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Abstract

Rice sheath blight disease caused by the necrotrophic fungus Rhizoctonia solani, is an economically detrimental fungal
disease which significantly affects rice productivity worldwide. Potato snakin-1, a cysteine-rich basic antimicrobial peptide
(AMP), is a member of the novel Snakin AMP family. In order to assess the ability of the snakin-1 peptide in protecting
rice against the sheath blight disease, we have developed transgenic rice constitutively expressing the snakin-1 peptide. The
antimicrobial activity of snakin-1 was evaluated against the sheath blight pathogen Rhizoctonia solani both in vitro and in
planta. Crude protein from transgenic rice leaves showed in vitro antifungal activity against Rhizoctonia solani. Moreover,
in planta bioassay results also confirmed the same, wherein snakin-1 expressing rice plants showed significantly enhanced
protection against the sheath blight disease. This report demonstrates how a member of the Snakin family of antimicrobial
peptides has been successfully used to generate sheath blight resistance in rice, without compromising on its agronomic

characteristics and at no phenotypic cost.
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Introduction

Rice is one of the most extensively grown and consumed
cereal crops in the world, especially India and China being
the leading producers. The worldwide rice production has
been afflicted by various biotic stress factors among which
are the major diseases like fungal blast, bacterial blight and
sheath blight.

The causal agent of sheath blight is the basidiomycetous
necrotrophic soil-borne fungus Rhizoctonia solani Kiihn
[teleomorph: Thanatephorus cucumeris (A.B. Frank)
Donk]. This cosmopolitan fungal pathogen affects a wide
range of host plants belonging to more than 32 plant fami-
lies (Molla et al. 2020). Sheath blight is one of the most
destructive and economically damaging diseases affecting
rice productivity worldwide. The disease proliferation is
favored by a wide array of environmental conditions such
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as high temperature (28-32°C) and high relative humid-
ity of 96—100% with frequent rainfall. Additionally due to
various agricultural malpractices like, high levels of nitro-
gen in the soil due to excess usage of N-fertilizers, use of
high yielding varieties, close spacing of plants and dense
canopy, presence of sclerotia in the soil also are responsi-
ble for sheath blight development (Pin et al. 2012). It is a
major production constraint of rice in most states of India.
Yield losses have been reported in the range of 4-50%,
depending on the cultivar, environmental conditions and
stages at which the plants are infected (Singh et al. 2016).
Due to the broad host range and flexibility of the pathogen,
and lack of robust resistance in the existing germplasm
(from both cultivated and wild varieties of rice), traditional
breeding approaches have failed to yield durable sheath
blight resistance in rice. Pesticides have been traditionally
used worldwide to protect plants against this pathogen, but
their rampant unregulated use is responsible for significant
environmental and health-related issues worldwide (Molla
et al. 2020). Therefore, the generation of transgenic rice
by the integration of defense-related genes may well be
the effective approach to cut productivity losses caused by
sheath blight. Most of the transgenic strategies taken till
date to generate sheath blight-resistant rice have involved
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the constitutive expression of pathogenesis-related (PR)
proteins, such as PR-3 (chitinases) (Lin et al. 1995; Datta
et al. 2000, 2001), PR-5 (thaumatin-like proteins) (Datta
et al. 1999) and the tissue-specific expression of oxalate
oxidase (Molla et al. 2013). There are also reports on co-
expression of some PR proteins, like rice chitinase (chill)
and thaumatin-like protein (Kalpana et al. 2006), chill
and B-1,3-glucanase (Sridevi et al. 2008) and chitinase
and oxalate oxidase (Karmakar et al. 2016). Plants have
acquired a two-tiered defense response against pathogen
attacks over the course of evolution. The first innate layer
is exemplified by readymade structures and molecules pre-
sent during the regular life cycle of a plant, whereas the
second adaptive layer is elicited during pathogen infection.
In spite of the well-developed multilayered defense net-
work, pathogens have managed to slip through and infect
the host plants, thereby causing losses in productivity.
Antimicrobial peptides (AMPs) are important members of
a group of evolutionarily conserved low molecular weight
defense peptides, which are a vital component of the innate
and the adaptive immune responses in plants and help
deliver broad spectrum resistance against a wide variety
of phytopathogens. These AMPs directly act against the
microbes via varying modes of action such as disrupting
their membranes, inhibiting their growth and causing cell
death (Barbosa Pelegrini et al. 2011). AMPs are mostly
positively charged, rich in cysteine residues and possess a
disulfide bridge-stabilized structure. The deadly combina-
tion of small size and antimicrobial efficacy in the nM to
uM range makes AMPs an excellent choice for generating
disease resistance against a wide spectrum of phytopatho-
gens affecting diverse families of crops (Das et al. 2019).
Transgenic approaches have been successfully used pre-
viously to express different AMPs such as puroindolines
(Krishnamurthy et al. 2001), nonspecific lipid transfer pro-
teins (ns-LTPs) (Patkar and Chattoo 2006) and defensins
(Jha et al. 2009; Jha and Chattoo 2010) to generate sheath
blight-resistant rice.

Snakin peptides are a novel family of antimicrobial pep-
tides which share structural similarity with members of the
Snakin/Gibberellic Acid-Stimulated Arabidopsis (GASA)
protein family (Segura et al. 1999; Berrocal-Lobo et al.
2002). They share common features such as N-terminal puta-
tive signal sequence, a highly divergent intermediate region
and a conserved C-terminal domain with 12 conserved Cys
residues. In spite of the common structural features, they
are engaged in diverse biological processes like cell divi-
sion, cell elongation, cell growth, transition to flowering,
signaling pathways and defense (Segura et al. 1999; Roxrud
et al. 2007; Nahirfiak et al. 2012). The Snakin/GASA family
is proposed to have an important role is redox homeostasis
as it contains putative redox active sites, i.e., cysteine resi-
due pairs present in the GASA domain, and this has been
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validated in different Snakin/GASA family members in
various plants (Wigoda et al. 2006; Rubinovich and Weiss
2010; Lee et al. 2015; Rubinovich et al. 2014; Nahirfiak et al.
2019).

The Snakin-1 (StSNI) peptide, a cysteine-rich antimi-
crobial peptide isolated from potato (Solanum tuberosum),
has 63 amino acid residues, 12 of which are highly con-
served cysteines. The StSN1 peptide was shown to inhibit
the following fungal pathogens such as Fusarium solani,
Fusarium culmorum, Aspergillus flavus, Bipolaris maydis,
Colletotrichum lagenarium, Colletotrichum graminicola,
Plectosphaerella cucumerina and Botrytis cinerea in vitro
(Segura et al. 1999; Berrocal-Lobo et al. 2002). Transgenic
wheat overexpressing SN1 displayed significantly height-
ened resistance to the take-all disease as well as the pow-
dery mildew disease (Rong et al. 2013; Faccio et al. 2011).
Alfalfa modified to overexpress its endogenous SN1 was
protected against two different fungal diseases, anthracnose
and spring leaf spot (Garcia et al. 2014). Overexpression of
the snakin-1 gene was shown to confer enhanced resistance
in transgenic potato plants to Rhizoctonia solani (Almasia
et al. 2008). Lettuce plants expressing it also showed resist-
ance against the bottom rot and drop disease causing patho-
gen, Rhizoctonia solani (Darqui et al. 2018).

In the present study, we aim to investigate whether the
constitutive expression of snakin-1 in transgenic rice pro-
tects it against the sheath blight fungus, Rhizoctonia solani.

Materials and methods
Vector construction

The 1.8-kb fragment of the ubiquitinl promoter (Ubil) from
rice, 785-bp fragment of snakin-1 gene from potato cv. Kufri
Chipsona 3 and 320-bp fragment of nos terminator from
pCAMBIA1301 were amplified by PCR using HotStar HiFi-
delity Polymerase from Qiagen. These were then cloned into
the pBluescript SK(+) vector and sequenced. For restric-
tion digestion-mediated verification, the rice ubiquitinl
promoter fragment was digested with Sacl and Kpnl, the
snakin-1 gene with Kpnl and Smal and the nos terminator
with Smal and BamHI from the pBluescript SK(+) vector,
and the construct was cloned into the pUC19 vector to make
the final construct pUC-OSN. The 2.8-kb fragment of the
final construct was subsequently cloned into the Sacl-BamHI
digested pPCAMBIA1301 to form the pPCAM-OSN.

Rice transformation
The genetic transformation of rice (Oryza sativa L. sub-

species indica cv. Jaldi-13) was carried out by following
the Agrobacterium-mediated method (Lin et al. 2009) with
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some minor modifications, using 50 mg/L hygromycin B as
the selection agent. The putative transformed plants were
moved to soilrite for hardening. The hardened plants were
subsequently transplanted in pots containing soil in the
greenhouse and grown to maturity.

PCR screening

Genomic DNA was extracted from the leaves of putative
T-positive rice plants as previously described (Huang et al.
1997). With 100 ng of genomic DNA template, PCR screen-
ing was performed using snakin-1-nos-specific primers
(F=5-AAGGCAGGACTTGCAGACAG-3' and R=5"-GAT
CTAGTAACATAGATGACACCGC-3').

Southern blot analysis

Genomic DNA was extracted from the leaves of non-
transformed wild-type control (WT) and PCR-positive T,
transgenic plants according to the modified CTAB method
(Stein et al. 2001) and quantified using a Nanodrop spectro-
photometer (Thermo Fischer, USA). Fifteen micrograms of
purified genomic DNA was digested with Kpnl and BamHI
restriction enzymes (Fermentas, USA). The digested DNA
samples were electrophoretically separated by 1% agarose
gel and blotted onto a nylon membrane (Hybond N+, Amer-
sham, GE Healthcare, USA) via capillary transfer and UV
crosslinked. Restriction-digested 1062-bp snakinl-nos frag-
ment labeled with DIG-11-dUTP (as per the manufactur-
er’s protocol) was used as the probe for hybridization. The
hybridization, washing and detection steps were performed
in accordance with the manufacturer’s protocol (DIG DNA
Labelling and Detection Kit, Roche, Germany).

RNA extraction, cDNA synthesis and quantitative
real-time PCR

Rice leaf tissues were snap-frozen in liquid N,, and total
RNA was extracted from 100 mg of frozen leaf samples
using TRIzol reagent (Invitrogen, USA). The purified RNA
was treated with DNase (Fermentas, USA), and first-strand
cDNA was synthesized from 1 pg of purified total RNA
using iScript™ cDNA synthesis kit (BioRad, USA). qRT-
PCR was performed in the CFX-96 real-time PCR system
(Bio-Rad) using a SYBR Green Kit (Fermentas, Canada)
with snakin-1 gene-specific primers (F=5"- AAGGCA
GGACTTGCAGACAG-3' and R=5-AGGGCATTTAGA
CTTGCCCTTA-3"). Rice f-tubulin gene was used as an
internal control for qRT-PCR using tubulin-specific prim-
ers (F=5"-GGAGTCACATGCTGCCTAAGGTT-3’ and
R=5"- TCACTGCCAGCTTACGGAGG-3"). Each experi-
ment was performed in triplicate, and relative expression

levels were determined using 2744“Tmethod (Livak and
Schmittgen 2001).

Enzymatic antioxidant assays

The activity assays for various antioxidant enzymes were
performed from leaf samples (WT and transgenic) that were
collected at different time intervals post-infection following
Paranidharan et al. (2003). The leaf samples were homog-
enized, and total protein concentration was determined by
the Bradford method (1976) using BSA as the standard. The
activity assays for peroxidase (POD), superoxide dismutase
(SOD), ascorbate peroxidase (APX) and catalase (CAT)
were performed as described (Chen and Zhang 2016; Das
et al. 2015).

Estimation of lipid peroxidation

The level of lipid peroxidation was estimated by measur-
ing the malondialdehyde (MDA) content, a by-product of
lipid peroxidation (Chen and Zhang 2016).

Antifungal test

The crude protein was isolated from leaves of T, transgenic
and non-transformed WT plants by homogenizing with PBS
(pH 7.0). A 5-day-old PDA plate of Rhizoctonia solani AG1-
1A (Hyderabad isolates) was taken, and active young myce-
lia were incubated in 100 ug total protein solution for 4 h at
25 +2°C. The treated mycelia were then stained using lac-
tophenol cotton blue (Hi-media), acridine orange-ethidium
bromide (AO-EB) (Kasibhatla et al. 2006), Nile Red (Thrane
et al. 1999) and MTT separately (Swain et al. 2017). They
were subsequently photographed using a compound fluores-
cence microscope (Carl Zeiss, Switzerland).

Bioassay
Mycelial agar disc bioassay

The detached leaf bioassay using a mycelial agar disc was
performed as previously described (Kumar et al. 2003). A
spherical mycelial agar block (5 mm diameter) from a 5-day-
old Rhizoctonia solani AG1-1A (Hyderabad isolates) on
PDA media was placed on the middle of each leaf and incu-
bated in the dark at 25 +2°C. After incubation for 72 h, leaf
was stained using lactophenol cotton blue (Hi-media) and
the number of infection cushions was determined under a
microscope.
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Microchamber bioassay

A myecelial disc of 1 cm diameter was used as inoculum
carrier, from a 3-day-old PDA culture of Rhizoctonia solani
AG1-1A (Hyderabad isolates). A single mycelial agar disc
was placed at the base of each 21-day-old rice plant. Trans-
genic and WT plants were subjected to the microchamber
infection bioassay according to Jia et al. (2007) with some
modifications. The infected sheath 10 days post-infection
(DPI) was stained using lactophenol cotton blue (Hi-media)
and examined under a compound microscope (Carl Zeiss,
Switzerland).

Whole plant bioassay

The whole plant bioassay was performed as described previ-
ously (Datta et al. 1999). PDA plate was inoculated with a
single sclerotium of Rhizoctonia solani and incubated for
3 days in the dark at 30 °C. Subsequently it was again sub-
cultured for another 3 days. The contents of the PDA plate
were moved into a bottle containing a rice hull-rice grain
mixture and incubated in the dark at 28°C for 10 days. Five
grams of inoculated rice-hull mixture was carefully placed
in the midst of the tillers of each plant at its maximum till-
ering stage. Then the tillers were tied together with rubber
bands. Sterile water was sprayed every morning to maintain
the humidity of the environment. The disease severity and
progression were evaluated at 7, 14 and 21 DPI using a scale
ranging from O to 9, which is based on the relative lesion
height on the whole plant, in accordance with the Standard
Evaluation System for Rice (IRRI 2002).

Agronomic evaluation of transgenic plants

The agronomic performance of both WT and snakin-1 trans-
genic rice plants were evaluated under the same growing
conditions. There are different agronomic characters such as
plant height (in cm), number of tillers, number of panicles
per plant, panicle length (cm) and 1000 seeds weight (DW).
All data were evaluated according to the Standard Evalua-
tion System for Rice (IRRI 2002).

Statistical analysis

All statistical analysis was performed using the GraphPad
Prism5 software (GraphPad software, La Jolla, CA, USA).
One-way and two-way analyses of variance (ANOVAs) were
used to compare the differences between the WT and the
transgenic plants. The statistical significance at p <0.05 was
calculated.
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Results

Molecular analysis of snakin-1 expressing
transgenic rice

Agrobacterium strain LBA4404 harboring the gene construct
pCAM-OSN (Fig. 1a) was used to transform dehusked mature
rice seeds to generate transgenic plants. A total of 16 puta-
tive hygromycin-resistant transgenic plants (T,) were obtained
through Agrobacterium-mediated transformation. PCR was
used as a primary screening method for positive transformants.
All the sixteen plants showed the amplification of the 437-bp
PCR product, whereas WT plants did not show any amplified
bands (Fig. 1b). Gene expression of the snakin-1 gene showed
that two T, plants viz. OSN-4 and OSN-10 showed compar-
atively higher expression than the others as seen in Fig. lc.
These were selected for further analysis. Southern hybridi-
zation analysis of T, transgenic rice plants revealed integra-
tion of the transgene cassette into the rice genome (Fig. 2a)
with no signal in the WT plant. Quantitative real-time PCR
showed that three T, plants from OSN-4 line, i.e., 4-21, 4-25
and 4-36, showed 3.47-, 1- and 2.11-fold higher expression
of snakin-1 gene than the level of rice B-tubulin expression
(Fig. 2b).

Antioxidant enzyme activity and oxidative
stress tolerance in progeny transgenic plants
after infection

The activities of the major antioxidant enzymes were found to
be greatly reduced in the transgenic plants as compared to the
WT plants after infection (Fig. 3a—d). APX activity was 1.37-
to 1.41-fold lower (p <0.0001) in the transgenic plants than
in the WT plants (Fig. 3a). Transgenic plant 4-21 showed a
marked 3.69-fold reduction of CAT activity followed by 3.04-
and 2.23-fold in plants 4-36 and 4-25 respectively (Fig. 3b),
when compared to WT plants at SDPI (p <0.0001). The activ-
ity of POD was significantly reduced (3.09- to 3.66-fold) in
transgenic plants (p <0.0001) than the WT plants (Fig. 3c).
SOD activity exhibited similar activity pattern as CAT with
plant 4-21 (1.87-fold) showing the lowest activity followed by
4-36 (1.56-fold) and 4-25 (1.41-fold) (p <0.0001), in com-
parison with the WT plants (Fig. 3d). The oxidative stress
tolerance due to fungal infection was measured by the degree
of lipid peroxidation and represented by the malondialdehyde
(MDA) levels and was also found to be reduced by 1.95- to
3.56-fold in transgenic plants in relation to the WT plants
(Fig. 3e).
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Fig. 1 a Diagrammatic repre-
sentation of the snakin-1 gene
construct b PCR screening of
putative transgenic plants using
partial gene-specific primers
(snakin-1-nos) to amplify the
437-bp snakin-nos fragment.
(M)—GeneRuler 1 kb gene
ladder used as marker; (N)—
negative control or WT plant;
(P)— positive control. ¢ Expres-
sion analysis of snakin-1 gene
using gene-specific primers by
RT-PCR to generate 147-bp
fragment. (M)—GeneRuler
Low Range DNA Ladder used
as marker; ¢ WT control
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Antifungal activity of crude protein from transgenic
rice plants

Lactophenol cotton blue is used to selectively stain fungi.
The Rhizoctonia solani mycelia treated with the WT crude
protein were mostly healthy, smooth and uniformly stained
(Fig. 4a). In comparison, those treated with the trans-
genic crude protein showed a wide variety of abnormali-
ties (Fig. 4b—f). The different abnormalities observed were
(1) vacuolation (Fig. 4b), (2) aberrated hyphal membranes
(Fig. 4c¢), (3) cytoplasmic granulation (Fig. 4d), (4) dead,
empty and lightly stained hyphal fragments (Fig. 4e) and
(5) swelling and bursting of the hyphal tips (Fig. 4f). These
observations suggest that the snakin-1 had affected the
mycelia.

The acridine orange-ethidium bromide stain (AO-EB
stain) is a viability stain, which detects and differentiates
dead cells from live ones (Ribble et al. 2005). The myce-
lia treated with the WT crude protein have a majority of
uniformly fluorescing healthy green hyphae with some

Kpnl Smal BamHI

snakin-1 v
773bp bp

8 10 11 12 13 14 15 16

147bp

65bp

C

dead orange hyphae (Fig. 5a, b). In contrast, the transgenic
crude protein-treated fungi have a majority of the hyphae
fluorescing orange indicating dead hyphae (Fig. 5c, d).

Nile Red is hydrophobic dye which stains membranes
and other lipid-containing structures in the hyphae (Yuan
and Heath 1991). The WT crude protein-treated mycelia
have a majority of bright uniformly fluorescing healthy
yellow hyphae (Fig. Se). Transgenic crude protein-treated
hyphae showed reduced fluorescence as compared to
the WT treated, indicating lower number of live hyphae
(Fig. 5%).

Metabolically active cells can reduce MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide), a yellow tetrazolium salt to purple formazan
crystals. Mycelia treated by WT crude protein had a larger
proportion of live purple-stained hyphae (Fig. 5g), while
transgenic crude protein-treated mycelia showed mostly
unstained dead hyphae with small patches of live purple
cells (Fig. 5h).
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Fig.2 a Southern blot analysis of Kpnl-BamHI-digested genomic
DNA of T, transgenic plants with Kpnl-BamHI-digested snakinl-nos
probe of 1062 bp. (PC)- positive control, (NC)- negative control or
WT plant. b Expression analysis of snakin-I gene using quantitative
real-time PCR, using the rice f-tubulin gene for normalization. Each
bar represents the mean + SE of three independent experiments.

Enhanced resistance of transgenic plants
against sheath blight fungus

The microchamber method showed that transgenic plants
OSN-4 (DI=2.30) and OSN-10 (DI=4.06) were signifi-
cantly (p <0.0001) better protected than the WT (DI=5.89)
at 10 DPI (Fig. 6a, b). Post-LPCB staining, we observed
that the WT sheath was heavily infected with the fungus
(Fig. 6¢1), whereas the transgenic sheath was able to prevent
the colonization of the plant cells by the fungi significantly

The detached leaf inoculation test carried out using the
mycelial agar disc demonstrated that the leaves from trans-
genic plants showed a significant drop in disease symptoms
in contrast to that of WT plant. The number of infection
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cushions in transgenic plant 4-21 was significantly low
(6.0) as compared to its WT counterpart (59.33) after 72 h
(»<0.0001) (Fig. 7a). The WT leaves displayed large areas
of necrotic spots and surface browning, whereas the trans-
genic leaves showed minimal symptoms and were mostly
green with small patches of necrosis at 72 h (Fig. 7b).
The detached leaves post-staining confirmed that WT leaf
(Fig. 7ci) was crowded by large number of infection cush-
ions, whereas the transgenic leaf had a sparse population of
infection cushions and mycelia (Fig. 7cii).

The whole plant bioassay using Rhizoctonia solani
showed substantial restriction of the vertical advancement
of the fungus in transgenic plants over the course of 7, 14
and 21 DPI as compared to WT plants. At 21 DPI, a sig-
nificant decrease (16.98-20.59%) in the disease index was
observed in the transgenic plants, whereas it was much
higher in case of WT plants (59.82%) (p <0.0001) (Fig. 8a,
b).

Expression of snakin-1 does not affect agronomic
traits

There were no significant differences observed between
the WT and the transgenic plants (Fig. 9a). There were no
observable phenotypic or morphological differences in the
germinated seedlings of both WT and transgenic plants
(Fig. 9b).

Discussion

Snakin-1 has been found to inhibit a variety of phytopatho-
gens in vitro (Berrocal-Lobo et al. 2002; Segura et al. 1999).
But the mechanism of its antifungal action has not been deci-
phered yet. Therefore, we explored its antifungal mode of
action against the sheath blight fungus, Rhizoctonia solani in
vitro, using the crude protein extract. We have used different
types of staining methods to highlight different aspects of
its antifungal activity.

Lactophenol cotton blue helps in studying the fungal
morphology, as it selectively stains the fungal chitin and
cytoplasm. The light or lack of staining of the transgenic-
treated hyphae, suggests that the hyphal damage was due to
both the loss of cellular contents and the chemical altera-
tions of the fungal cytoplasmic components (Ikediugwu and
Webster 1970). Granular cytoplasm was reported earlier due
to increased hyphal membrane permeability caused by the
cell-penetrative action of the AMP NaD1 (van Der Weerden
et al. 2008). Increased vacuolation caused by stress-induced
autophagy leads to hyphal compartments having large
vacuoles, which arrests the cell cycle (du Pré et al. 2020).
Defensins PsD1 and ApDefl were previously reported to
inhibit the fungal cell cycle progression (Lobo et al. 2007;
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Fig.3 The activities of the different antioxidant enzymes and evalu-
ation of oxidative damage in WT and T, transgenic rice plants at
different days post-infection (DPI) with R. solani. a APX activity, b

Soares et al. 2017). Inhibition of phospholipid methyltrans-
ferases causes a lack of phosphatidylcholine (PC) in the
fungal membrane leading to hyphal morphological abnor-
malities such as swollen tips (Tao et al. 2010; Akhberdi et al.
2018), which make membranes hypersensitive to stress con-
ditions and eventually cause rupture of the tips.

Cell viability was studied using the dual AO-EB stain-
ing technique. Acridine orange is a cell-permeable vital dye

CAT activity, ¢ POD activity, d SOD activity, e MDA content. Each
bar represents the mean + SE of three independent experiments

which stains both live and dead cells, while ethidium bro-
mide is non-permanent and exclusively stains dead cells.
Live, apoptotic and necrotic cells display different fluores-
cence characteristics (Kasibhatla et al. 2006). The WT crude
protein-treated fungal mycelia displayed mostly uniform
green fluorescence (live) interspersed with some uniformly
orange fluorescing hyphae (necrotic) (Fig. 5a, b). In contrast,
the crude protein isolated from the transgenic plant-treated
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Fig.4 Lactophenol cotton blue (LPCB)-stained Rhizoctonia solani. a
Mycelia treated with WT crude protein showing mostly healthy uni-
formly stained hyphae. b Mycelia treated with transgenic crude pro-
tein showing vacuolation (indicated by red arrows). ¢ Hyphae with
aberrated membranes. d Hyphae showing granulated cytoplasm (indi-

mycelia has a mixed population of cells displaying differ-
ent stages of cell death. Hyphae were found in the early
apoptotic stage (bright green dots) (Fig. 5¢), some in the

@ Springer
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cated by the red arrow and in the magnified inset). e Lightly stained
dead hyphae. f Hyphal tip swelling and tip bursting in the magnified
inset indicated by red arrows (left arrow- burst tip; right arrow- swol-
len tip)

late apoptotic stage (bright yellow dots) and most of them
in necrosis (uniform orange fluorescence) along with very
few green live hyphae (Fig. 5d). These observations suggest
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Fig.5 Acridine Orange-Ethidium Bromide (AO-EB)-stained
Rhizoctonia solani: Mycelia treated with control WT crude protein
showed a majority of live hyphae uniformly green fluorescing with
few uniformly yellow-orange fluorescing necrotic hyphae (a, b).
Mycelia treated with transgenic crude protein showed mostly necrotic
hyphae (uniformly yellow-orange fluorescing) with some hyphae
showing ¢ early apoptosis (bright green dots) and d late apoptosis
(bright orange dots) (both are marked by white arrows). Nile Red
stained Rhizoctonia solani: Mycelia treated with WT control crude
protein showed e mostly uniformly bright yellow fluorescing healthy
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hyphae with intact membranes. Mycelia treated with transgenic crude
protein showed f mostly lightly fluorescing dead hyphae with dam-
aged membranes and presence of lipid droplets (bright orange dots)
(indicated by cyan arrows) indicating apoptosis. MTT staining of
Rhizoctonia solani: g WT control crude protein-treated mycelia
showing mostly purple-stained metabolically active live cells with
few unstained dead cells. h Transgenic crude protein-treated myce-
lia showing mostly dead unstained cells with small purple-stained
patches of live cells
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Fig.6 Microchamber bioassay of young rice plants using Rhizoctonia
solani. a Disease severity was measured as the disease index (DI) of
transgenic and WT plants at 10 DPI. The values are represented as
the mean+SE (n=6). b Representative images of infected sheath of
(i) WT, (ii) OSN-10 and (iii) OSN-4 (lesion indicated by red arrows).
¢ Lactophenol cotton blue-stained infected sheath of both WT and
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transgenic plants as observed under the microscope. (i) WT infected
sheath showing blue-stained fungi inside the plant cells. (ii) Trans-
genic infected sheath showing mostly unaffected cells and a blue
hyphae originating from an infection cushion. It is surrounding the
plant cell but unable to penetrate it [indicated by cyan arrow]
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Fig.7 a Detached leaf bioassay showing reduced number of infec-
tion cushions being formed in the T, transgenic plants than in the
wild type (WT). The values are represented as the mean + SE (n=06).
Experiments were replicated three times. b Representative images
of reduced symptom formation in transgenic leaves as compared to
WT leaf in the mycelial agar disc bioassay. ¢ Lactophenol cotton

that snakin-1 possibly triggered apoptosis as well as necrosis
in Rhizoctonia solani.

Nile Red stains lipid-rich cellular structures like mem-
brane and lipid droplets which helps evaluate membrane
damage and cell death. The WT crude protein-treated
mycelia had uniformly bright fluorescence suggesting

blue-stained leaves of both WT and transgenic plants observed under
the microscope. WT leaves are severely infected by large number of
infection cushions (i), while transgenic leaves showed sparse hyphal
network with few infection cushions (ii) (infection cushion is indi-
cated by white arrows)

healthy hyphae with intact membranes (Fig. 5e). The
transgenic crude protein-treated mycelia mostly showed
reduced fluorescence, indicating dead and damaged cells
(Fig. 5f). The accumulation of lipid droplets (bright yel-
low dots) (Fig. 5f), which is a marker of apoptosis (Boren
and Brindle 2012) was also observed. The reduced
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Fig.8 Whole plant bioassay
of transgenic and WT plants
using Rhizoctonia solani. a
Disease severity was evaluated
as percentage disease index
(PDI) in T, transgenic and WT
plants at 7, 14 and 21 DPI. The
values are represented as the
mean=+ SE (n="7). b Represent-
ative images showing disease
symptoms in the rice tillers of
WT and T, transgenic plants.
Pictures were taken at 30 DPI

Fig.9 a Agronomical evalu-
ation of WT and transgenic
plant lines: The parameters
were measured for both WT
and transgenic plants grown in
similar conditions in the green
house. Values are presented

as mean + standard error (SE)
(n=10). b (i) Germination of
wild-type (WT) and transgenic
(T) seeds. (ii) Morphology of
WT and transgenic snakin-1
rice seedlings
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Percentage Disease Index (PDI)
g

Days
B 4-25

B 4-36

Group Plant height | Number of | Panicle Panicle per | 1000 seeds
(cm) tillers length (cm) | plant weight (gm)
WT 55.90+0.89 | 9.40+0.22 15.63+0.08 | 10.1+0.38 18.01+0.36
OSN-4 57.98+£1.23 |9.10+0.28 14.97+0.16 | 10.3+0.45 17.02+0.6
OSN-10 54.24+1.36 | 8.90+0.31 14.07+0.17 | 10.2+0.53 16.71+£0.32
a
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fluorescence indicates a marked reduction in the cell mem-
brane hydrophobicity (Thrane et al. 1999), suggesting that
snakin-1 probably altered the fungal membrane lipid com-
position by targeting its lipid biosynthesis pathways via
unknown molecular mechanisms. This reduction in cell
surface hydrophobicity (CSH) affects its adhesion capabil-
ities, which is an important factor for the successful host
infection capability of Rhizoctonia solani (Keijer 1996).

Living metabolically active cells can reduce the tetrazo-
lium dye MTT to purple insoluble formazan crystals, via
mitochondrial dehydrogenases. Transgenic-treated mycelia
showed a greater live cell population than the WT-treated
hyphae, suggesting that snakin-1 can affect fungal mito-
chondrial respiration, like other antifungal peptides (Aerts
et al. 2011).

Infection-induced stress conditions cause a buildup
of reactive oxygen species (ROS), and given the previ-
ously reported redox-modulating capabilities of snakin-1,
we analyzed the rice antioxidant enzyme activity levels
post-infection. Transgenic rice plants showed significantly
reduced antioxidant enzyme activity post-infection than
their WT counterparts. Snakin-1 reportedly regulates
important non-enzymatic ROS scavengers like ascorbate,
raffinose and galactinol (Nahirfiak et al. 2012). Therefore,
we hypothesize that membrane-bound snakin-1 in trans-
genic rice not only directly inhibits the incoming pathogen
resulting in reduced pathogen-induced ROS generation,
but also helps detoxify the ROS generated, by modulat-
ing the non-enzymatic ROS scavenging antioxidant lev-
els. Therefore, the synergistic effect of the antimicrobial
action and the redox modulation of snakin-1 significantly
reduced ROS generation. This caused lower expression
and resulted in reduced antioxidant enzymes activity levels
in the transgenic rice plants. The reduced MDA levels in
transgenic plants can also be explained by both the low-
ered ROS generation and reduced membrane penetration
by the fungus.

Snakin-1 has successfully protected both potato and let-
tuce (Almasia et al. 2008; Darqui et al. 2018) against the
necrotrophic fungus, Rhizoctonia solani. Therefore, we eval-
uated its in planta activity against the sheath blight pathogen
in rice in three different ways.

Infection cushions are fungal structures which breach
the plant’s primary defense barriers and help colonize the
underlying plant tissue. Microscopic observations of the
detached leaves after staining showed that the transgenic
leaf had sparse hyphal filaments with significantly lesser
number of infection cushions than its WT counterpart. Since
the snakin-1 is membrane localized (Nahirfiak et al. 2012), it
directly encounters the entry of the fungus and inhibits the
fungal growth before penetration, thus preventing its entry
into plant cell. This explains the significantly fewer infection
cushions in the transgenic plant.

The microchamber assay not only helped study the effect
of the fungus on young rice sheaths, but also the protec-
tive effect of snakin-1 against Rhizoctonia solani in young
rice plants. Rhizoctonia solani being a necrotrophic fun-
gus also attacks young rice plants (Dath 1990). WT plants
were rapidly colonized by the fungus (Fig. 6¢i), whereas
the transgenic plants had significant protection. This is evi-
dent from the microscopic evaluation of the stained infected
sheaths, where the fungus was unable to penetrate the cell
wall and enter the cell in the transgenic sheath. Instead, the
fungal hypha is restricted to the apoplastic space (Fig. 6cii).
Snakin-1 being membrane bound, had successfully pre-
vented the fungus from rapidly penetrating and invading the
young transgenic rice sheath.

The vertical disease progression was rapidly halted from
the beginning of the bioassay till the end in the mature trans-
genic rice plants. The sheath blight disease symptoms were
notably reduced as evident from the lower PDI value (on
average, 65.6—71.6% resistance) at 21 DPIL. The WT sheath
underwent browning and chlorosis, whereas the transgenic
sheath was healthy with few lesions and minimal browning.
Snakin-1 thus effectively protected mature transgenic rice
against this deadly fungus.

The antifungal mode of action of snakin-1 has not been
deciphered yet. It has been proposed that snakin-1 can prob-
ably form pores in the pathogen membrane via self-aggre-
gation, thereby causing membrane permeability. The pres-
ence of a helix-turn-helix (HTH) motif, a common structure
found in all known gene-regulating DNA-binding proteins,
together with its cationic nature, possibly allows snakin-1
to affect their vital gene expression by binding to the patho-
gen’s DNA/RNA (Almasia et al. 2020). Based on this con-
text and our experimental observations, we have proposed
a hypothetical model of the antifungal mode of action of
snakin-1 (Fig. 10). Through the course of this work, we have
observed that snakin-1 affects the fungus by triggering apop-
tosis via multiple pathways (Fig. 10g—j). It also probably
alters the cell membrane permeability and its cell surface
hydrophobicity, therefore affecting its adhesion capabilities
(Fig. 10e, f, k). The combination of all these factors accounts
for its antifungal action against Rhizoctonia solani. Future
work can focus on the detailed aspects of the different path-
ways proposed here and further help in deciphering the exact
mode of antifungal action of snakin-1. Therefore, we can
summarize that snakin-1 was indeed effective against the
rice sheath blight fungus both in vitro and in planta without
affecting the normal growth and development of the trans-
genic rice. The strategy followed in this work can be extrap-
olated to other staple crops affected by this cosmopolitan and
economically devastating phytopathogen.
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Fig. 10 Diagrammatic representation of the hypothetical model of
the antifungal mode of action of snakin-1 against Rhizoctonia solani.
a The transgenic rice plant expressing snakin-I on being infected by
Rhizoctonia solani shows a magnified view of an b infection cushion
attacking the plant cellular structure by invading the apoplastic space
via means of the mycelial network. A magnified view of the inter-
action between the ¢ plant cell expressing the snakin-1 peptide (red
structures) and the d fungal cell has been presented to propose the
antifungal mode of action of snakin-1 against Rhizoctonia solani. The
membrane-bound Snakin-1 being a redox regulator, modulates the
levels of important non-enzymatic ROS scavenging antioxidant mol-
ecules such as ascorbate (Asc), galactinol (Gal) and raffinose (Raf).
These help in neutralizing the ROS generated as a result of infection,
thereby reducing its severity. Snakin-1 affects the fungal cell via its
possible gene-regulating capability, in a wide variety of ways: e the
snakin-1 affects the fungal membrane phosphatidylcholine biosynthe-
sis, which leads to membrane deformation, ultimately creating hypha
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