_endotoxin_C domain-containing protein), which could potentially represent a novel
protein for the control of mites and nematodes. Moreover, sequences that codified for the
coleopteran- and hemipteran-specific toxins—Mpp51 (ADK94873.1) and ORF2 of cry65Aa
(Orf2_cry65Aa; AEB52308.1)—and secreted factors, such as an exochitinase (AIE34993.1)
and metalloproteases (Bmp1 (AFZ77001.1) and ColB (ACZ37253.1)), were also present
(Table 1). To further characterize the strain, we grew it in CCY medium at 28 °C and
200 rpm, for 72 h. The isolate produced parasporal crystals consisting of two bodies that
were attached to the spores. One appeared as a dark, round shape and the other as a dark,
bar-shaped crystal (Figure 1A). To further analyze which of the biocidal genes (Table 1)
were expressed in the tested conditions and, as a result, integrated into the crystals, the
mixture of spores and crystals was run in an SDS-PAGE. As Figure 1B shows, the main three
characteristic bands observed in the protein profile of strain BST-122 were approximately
120, 58, and 34 kDa, which correlated with the predicted size of the individual Cry5-like,
Orf2_cry65A, and Mpp51Aa crystal proteins, respectively.

Table 1. Insecticidal protein content of the BST-122 Bt strain.

Pairwise Identity Length (No. Amino Acids Accession Accession
Target Database (%) MW (kDa) Amino Acid Overlap in Global Number of Numb
o . . umber
Residues) Alignment Reference
Crystal proteins
Mpp51Aa2 98 34.5 312 312 ADK94873.1 OP696897
Cry5Ad1 36 119.2 1092 1148 ABQ82087.1 OP604599
Orf2_cry65Aa 96 58.4 512 490 AEB52308.1 OP722690
Mpp2Aa6 30 46.2 412 136 U41822.1 OP722691
Secreted factors
Exochitinase 99 39.4 360 360 AIE34993.1 OP722692
ColB (metalloprotease) 77 48.3 426 428 ACZ37253.1 OP722693
Bmp]1 (metalloprotease) 34 65.3 592 367 AFZ77001.1 OP722694

In addition to the morphology and crystal protein content and their expression, we
tested the BST-122 Bt strain for the production of type I 3-exotoxin, which is nonspecific
and toxic to vertebrates. HPLC analyses confirmed the lack of this determinant in the
BST-122 strain (Figure S1).

To understand the potential of strain BST-122 as a broad microbial control agent we
decided to evaluate the activity of its spores and crystals against a model species for each
of the potential target orders of organisms.
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Figure 1. (A): picture of the BST-122 Bt strain, as seen under the optical microscope (1000x mag-
nification) after growth in CCY medium for 72 h, at 28 °C and 200 rpm. S—spore; C—crystal.
(B): SDS-PAGE of BST-122 mixture of spores and crystals. The strain was grown as described in A. In
total, 15 uL of the mixture of spores and crystals were denaturalized, mixed with 15 uL of loading
buffer for 5 min, at 95 °C. In total, 20 pL of the mix was loaded into the 4-20% polyacrylamide gel
and Coomassie staining was applied to reveal discrete bands, corresponding to crystal and spore
proteins: line 1—protein marker; line 2—BST-122 wild-type strain.

2.2. The BST-122 Bt Strain as a Biological Control Agent against Newly Hatched Larva of
Leptinotarsa decemlineata

After analyzing the BST-122 crystals in SDS-PAGE (Figure 1B), we found bands corre-
sponding to the predicted Mpp51Aa protein, indicating that it would be actively expressed
by the Bt strain. Mpp51Aa was previously reported as active against coleopterans, among
other insect orders [25,45]; therefore, we decided to test the biological activity of the BST-122
wild-type strain against a well-known representative of this order, namely the Colorado
potato beetle (L. decemlineata). For this purpose, we carried out bioassays in which we
addressed the mortality of first-instar larvae, which had fed from superficially contami-
nated potato leaves, at different concentrations of the BST-122 spore and crystal mixture
(s + ). Mortality was registered 4 days post-treatment and the mean lethal concentration
(LCsp) value was calculated from three independent biological replicates. Table 2 shows
the effectiveness of the treatments, with a calculated LCsp of 10.5 ug/mL.

Table 2. Mean lethal concentration (LCsp) value of the BST-122 Bt strain, calculated for newly hatched
larva of L. decemlineata.

Concentration oo Lo 2
LC (ug/mL) Lower Limits Upper Limits X df Slope SE Slope Intercept
LCsp 10.5 6.99 15.0 1.96 5 0.947 0.111 —0.969

LC—lethal concentration; xz—chi-square; df—degree of freedom; SE—standard error.
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2.3. Activity of BST-122 Bt Strain against Tetranychus urticae Protonymphs

The other major toxicity factor that was found within the BST-122 crystals was a Cry5-
like protein. Sharing only 36% of identity with protein Cry5Ad1, this would constitute
an entirely new protein, with the potential to control mites and nematodes [26,28,39]. To
test the biological relevance of the BST-122 crystals against both types of potential hosts,
we first conducted in vivo assays against T. urticae. A single concentration of a spores
and crystals mixture (100 ug/mL) was fed to protonymphs of T. urticae on a Petri dish.
The treatment was mixed with a saccharose and blue food dye (fluorella blue) and placed
between two layers of Parafilm®, which covered the plate. In this manner, mites ingested
the treatment by piercing through the parafilm with their sucking/feeding system. After
16 h of contact with the treatment, blue-colored mites were selected and placed on a bean
leaf disc. Mortality was recorded after 3 days of treatment ingestion. However, the BST-122
did not present significant mortality compared to the control (data not shown).

Since the mixture of spores and crystals was ineffective against T. urticae, we speculated
that purifying the Cry5-like protein would help increase its relative concentration and
address its true potential in controlling mites. The cry5-like gene is found in an operon
architecture, alongside the orf2cry65Aa gene in BST-122. Therefore, we constructed plasmid
pSTAB-Cry5- orf65, which expressed the proteins Cry5-like and Orf2_Cry65Aa under the
cyt1A promoter (Pcyt1A) and used it to transform the BMB171 acrystalliferous strain. The
resulting strain, BMB171 pSTAB-Cry5-orf65, was grown until the stationary phase, and
the mixture of spores and crystals was retrieved by centrifugation. In order to verify the
correct expression of both proteins, we ran an SDS-PAGE of the newly generated crystals
and found that their predicted molecular masses—119.5 kDa and 58.4 kDa—correlated
with the observed bands (Figure 2).

Figure 2. SDS-PAGE of the BST-122 recombinant protein (Cry5-orf65): 1—protein marker; 2—BST-122
wild-type strain; 3—BMB171-empty; 4—BMB171-Cry5-orf65 (* marked bands 119.5 and 58.4 kDa).

We then carried out in vivo bioassays following the same methodology to test the
efficacy of the purified Cry5-like and Orf2_Cry65 crystals. In this case, applying a high
concentration—as in the previous experiment (100 pg/mL)—resulted in 53.3% mortality
against the two-spotted spider mite nymphs, 72 h after the treatment (Table 3). Strain
BMB171, carrying an empty pSTAB vector, was used as a negative control.
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Table 3. Acaricidal activity of the BST-122 recombinant protein (Cry5-orf65) at a single concentration
(100 ug/mL) on protonymph of Tetranychus urticae.

Treatment Mortality (%)
BMB171-Cry5-orf65 533+ 163a
BMB171-pSTAB 11.7 £34Db

Percentage of mortality (mean + standard error) recorded 72 h after treatment. Different letters were used to
denote statistical significance between values, Welch's t-test (Fy 3204 = 10.105, p-value = 0.04538).

2.4. The BST-122 Bt Strain as a Biological Control Agent against Meloidogyne incognita
J2 Juveniles

To evaluate the potential nematocidal activity of the BST-122 strain on plant parasitic
nematodes, we chose M. incognita, the most economically important PPN species in the trop-
ical and subtropical regions. For this purpose, we performed bioassays on ]2 individuals
and evaluated its activity seven days post-treatment. We tested solubilized proteins of the
s + ¢ mixture against J2, at different concentrations. The mortality of juveniles registered a
tendency dependent on the protein concentration (Table S1 and Figure S2). Since the solubi-
lized protein of the wild-type strain performed below our expectations against M. incognita,
we decided to test the activity of the Cry5-like protein, following the same reasoning that
we applied for T. urticae. For this purpose, the BMB171-Cry5-orf65 was tested at two
concentrations (50 and 150 pug/mL). Strain BMB171, carrying the pSTAB-empty vector, was
used as a control. The results showed relatively high mortality rates for both, the treatment
and the control, suggesting that there might be factors that are not present in the crystals
that are responsible for exerting toxicity on the nematodes (Table S2). When comparing the
secreted factors of both strains, we found chitinases and metalloproteases Bmp1 and ColB
(Tables S3 and S4)—with the previously described nematocidal activities—to be present
in both strains [42—-44]. To address the potential toxicity of these factors, we conducted
tests in which the supernatant (SN) and the whole culture (WC) were used as treatments.
The results showed 61.1% and 52.5% mortality rates, respectively (ANOVA F3 g = 5.685;
p =0.0221 and post-hoc Tukey at p-value < 0.05) (Table 4 and Figure 3B). These findings
indicated that toxicity factors within the SN may provide BST-122 with the potential to
control M. incognita populations. Analogously, we tested the effect of the same culture
fractions in nematode eggs but found no activity (data not shown).

Table 4. Mortality of M. incognita ]2, treated with different fractions of a BST-122 fermented culture.

J2 Mortality (%)
Treatment Mean + SE
Control 155+43a
BST-122s + ¢ 247 £79ab
BST-122 SN 61.1 +14.7b
BST-122 WC 52.5 £ 6.3 ab

SE—standard error. Different letters were used to denote statistical significance between values. ANOVA test
(F3,8 = 5.685; p = 0.0221) and post-hoc Tukey test at p-value < 0.05.

Our in vivo results suggested that an effective control of M. incognita populations may
be achieved by using the SN of BST-122 cultures. Since M. incognita is an obligate parasite,
we decided to corroborate such an observation by performing assays to test the effect of an
infestation on cucumber plants. Here, we evaluated the nematocidal activity of s + ¢, SN,
and the WC of our Bt strain when the cultures reached 10® spores/mL (50 pg/mL). As a
negative control, water was used. All treatment plants were used 14 days after seeding and
infested with 1000 freshly retrieved eggs of M. incognita. The experiment was evaluated
28 days after the Bt treatments. A total of three treatments were applied, with a week-long
gap between them. The first treatment was implemented a day before the infestation
(Figure 4A).
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Figure 3. (A): pictures of in vivo bioassays of ]2 M. incognita, as seen under an inverted microscope (100x
magnification). Left—alive J2; right—dead J2. (B): results of in vivo bioassays of ]2 mortality in M. incognita,
after 7 days treated with the BST-122 Bt strain, at a 50 ug/mL concentration. Control—20 mM HEPES
(pH 8.0); BST-122 s + c—mixture of spores and crystals of Bt BST-122 strain; BST-122 SN—supernatant
of the fermentation of Bt BST-122 strain; and BST-122 WC—the whole culture of the fermentation of Bt
BST-122 strain. Different letters were used to denote statistical significance between values.

The nematode infection was evaluated by counting the total number of galls in the root
parts per plant. The results of the analysis were statistically analyzed using the ANOVA
(Fa75 = 26.28; p = 7.54 x 107'2) and the Tukey post-hoc (p-value < 0.05) tests. As shown in
Table 5, the plants treated with the s + ¢ mixture did not differ significantly, compared to
the control (209.2 and 257.6 galls per plant, respectively). However, plants treated with the
fermentation supernatant (SN) and with the whole fermentation culture (WC) had a significant
drop in the number of recorded galls (112.4 and 76 galls per plant, respectively). Overall, the
gall reduction was up to 56.4% in the plants treated with SN and 70.5% in the plants treated
with the WC, when compared to the control. This indicated that Bt- secreted factors may play
an important role in achieving an effective control of PPNs in plant experiments.

2.5. Effect of BST-122 in the Growth of Phytopathogenic Fungi: Verticillium dahliae and
Fusarium oxysporum

The above-mentioned results revealed that secreted factors of strain BST-122 may prove
useful for the growth inhibition of parasitic nematodes. Phytopathogenic fungi represent
another source of organisms that could potentially be controlled by said strain. To address
this, we conducted experiments that consisted of comparing the biomass surface of the
root phytopathogenic fungi species, Verticillium dahliae, and variants of Fusarium oxysporum
that were grown in LB plates, in the presence or absence of BST-122. Pictures of the
growing plates were taken on different days, depending on the fungal species. The re-
sults obtained from these experiments are shown in Table 6 and Figure 4. The growth
of Verticillium dahline was negatively affected by the presence of the Bt strain, BST-122
(Figure 5A). After 6 days of incubation, a significant slowdown in growth of 24.76% was
observed (t-test: t = 3.464, df =19, p < 0.01). At 12 days of incubation, this effect was
further increased, scoring 63.90% (t-test: t = 7.3254, df = 19, p < 0.001). Additionally, two
different varieties of Fusarium oxysporum—-F. oxysporum lycopersici, which affects tomato

149



Toxins 2022, 14, 768

plants, and F. oxysporum melonis, which infects melon plants—were tested. In the former,
the deceleration in growth was significant at 4, 5, 6, and 7 days after the inoculation of
the plates, reaching a total biomass surface reduction of 33.72% (t-test: t = 6.0417, df = 16,
p < 0.001) (Figure 5B). In the latter, comparable reduction levels were achieved (30.33%)
(t-test: t = 4.9758, df = 16, p < 0.001) (Figure 5C).

A

Week 1 Week 2 Week 3 Week 4

Day 0: Ist treatment ~ Day 7: 2nd treatment ~ Day 14: 3rd treatment Day 28: Evaluation
Day 1: Infestation
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Figure 4. Activity of the BST-122 Bt strain against M. incognita eggs, tested in cucumber plants. (A): scheme
of the methodology established to perform the experiments of BST-122 activity against M. incognita in
cucumber plants. (B): Activity of BST-122 Bt strain against M. incognita eggs, tested in cucumber plants. It
represents the no. of galls per plant in different treatments. Plants were infested with 1000 freshly laid
eggs. Control—infested plants treated with H,O; s + c—infested plants treated with the fermentation
centrifugation or spores and crystal mixture; SN—infested plants treated with the fermentation supernatant;
WC—infested plants treated with the whole fermentation culture. Different letters were used to denote
statistical significance between values (ANOVA, followed by post-hoc Tukey test at p < 0.05).

Table 5. Activity of the BST-122 strain against M. incognita in cucumber plants. The effectiveness was
addressed by evaluating the number of galls per plant after the different treatments.

Treatment No. of Galls/ Plant ! % Reduction of Galls/Plant
Control 2576+ 139a -
BST-122s + ¢ 2092 +17.1a 18.8%
BST-122 SN 1124 +141b 56.4%
BST-122 WC 76.0 £ 14.8b 70.5%

! —mean + standard error. Different letters were used to denote statistical significance between values. ANOVA
(F378 = 26.28; p = 7.54 x 107'2) and the post-hoc Tukey (p-value < 0.05).

Table 6. Effect of the BST-122 Bt strain on biomass production of different plant pathogenic fungi species.

Biomass Surface

. . . Significative
Fungal Path Incubation Time (D &
ungal Pathogen ncubation Time (Days) Control Bt Treated % Growth Inhibition Differences
orticillium dahli 6 517 +0.26 3.89 +0.24 24.76% =
Verticillium dahliae 12 10.46 + 0.70 3.92 £0.42 63.90%
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Table 6. Cont.

Biomass Surface

. . S Significative
Fungal P I Time (D. 9 8
ungal Pathogen ncubation Time (Days) Control Bt Treated % Growth Inhibition Differences
4 17.69 + 0.89 14.96 + 0.50 15.43% *
Fusarium oxysporum 5 24.77 £1.07 18.48 £ 0.51 25.39% o
lycopersici 6 35.82 4243 24.08 £1.18 32.77% *
7 39.24+1.96 2598 4+ 0.97 33.72% e
4 19.32 +0.51 15.88 + 0.29 17.80% ok
. . 5 27.30+0.78 20.61 4 0.46 24.50% o
Fusarium oxysporum melonis 6 3734 + 215 25.89 + 134 30.66% -
7 39.70 £1.92 27.66 + 1.47 30.33% o

* p-value > 0.01-0.05; ** p-value > 0.001-0.01; *** p-value < 0.001.
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Figure 5. In vitro assays testing BST-122 Bt strain activity against diverse phytopathogenic fungi. The
fungi species tested were Verticillium dahliae (A), Fusarium oxysporum lycopersici (B), and Fusarium
oxysporum melonis (C). Briefly, a PDA agar disc with the fungus was inoculated in the center of an
LB plate, and 5 pL of treatment was inoculated on each side of the fungus. A physiological solution
(0.85% NaCl) was used as control, and an overnight culture in LB of the BST-122 strain, adjusted to
10° spores/mL, was used as the tested treatment. Pictures of fungal growth were taken at different
development moments and the growth inhibition was measured with Image]J (v.1.53a) software.

Day 12

151




Toxins 2022, 14, 768

3. Discussion

In this study, we selected the strain BST-122, based on its gene content and associated
potential as an insecticidal, nematocidal, fungicidal, and acaricidal agent. Some of the most
interesting toxins harbored by this strain were a new mpp51Aa and a cry5-like gene. In a
previous study, an Mpp51Aa protein was depicted as active against different insect orders,
such as the hemipteran species (Lygus hesperus and L. lineolaris) and L. decemlineata—a
coleopteran pest of economic relevance in agriculture [22,46]. In the case of Cry5 proteins,
US patents, 5,211,946 and 5,350,576, had attributed Cry5Aal and Cry5Abl1 a potential
activity against mites belonging to the Tetranychus and Dermatophagoides genus [26,28]
and nematodes (Caenorhabditis elegans and the phytoparasitic nematodes, Pratylenchus
spp. and M. incognita) [39,45,47]. Other proteins—such as secreted chitinases and metal-
loproteinases, namely colB and bmp1 (a type of collagenase)—were also of interest due to
their associated nematocidal and fungicidal properties [29,42—44,48,49]. Altogether, these
characteristics made the selected strain a strong candidate for evaluating its potential
multitarget properties.

The next step was testing its overall toxicity against representatives of the different
orders and phyla of potential target organisms. One of BST-122’s most relevant crystal
proteins was a new Mpp51Aa protein, which could be active against coleopterans [46].
Insects belonging to this order have been traditionally controlled with Cry3 protein variants
in formulated Bt-based products, or through their expression in transgenic plants [14]. The
lack of diversity in Bt-based biopesticides, as well as the extensive use of engineered
plants, have contributed to the emergence of resistant populations [50,51]. For this reason,
promoting the use of Bt strains with novel or less commonly used insecticidal toxins is an
interesting strategy towards diminishing this problem. Here, we propose strain BST-122
as an alternative to Bt strains harboring Cry3 for the control of L. decemlineata. Although
we did not determine the activity of the new Mpp51Aa protein, Mpp51Aal is known for
being active against the Colorado potato beetle (LCsy = 19.5 ug/mL) [22,46]. Based on this
previous information, we evaluated the activity of a mixture of spores and crystals from
BST-122 (LCsp of 10.5 pg/mL) (Table 2). Since Mpp51Aa seems to be present in the BST-122
crystals, one would assume that this protein could contribute to its overall activity against
L. decemlineata (Figure 2). However, other proteins present in the crystal, such as Cry5-like,
Orf2_cry65A, or Mpp2-like, could represent an additional source of toxicity or interact
synergistically with the Mpp51Aa protein.

Another crystal protein of interest that is expressed by BST-122 was a Cry5-like candi-
date. Although there is little information available on the activity of this protein against
mites, two patent publications on its potential acaricidal activity made us consider whether
it might be possible to use BST-122 to control T. urticae populations [26,28]. Phytophagous
mites have a particular feeding system that differs from the coleopteran or lepidopteran
insect larvae. They typically feed on leaf tissue by inserting a stylet into it and sucking
the epidermic and parenchymatic cell content. As a result, the plant cells collapse and die,
causing chlorotic spots on the leaves and reducing the rate of transpiration and photosyn-
thesis in the plant [32,52]. In this study, the characterization of Bt BST-122 as a potential
acaricidal source was evaluated under in vivo conditions. For this purpose, we developed
a new assay method that consisted of placing T. urticae nymphs in a Petri dish and pro-
viding spore and crystal mixtures of the selected strain in a drop containing a sucrose
solution and food dye. After 16 h, colored nymphs were selected and placed on a bean leaf.
The mortality of individuals was registered 72 h after treatment ingestion. Although the
BST-122 strain did not reveal toxicity in mites, when testing the Cry5-like protein alone,
at the same rate, 53.3% of mortality was recorded (Table 3). Most available studies on Bt
acting as a control agent against mites have mainly focused on the activity of wild-type
strains. For example, the Bt strains EA3, EA11.3, and EA26.1 were reported as being consid-
erably active (LCs of 7.111, 12.839, and 1.509 nug/mL, respectively) against the honeybee
ectoparasite, Varroa destructor [53]. Other studies reported that strain GP532 was effective
against the rabbit ear mite ectoparasite, Psoroptes cuniculi [54,55]. Additionally, strain
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BPUS5 has been described as displaying acaricidal properties against the phytophagous
mite, Tetranychus marcfarlanei, at relatively high concentrations (LCsp = 8.024 mg/mL) [56].
However, few publications have described the factor responsible for the acaricidal prop-
erties of Bt. Some research studies have described -exotoxin as acaricidal against the
following phytophagous mites: Panonynchus citri, P. ulmi, Tetranychus telarius, T. urticae,
T. pacificus, and the predator, Metaseiulus occidentalis [57-61]. Nonetheless, the 3-exotoxin is
toxic to mammals and, therefore, strains expressing such a determinant are not eligible for
product development. Regarding delta-endotoxins, only US patents 5,211,946; 5,350,576;
and 5,262,158 mention Cry5Aal, Cry5Abl, App6Aal, App6Bal, Cry8Aal, and Cryl2Aal
as potentially active against the two-spotted spider mite (T. urticae) and the house dust
mite, Dermatophagoides pteronyssinus [26-28]. Regardless, experiments have been conducted
using the wild-type strains, expressing crystals with the said combinations of toxins, and
significant results have only been obtained when applying high concentrations of the active
ingredients (5 mg/mL). As opposed to the publicly available data, our results showed
significant mortality when we used a novel protein against T. urticae nymphs, at a rela-
tively low dose (100 ng/mL). However, the tested concentration was still too high from a
cost-effective standpoint. Possibly, the most interesting contribution of these results is the
finding of a new protein with acaricidal properties that could serve as a basis for searching
new Cry5-like proteins with improved activity. Additionally, a foliar application would not
be effective for the control of phytophagous mites due to their feeding behavior. Therefore,
opting for the expression of Cry5-like candidates in the vascular system of plants may
represent a more realistic approach for the control of these pests in agriculture.
Furthermore, Cry5 proteins had previously been described as potentially nematoci-
dal [25,39]. This made us consider whether it would be effective against nematodes of
agronomic importance. To test the potential of the strain, we performed in vivo assays us-
ing second-stage juveniles of the phytoparasitic nematode, M. incognita. The physiology of
plant parasitic nematodes should be considered, whose feeding systems consist of a stylet,
with a diameter of only 28 kDa for the cyst nematode, Heterodera schachtii [62]. However,
it is known that solubilized proteins of up to 140 kDa can be incorporated into the gut of
Meloidogyne hapla [63]. For this reason, we solubilized BST-122 crystals to test their activity
against M. incognita J2 juveniles. After exposing individuals to increasing concentrations
of BST-122 solubilized crystals, we found a correlation between the concentration and
mortality (Table S1). However, significant mortality was only reached at a relatively high
concentration. Following the same strategy as with T. urticae, we decided to test whether
the purified Cry5-like protein had increased activity against ]2 individuals. The results
showed that treatments with the Cry5-orf65 crystal expressed from the BMB171 strain were
undifferentiated from the negative control, the BMB171 strain carried an empty plasmid
(Table S2). This suggested that the acrystalliferous BMB171 strain may harbor virulence
factors that are not related to crystal pesticidal proteins (Table S3). This was in agreement
with previous reports, in which BMB171 was attributed nematocidal properties [44,64].
Additionally, other studies addressed how the activity of purified crystals containing
Appb6Aa and Cry5Ba in C. elegans was improved (4.73-fold and 3.59-fold, respectively)
in the presence of the spores. It was suggested that the ColB metalloproteinase could be
involved in nematocidal pathogenesis [44]. In a similar manner, a previous study demon-
strated the synergistic activity of the Bmp1 metalloproteinase when mixed with Cry5Ba in
C. elegans [43]. These studies indicated that Bt may produce factors that are not present in
the crystal and that may represent an alternative to 6-endotoxins in the field of microbial
pesticides. Therefore, since BST-122 shared many of the BMB171-secreted factors (Table S4),
we considered whether these would be enriched in the supernatant and, perhaps, exert
a greater nematocidal activity than the proteins of the crystal alone. To address this idea,
we conducted treatments with the supernatant and the whole fermentation culture of the
BST-122 strain against M. incognita juveniles. The results showed increased activity for
both treatments when compared to the spore and crystal mixture. This indicated that the
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supernatant contained one or more toxicity factors that were responsible for the observed
mortality (Table 4 and Figure 3).

Since M. incognita is an obligate parasite, we performed experiments treating the
radicular system of nematode-infested cucumber plants to validate the in vivo results.
When applying similar concentrations of the aforementioned treatments to cucumber plant
pots, a reduction of 56.4% and 70.5% of galls per plant was observed for the fermentation
supernatant and the whole culture, respectively (Table 5 and Figure 4). This was consistent
with our in vivo observations and with studies from other research groups, in which the
activity of Bt strains, Tolr65 and Tolr67, against M. javanica in tomato plants were more
effective when the fermentation supernatant was applied [65]. Moreover, other studies,
in which the whole culture, the fermentation supernatant, and the spores and crystals of
diverse Bt strains were tested against M. incognita, showed how the application of the whole
culture reduced the number of eggs by 84% [66]. These studies did not specify the main
factors behind the observed toxicity. However, other research studies did indicate that the
nematocidal properties of Bt supernatants may be due to the presence of (3-exotoxin [67-69].
Although the toxicity of f-exotoxin in mammals is yet unclear, the public use of this active
substance is forbidden by the recommendation of the World Health Organization [70]. In
this study, the possibility of I -exotoxin (thuringiensin) being responsible for the observed
mortality and gall reduction in plant assays was excluded since its presence could not be
detected by genome sequencing nor by HPLC analysis.

Some of the BST-122 secreted factors involved chitinases. These had been previously
described as potential antifungal agents [29,49]. This made us consider whether BST-122
may also prove useful in controlling some of the most relevant phytopathogenic fungi
in agriculture. To characterize the potential fungicidal activity of BST-122, we evaluated
the growth inhibition of several fungal species that cause plant disease in the presence of
the BST-122 strain. The experiment consisted of inoculating LB agar plates with an agar
disc of each fungus flanked by two drops of a BST-122 culture (10° CFU/mL) to evalu-
ate the effects. The tested species were Verticillium dahline and two different serovars of
Fusarium oxysporum (lycopersici and meloni). The fungal growth was measured at different
moments of incubation, depending on the species. The in vivo growth inhibition was 60%
in V. dahline and approximately 30% in F. oxysporum, when compared to the control (Table 6
and Figure 5). These results suggest that the presence of the bacterium may decelerate the
growth of the tested fungi species. Nonetheless, further experiments would be required
to address the overall potential fungicidal activity of BST-122—for instance, by infecting
plant tissue to evaluate the damage caused by the phytopathogenic fungi when treated
with BST-122. Several compounds produced by the Bacillus spp. have been described as
active against fungal phytopathogens [71]. In a previous study, isolates of Bacillus haloterans
exhibited strong activity against diverse Fusarium sp.—Botrytis cinerea, Alternaria alternata,
Phytophthora infestans, and Rhizoctonia bataticola [72]. In the particular case of B. thuringiensis,
different compounds have been demonstrated as being beneficial for the control of phy-
topathogenic fungi. In another report, volatile organic compounds produced by the BCN10
strain resulted as antifungal in vitro and in vivo against five postharvest pathogens, such as
F. oxysporym [73]. Other studies have revealed that chitinase extracted from Bt strains could
significantly inhibit the mycelial growth of several pathogenic fungi [29,49]. Moreover,
the fungicidal activity of diverse Bt strains has been attributed to the production of some
peptides, for instance, the fengycin-like lipopeptides [74-76].

To summarize, we have characterized the potential of Bt strain BST-122 for the control
of diverse plant pests and diseases, such as coleopteran pests, plant-parasitic nematodes,
phytophagous mites, and plant pathogenic fungi—which are organisms that cause signifi-
cant economical losses in agriculture worldwide. However, further studies on BST-122 are
required to pinpoint the toxicological factors responsible for controlling each of the tested
hosts; evaluate their activity against a broader host spectrum (for instance, hemipteran
pests) analyze their impact on beneficial insects—such as pollinators or natural enemies—
and verify soil ecosystem and agricultural compatibility. Overall, this work contributes to
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highlighting the importance of the multitarget potential of Bt strains, a notion that goes
beyond the spores and crystals and that takes into consideration additional factors that
could extend the use of Bt products to pests and diseases that are currently treated with
synthetic chemicals.

4. Materials and Methods
4.1. Selection of Bacterial Strains
4.1.1. Bacterial Isolation

A laboratory library of Bt strains was built from diverse substrate samples, belonging
to different geographical locations in Spain. Samples were mixed with sterile dH,O,
incubated at 72 °C for 20 min, and serial dilutions plated onto CCY agar plates [77,78].
Next, plates were incubated for 48 h, at 28 °C, and single colonies were inspected under an
optical microscope to confirm the presence of parasporal crystals. Positive single colonies
were cultured until cell lysis, and stored at —20 °C.

4.1.2. Total DNA Extraction and Genomic Sequencing

Total genomic DNA (chromosomal + plasmid) was extracted from the isolated strains,
following the protocol for DNA isolation from Gram-positive bacteria supplied in the
Wizard® Genomic DNA Purification Kit (Promega, Madison, WI, USA). The DNA library
was prepared from total DNA and subsequently sequenced by Illumina NextSeq500 Se-
quencer (Genomics Research Hub Laboratory, School of Biosciences, Cardiff University,
Cardiff, UK).

4.1.3. Identification of Potential Nematocidal /Insecticidal, Acaricidal, and
Fungicidal Genes

The genomic raw data were processed and assembled using CLC Genomic Workbench
v10.1.1 (Aarhus, Denmark). Reads were trimmed and filtered, and those shorter than
50 bp were removed. Processed reads were assembled de novo using a stringent criterion
of overlap of at least 95 bp of the read and 95% identity, and reads were then mapped
back to the contigs for assembly correction. Genes were predicted using GeneMark v2.5
(Atlanta, GA, USA) [79].

To assist the identification process of potential pesticidal toxin proteins, local BLASTP [74]
was executed against a database built in our laboratory, including the amino acid sequences
of known bacterial toxins from the bacterial pesticidal protein database (https://camtech-
bpp.ifas.ufl.edu, accessed on 18 July 2022) [80,81], as well as other proteins of interest such
as chitinase, enhancin-like metalloprotease, Bmp1, CalY, ColB, and InhA proteins. Proteins
involved in the synthesis of zwittermycin A and 3-exotoxin were also included [82]. Prediction
of structurally conserved domains was carried out using CD-search [83]. Pairwise sequence
alignment was carried out using GGSEARCH2SEQ v36.3.8h (Cambridgeshire, UK.) [84].

4.1.4. Production of Spores and Crystals from the Wild Bt Strain

For BST-122, single colonies from LB plates were inoculated in 50 mL of CCY sporu-
lation culture medium [78], and grown under constant temperature (28 °C) and shaking
(200 rpm). Crystal formation was observed daily under an optical microscope, at the magni-
fication of %1000 (Zeiss Axiolab 5, Carl Zeiss Microscopy GmbH, Jena, Germany). After 48
or 72 h, when approximately 95% of the cells had lysed, cultures were stored at 4 °C, until
required. The number of spores/mL at the end of the fermentation process was addressed
by plating serial dilutions in LB agar Petri dishes. The supernatant and the mixture of
spores and crystals were collected by centrifugation at 9000 g, at 4 °C, for 10 min. The
supernatant was stored at 4 °C. The spore and crystal mixture, after being washed with a
saline solution (1 M NaCl, 10 mM EDTA), was resuspended in dH,O, and kept at 4 °C. For
protein quantification, the spore and crystal mixture was solubilized in carbonate buffer
(50 mM NaCOs3, 100 mM NaCl, pH 11.3) and 10 mM DTT, for two hours, at 37 °C, and total
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protein concentration was quantified by Bradford assay [85], using bovine serum albumin
(BSA) as a standard.

4.1.5. SDS-PAGE

Samples of spores and crystals, as well as solubilized proteins, were mixed with 2 x
sample buffer (Bio-Rad Laboratories Inc., Hercules, CA, USA), boiled at 100 °C for 5 min,
and then subjected to electrophoresis, using Criterion TGX TM 4-20% Precast Gel (Bio-Rad
Laboratories Inc., Hercules, CA, USA) [86]. Gels were stained with Coomassie Brilliant
Blue R-250 (Bio-Rad Laboratories Inc., Hercules, CA, USA) and then distained with 30%
ethanol and 10% acetic acid solution.

4.2. Detection of B-Exotoxin

The presence of type I 3-exotoxin (thuringiensin) was evaluated in culture supernatants
through HPLC analysis (Department de Génetica, Universitat de Valéncia, Burjassot, Spain) [87].
The standard strain, HD-2 strain, was used as a positive control.

4.3. Coleopteran, Acaricidal, Nematocidal, and Fungicidal Activity of BST-122 Bt Strain
4.3.1. Leptinotarsa decemlineata, Tetranychus urticae, and Meloidogyne incognita Rearing

A laboratory colony of L. decemlineata was established from adults collected from organic
potato fields near Pamplona (Spain) and maintained on potato plants (Solanum tuberosum
L. cv. Jaerla). The population of M. incognita and Tetranychus urticae were obtained from
the company Koppert-Spain (Almeria, Spain). Nematodes were maintained on tomato
plants (Lycopersicum esculentum, Mill. cv. Roma). Mites were maintained on bean plants
(Phaseolus vulgaris L. cv. Garrafal Oro). All populations were kept in a phytotron, under
controlled conditions of temperature, humidity, and photoperiod (25 + 1 °C, 70 & 5% RH,
and L16:D8 h). Nematode eggs were extracted from the root-knot of at least 6-week-old
infected roots [88]. The eggs were collected and rinsed with distilled water in sieves (25 and
20 um pore). To collect the second-stage juveniles (J2), the eggs were placed in hatching
dishes and incubated in moist chambers, in distilled water at 25 °C, in darkness. Freshly
hatched J2 were collected every 48 h and used for experiments.

4.3.2. Phytopathogen Fungi Species Maintenance

Different phytopathogen fungi species were provided by the Regional Diagnostic
Center of the Regional Government of Castilla y Leén (Salamanca, Spain). The tested
fungi were F. oxysporum sv. lycopersici and F. oxysporum sv. melonis as root-pathogens, and
V. dahliae, as an aerial plant pathogen. Fungi were grown on potato dextrose agar (PDA)
medium (Sigma-Aldrich, St. Louis, MO, USA), and incubated at 28 °C.

4.3.3. L. decemlineata Bioassays In Vivo

The bioassays were performed by the leaf dip method on first instar larvae [89]. Five
different spore and crystal mixture concentrations, ranging from 1.8 to 150 ug/mL, were
prepared to determine the concentration—mortality responses and calculate the mean lethal
concentration (LCsp). This bioassay was repeated at least three times. Total insect mortality
was recorded after 4 days.

4.3.4. T. urticae Bioassays In Vivo

The bioassays were performed with first instar nymphs of T. urticae. For each treatment,
20-25 nymphs were placed in 35 mm diameter Petri plates, under a dissecting microscope
(Zeiss Stemi 508, Carl Zeiss Microscopy GmbH, Jena, Germany) and the plates were covered
with Parafilm®. A 200 uL drop of treatment (100 uL of Bt spore and crystal mixture, 80 uL
of 79% of sucrose w/v, and 20 uL of food dye, diluted in sucrose solution) was placed
between two layers of Parafilm®. The mites were incubated at 25 °C, under light conditions,
during 16 h, and the colored nymphs were placed on a bean leaf disc (20 mm diameter, on a

156



Toxins 2022, 14, 768

2% agar plate). The mortality was scored 72 h after the ingestion. Bt treatments were tested
at a single dose of 100 pg/mL. A mixture of sucrose and food dye was used as control.

4.3.5. Meloidogyne incognita Bioassays In Vivo
J2 Mortality Treated with Spores and Crystal Mixture, Supernatant, and the Whole Culture

The spore—crystal mixture (s + ¢), supernatant (SN), and the whole culture of the
BST-122 Bt strain were tested against M. incognita ]2 juveniles. All three different fractions
came from a culture grown at 28 °C and 200 rpm, until a concentration of 50 ug/mL
(108 spores/mL) was reached. This concentration of Bt strains was prepared by adding the
appropriate volumes of 20 mM HEPES (pH 8.0) to the standard solution. A direct contact
assay was carried out in a 96-well plate by modification of the standard method [67]. A total
of 200 puL of each treatment was added to 5 uL of a ]2 nematode suspension, containing a
minimum of 20 individuals per well. Treatments were prepared in triplicate and incubated
at room temperature. A solution containing 20 mM HEPES (pH 8.0) was used as a control.
All treatments were replicated three times. The number of active and dead J2 were counted
7 days after the treatment, under an inverted microscope (Zeiss Primovert, Carl Zeiss
Microscopy GmbH, Jena, Germany), and mortality percentages were calculated.

J2 Mortality Treated with Solubilized Protein

The spore and crystal mixtures were collected and washed, as described above. The
spore and crystal mixture pellet was resuspended in solubilization buffer (0.05 M Na,CO3,
0.1 M NaCl, pH 11.3 + 0.01 M DL-Dithiothreitol) and incubated at 37 °C, for two hours.
Insoluble debris were removed by centrifugation and the solubilized proteins from the
supernatant run in SDS-PAGE. This solubilization was dialyzed in 20 mM HEPES (pH 8.0),
with a 10 kDa pore Slide-A-Lyzer® Dialysis Cassette (Thermo-Scientific, Rockford, IL,
USA) (adapted from [90]). The protein quantification was performed as described above.
Different concentrations of the soluble crystal/spore protein of Bt strains, ranging from
50 to 400 ng/mL, were prepared by adding the appropriate volumes of 20 mM HEPES
(pH 8.0) to the standard solution. The assay was conducted as described above. A solution
containing 20 mM HEPES (pH 8.0) was used as a control treatment.

4.3.6. Assay of Control of M. incognita Infestation in Cucumber Plants

Surface-sterilized cucumber seeds (Cucumis sativus cv. Marketer) were germinated
in 200 cc pots, in autoclaved vermiculite. Plants were fertilized with Osmocote® at the
recommended doses and grown in a phytotron, under controlled conditions of temperature,
humidity, and photoperiod (25 + 1 °C, 70 £ 5% RH, and L16:D8 h). Fourteen days after
seeding, when the 2nd real leaf had developed, 30 mL of the test solution was added
around the root zone as a first treatment (adapted from [68]). 24 h later, plants were
inoculated with a 1 mL suspension, containing approximately 1000 freshly extracted eggs
of M. incognita (adapted from [91]). Treatments were repeated 7 and 14 days after the
first application (Figure 4A). Bt strains were tested at a concentration of 108 spores/mL
(adapted from [92,93]). The nematicide potential of each Bt strain was checked, testing
the effectiveness from the whole culture (WC), the spore and crystal mixture (s + ¢), and
the supernatant (SN). dH,O was used as a negative control. Irrigation with dH,O was
conducted 3 times per week. Plants were harvested 28 days after the first treatment, and
symptoms of nematode infection, namely gall formation on the roots, were recorded 28 days
after the first treatment. The experiment was reproduced 4 times, with 5 technical replicates
for each biological repetition.

4.3.7. Phytopathogen Fungi Species Bioassays In Vitro

The Bt strain was grown from a single colony, in LB medium, in an overnight culture,
at 28 °C and at 200 rpm. Treatments were prepared at a final concentration of 10° CFU/mL,
in a 0.85% NaCl solution, and two drops of 5 uL were placed flanking a 7 mm diameter
fungal disc on an LB plate. As a negative control, LB plates inoculated with fungal disks
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were used. All plates were incubated at 28 °C until the negative control grew around
the surface of the plate (methodology adapted from [72]). Fungal growth measures were
analyzed using the Image] (v1.53a) software (https://imagej.nih.gov/ij/download.html,
accessed on 15 March 2022). The percentage of growth inhibition was calculated using the
following equation: I = (C—T)/C x 100, where I = percent growth inhibition; C = growth
in control; T = growth in treatment [94]. All treatments were tested per triplicate.

4.4. Recombinant Protein Expression, Purification, and In Vivo Testing
4.4.1. Amplification and Cloning of the cry5-orf2cry_65 Operon Genes

For the construction of plasmids expressing Bt toxins, the cry5-orf2cry65 was first
amplified by PCR from the BST-122 Bt strain genomic DNA, using the Phusion High-Fidelity
DNA polymerase (NEB, Ipswich, MA, USA) and the corresponding primers harboring
restriction enzyme recognition sequences in their extremes (Table S5). The resulting PCR
products were purified by the NucleoSpin® Gel and PCR Clean Up kit (Macherey-Nagel
Inc., Bethlehem, PA, USA), and ligated into the pJET plasmid (CloneJET PCR Cloning Kit,
Thermo Scientific, Waltham, MA, USA). The ligation products were then electroporated
into E. coli XL1 blue cells by using a standard protocol [95]. Colony-PCR was performed
to check positive clones from which the plasmids were purified using the NucleoSpin®
Plasmid Kit (Macherey-Nagel Inc., Bethlehem, PA, USA), following the manufacturer’s
instructions. Subsequently, the pJET plasmids were verified by sequencing (StabVida,
Caparica, Portugal) and digested with the corresponding restriction enzymes to excise
the fragment and interest. These were then purified from agarose gels and ligated into a
pre-digested pSTABr vector, using the Rapid DNA ligation kit (ThermoScientific, Vilnius,
Lithuania), to obtain the recombinant plasmid pSTABr-cry5-orf2cry65. The ligation products
were then electroporated into E. coli XL1 blue cells by using standard protocols [95]. Positive
clones were verified by colony-PCR and plasmids were purified and electroporated into
the acrystalliferous BMB171 Bt strain.

4.4.2. Production, Purification, and Activity Assay against Diverse Target Species of the
Recombinant Toxins

Single colonies from the BMB171-Cry5-orf65 recombinant strain were inoculated in
100 mL of LB culture medium, supplemented with erythromycin, and grown at 28 °C and
200 rpm, for 72 h. The whole was collected by centrifuging at 9000x g, at 4 °C, for 10 min,
and the pellet was washed with dHO, twice. All protein quantifications were performed
by Bradford and tests of the recombinant toxins against protonymphs of T. urticae and
juveniles of M. incognita were carried out as described above. The BMB171-pSTAB-empty
strain was used as a negative control in the bioassays.

4.4.3. Nucleotide Sequence Accession Numbers

The nucleotide sequence data reported in this paper have been deposited in the
GeneBank database, under the following accession numbers: OP604599 for the cry5-like
gene; OP696897 for the mpp51Aa gene; OP722690 for the orf2_cry65A gene; OP722691 for
the mpp2-like gene; OP722692 for the exochitinase gene; OP722693 for the colB gene; and
OP722694 for the bmp1-like gene.

4.5. Statistical Analyses

The mean lethal concentration (LCsp) of the spore and crystal mixture (L. decemlineata)
and solubilized protein (M. incognita) of BST-122 Bt strain were determined based on the
probit model [96]. The analysis of BST-122 activity against M. incognita ]2 mortality (in vivo)
and nematode infection in roots was performed by running the ANOVA (p-value < 0.05)
and Tukey post-hoc tests. For the Cry5-like activity analysis, for T. urticae it was performed
by Welch'’s t-test (p < 0.05), and for M. incognita, as the data were non-parametric, it was
performed with the Kruskal-Wallis test (p < 0.05), and pairwise comparisons between
group levels were performed with Bonferroni correction. The statistical analyses of fungal
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growth were performed by running Welch'’s t-test and the t-test for non-homoscedastic and
homoscedastic data, respectively. All analyses were performed with the R (v.4.1.1.) software.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/toxins14110768 /51, Figure S1: results of HPLC analysis for detection
of production of type I -exotoxin (thuringiensin); Figure S2: SDS-PAGE from BST-122; Table S1:
mean lethal concentration (LC50) value of the BST-122 solubilized protein crystals for J2 M. incognita
individuals; Table S2: mortality percentages of J2 M. incognita individuals treated with Cry5_orf65
solubilized protein crystals; Table S3: insecticidal protein content of Bacillus thuringiensis BMB171;
Table S4: comparative of strains BST-122 and BMB171 secreted factors; and Table S5: primers used in
this study.
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