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Abstract

CAP-34 is a previously reported phytoprotein isolated from Clerodendrum aculeatum (syn. Volkameria aculeata), inducing
systemic antiviral resistance against plant virus infection in susceptible plants. This paper compares the resistance inducing
efficacy of CAP-34 and a rhizobacterial isolate P1f on tomato (systemic) and tobacco Xanthi-nc (hypersensitive), against
tobacco mosaic virus (TMV). The PGPR isolate was identified as an isolate of Pseudomonas putida through molecular and
biochemical characterization, and it exhibited PGPR traits such as production of auxin and siderophore. GC—MS examination
of the volatiles produced by P1f included several that are implicated in antimicrobial activity, growth promotion and induced
systemic resistance. Foliar treatment of tobacco plants with P1f and CAP-34 led to an induced antiviral state in hypersensitive
tobacco that persisted for 5 and 3 days, post-treatment, respectively, with a percent reduction in lesion number greater than
90. A higher accumulation of hydrogen peroxide and production of peroxidase enzyme was recorded in P1{-treated leaves,
in comparison to those with CAP-34 treatment. The disease incidence in tomato plants treated with CAP-34 and P1f was
30 and 60 percent, respectively, 28dpi. A significant increase was noted in growth parameters such as number of branches
and flowers in CAP-34 treated plants, while a significant enhancement in plant height and dry shoot and root weight was
observed in P1f-treated set, compared to the control set. ELISA values for the presence of TMV were significantly lower in
the infected tomato plants in the treated sets, as compared to the control set, with CAP-34 treatment exhibiting better results
as against the P1f-treated set. In the resistant plants from either set, no viral RNA or viral coat protein was detected through
RT-PCR and serology. These results suggest that CAP-34 affords more pronounced protection against virus infection com-
pared to the rhizobacterial isolate P1f.
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Introduction

Crop losses due to virus infections are a matter of serious
concern. Aside from breeding for resistance through clas-
sical means, induction of systemic resistance in susceptible
hosts through infection by biotic agents (Fu and Dong 2013)
and chemicals (Kessman et al. 1994) gained popularity as
an alternative strategy to prevent virus infection. Induction
of systemic resistance and growth promotion in plants by
plant growth promoting rhizobacteria (PGPR) (van Loon
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et al. 1998; Pieterse et al. 2014; Mauch-Mani et al. 2017), or
plant proteins (Prasad and Srivastava 2017), constitute other
well documented methods of plant protection, advocated due
to their eco-friendly tag, Thus, manipulating the resistance
responses of the host to pathogen infection through various
treatments has been favourably considered in the past and
continues to be explored for its environment friendly and
non-toxic nature (Wilkinson et al. 2019).

Antiviral resistance inducing proteins have been isolated
from the leaves of Clerodendrum aculeatum and C. inerme,
and roots of Boerhaavia diffusa, termed CAP-34, CIP-29 and
BDP-30, respectively (Prasad et al. 1995; Verma et al. 1996;
Srivastava et al. 2015b). These are highly stable basic pro-
teins and have molecular masses in the range of 29-34 kDa.
Since the first two proteins depurinate rRNA, they are also
classified as ribosome-inactivating proteins (RIPs) (Olivieri
et al. 1996). Peptides obtained from BDP-30 demonstrate
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absolute identity with Trichosanthin, an RIP from roots of
Trichosanthes kirilowii (Srivastava et al. 2015b). All three
proteins induce resistance in several susceptible hosts when
administered as a foliar treatment prior to challenge inocu-
lation with different viruses (Prasad and Srivastava 2017).
The induced-resistant state in susceptible plants treated with
such plant proteins was accompanied by the production of a
virus inhibitory agent (VIA) in the host tissues, both at site
and at remote-site of application (Verma and Awasthi 1980;
Prasad et al. 1995; Verma et al. 1996). An in vitro incubation
of leaf extracts from resistant plants with purified viruses led
to inhibition of virus infectivity. Reversal in phytoprotein-
mediated antiviral resistance was observed after treatment
of plants with actinomycin D, implicating host transcrip-
tion in VIA induction. The nature of the VIA was shown to
be proteinaceous, and CT-VIA-62, a 62 kDa virus inhibi-
tory agent, purified from Cyamopsis tetragonoloba plants
treated with CIP-29, shared sequence similarity with a lectin
(Verma and Dwivedi 1984; Prasad et al. 2014). Amongst the
PGPR, the fluorescent Pseudomonas spp. such as P. fluo-
rescence strain CHAO (Maurhofer et al. 1994), P. putida
strain WCS358, P aeruginosa strain TNSK (De Meyer et al.
1999), and Bacillus subtilis strains IN937 and SE34 are very
effective in controlling plant viruses by inducing resistance,
and promoting plant growth, either through direct or indirect
effects (Murphy et al. 2003; Maurhofer et al. 2004; Bakker
et al. 2007; Beris et al. 2018).

We have evaluated the efficacy of resistance induction
against tobacco mosaic virus (TMV) in the hypersensitive
tobacco cv. Xanthi-nc and Solanum lycopersicum (tomato)
under greenhouse conditions, following treatment with CAP-
34, a basic antiviral protein from C. aculeatum, and a PGPR
isolate P1f, obtained from the rhizosphere of healthy tomato
plants. P1f was subsequently identified as an isolate of
Pseudomonas putida. The comparative antiviral resistance
induced by these two widely differing agents, a plant protein
and a rhizobacterial isolate, both with the capability of elicit-
ing similar effects in the treated plants, has been explored.
Effects of the two treatments on several growth parameters
of tomato plants have also been compared. Production of
auxin, siderophore, and secondary metabolites/volatiles by
the rhizobacterial isolate P1f, in relation to growth promo-
tion and induced resistance, have been evaluated.

Materials and methods

Experimental hosts and maintenance of virus
culture

Experimental plants were maintained in an insect-free glass-
house under natural light conditions and raised in clay pots.
Nicotiana tabacum cv. Xanthi-nc, a local lesion assay host
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for TMV, was used for bioassay to monitor induced resist-
ance, while Solanum lycopersicum (tomato) was employed
as the experimental host to compare antiviral resistance
induction by CAP-34 and the PGPR isolate P1f. Both hosts
were raised from seeds and used when the tobacco plants
were at a five-leaf stage, and tomato plants attained a height
of 10-12 inches, supported by stakes as they grew taller.
TMYV was maintained on its systemic host N. tabacum cv.
White Burley and the infected leaves with distinct mosaic
served as a source for the TMV inoculum. The infected tis-
sue was macerated in 10 mM phosphate buffer, pH 7.0, and
the centrifuged sap was used as the inoculum after suitable
dilution in distilled water.

Isolation of CAP-34 from Clerodendrum aculeatum

CAP-34 was purified from Clerodendrum aculeatum leaves
through a combination of chromatographic procedures as
described earlier (Verma et al. 1996). Briefly, the clarified
leaf tissue homogenate was precipitated with ammonium
sulfate and the precipitate was centrifuged down to be sus-
pended in sodium acetate buffer. Following centrifugation to
clarify suspended particles, the supernatant was desalted on
a column of Sephadex G-25matrix. The void volume eluate
was subjected to a cation-exchange chromatography step on
SP Sepharose FF matrix, tested for antiviral activity and
the active fraction pool was fractionated on a Superdex-75
pre-packed FPLC size-exclusion column. The matrices for
chromatography were obtained from GE Healthcare. The
purified protein was quantified by a modified Lowry protocol
(Cadman et al.1979).

Isolation of plant growth promoting rhizobacteria

Soil was collected from the rhizosphere of healthy tomato
plants growing in and around the University of Lucknow
campus. Isolate P1f was obtained through soil dilution-plat-
ing on nutrient agar. Following an overnight incubation at
37 °C, single colonies were picked and inoculated on nutri-
ent agar through the streak-plate technique. The resulting
single colonies, constituting pure cultures of isolate P1f,
were transferred to agar slants. Culture was maintained at
4 °C and sub-cultured periodically to retain its viability, with
a loopful being transferred to a 5 mL nutrient broth tube
whenever needed. CM cellulose (0.5% w/v) was added to
the 24 h old broth cultures that were adjusted to a give final
density of 1x 10 cfu mL~! using McFarland standard.

Induction of systemic antiviral resistance in tobacco
Xanthi-nc

Two basal leaves of the tobacco Xanthi-nc plants were
treated with either CAP-34 (10 ug mL™") or the PGPR
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isolate P1f (1 x 10% cfu mL™") with a cotton swab. Con-
trol sets were similarly treated with either distilled water
or sterile nutrient broth supplemented with 0.5% (w/v) CM
cellulose. After 1, 3, 5 and 7 days of treatment, the upper
untreated and the lower treated leaves were inoculated with
TMYV using carborundum powder (600 mesh) to facili-
tate mechanical transmission. Local lesions were counted
3-5 days post-inoculation (dpi) and the percentage inhibition
of TMYV infection was calculated for both site (treated) and
remote-site (untreated) leaves as described earlier (Prasad
et al. 1995).

Assay for production of the virus inhibitory agent
(VIA) in the treated plants

Nicotiana tabacum cv. Xanthi-nc plants were divided into
three sets, and each set received treatment with CAP-34, P1f
and DW as before. After 24 h of treatment, the two treated
(site) leaves and the upper untreated (remote site) leaves
from each set were separately harvested, washed in DW, and
homogenized in sodium acetate buffer, 0.1 M, pH 5.2. The
total protein fraction (void volume eluate) was recovered
from each set following chromatography of the centrifuged
extracts on Sephadex G-25 matrix. These eluates were then
mixed with purified TMYV, incubated, and assayed for the
presence of VIA as reported earlier (Prasad et al. 2014).

Peroxidase enzyme assay and in situ localization
of H,0, in the leaf tissue

N. tabacum cv. Xanthi-nc plants were given a foliar treat-
ment with CAP-34, P1f isolate and DW (control), as
described previously. Treated leaves were harvested after
24 h for assay of peroxidase enzyme. Briefly, 1 g leaf tissue
was homogenized in ice-cold mortar and pestle along with
2 mL of chilled sodium phosphate buffer, 0.1 M, pH 7.0,
and the homogenate was centrifuged to get a clear superna-
tant (enzyme extract). Reaction mixture (1 mL) contained
100 mM phosphate buffer, pH 6.5, Guaiacol 0.5% (w/v),
H,0, 0.01% (v/v). Enzyme extract (50 pL) was added to
initiate the reaction, and the enzymic activity was followed
as an increase in absorbance at 430 nm, and expressed as
uM Guaiacol oxidized min~' mg~! protein. Reaction mix-
ture without H,O, served as a blank (Hammerschmidt et al.
1982). Protein concentration in the centrifuged extract was
measured, using BSA as a standard (Cadman et al. 1979).
H,0, accumulation was detected in the leaf tissues of
treated plants. Leaf discs (20 mm diameter) from each
set were vacuum infiltrated for 15 min in 0.1 mg mL~! of
3,3'-diaminobenzidine prepared in 50 mM Tris—acetate
buffer, pH 5.0. Discs were incubated for 24 h at 25 °C in
dark, on a shaker incubator, decolourized with ethanol, 80%
(v/v), at 70 °C for 20 min, and mounted in lactic acid, phenol

and water mixture (1:1:1, v/v). Nikon advanced research
microscope (Model E-400) was used to photograph the discs
(Hernandez et al. 2001).

16S rRNA gene sequencing and nucleotide BLAST
for identification of the isolate P1f

Bacterial genome was isolated using the protocol laid down
in the Bacterial DNA isolation kit (Chromous Biotech,
India), and DNA was quantified using multi-mode plate
reader (BioTek Instruments, USA). For the amplification of
the 16S rRNA gene, the universal primer set of 27F (5'AGA
GTTTGATCCTGGCTCAG3’) and 1492R (5'ACGGCT
ACCTTGTTACGACTT3’) were used (Frank et al. 2008).
PCR was carried out using Dream Taq PCR mix (25 pL)
(Thermo Fisher Scientific), comprising Taq Polymerase (1.0
unit), 2X reaction buffer and dNTPs (200 mM each), forward
and reverse primers (4 puL each), RNase free water (13 pL),
and 25 ng template DNA. Thermocycler (BioRad) was pro-
grammed as follows: 95 °C x5 min (initial denaturation
step), 94 °C x 45 s (denaturation), 52 °C x 45 s (annealing),
72 °Cx 1 min (extension) X 30 cycles, with a final exten-
sion at 72 °C for 10 min. The PCR amplicon (1494 bp) was
electrophoresed on a 1% agarose gel in Tris—borate-EDTA
buffer, stained with ethidium bromide and visualised on a
UV transilluminator. The amplicon was gel purified using
GeneJET PCR purification kit (Thermo Fisher Scientific)
and submitted for sequencing (Chromous Biotech, India).
The sequence was submitted for species identification using
the NCBI nucleotide BLAST.

Morphological and biochemical identification
of the isolate

The isolate was cultured on nutrient agar and studied for the
colony characteristics after incubating overnight at 37 °C.
It was also inoculated onto King’s B medium for detection
of fluorescence (King et al. 1954). KB002 HiAssorted Bio-
chemical test kit for detection of Gram-negative bacteria was
purchased from HiMedia and the reactions of the isolate to
various tests were interpreted as per the Interpretation Chart
supplied by the manufacturer.

Detection of siderophore, auxin, HCN production,
and phosphate solubilization by the isolate P1f

P1f isolate was assessed qualitatively for siderophore pro-
duction observing the protocol of Schwyn and Neilands
(1987). Sterile disc dipped in the 24 h old broth culture was
placed on chrome-azurol S (CAS) agar medium and incu-
bated for up to 3 days at 37 °C. Development of orange
colour around the inoculated disc indicated the production
of siderophore by the bacterial isolate.
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Production of Indole-3-acetic acid (IAA) was measured
quantitatively (Bric et al. 1991). A loopful of the isolate
was incubated for 24 h at 37 °C in 5 mL nutrient broth.
The inoculum (100 pL) was transferred to King’s B broth
(50 mL) containing tryptophan (500 ug mL~") and incubated
for an additional 48 h at 28 °C in a shaker incubator. Cul-
tures were centrifuged at 10,000 rpm for 15 min and 1 mL
of supernatant was transferred to a fresh tube to which 50uL
of 10 mM orthophosphoric acid and 2 mL of Salkowski’s
reagent (1 mL of 0.5 M FeCl; in 50 mL of 35% HCIO,) were
added. Development of red colour confirmed the isolate as
positive for IAA production. IAA was quantified from a
standard graph plotted with 5, 10, 25, 50 and 100 ug mL~!
IAA (Gordon and Weber 1951). Phosphate solubilization
was detected on the Pikovskaya agar medium (Pikovskaya
1948), while HCN production was estimated according to
the protocol of Bakker and Schippers (1987).

Production of secondary metabolites by P1f and its
detection by GC-MS

Secondary metabolites were separated from an overnight
culture of P1f isolate using Shimadzu GC-MS -2010 Plus
(Chromous Biotech, India). Briefly, the sample was mixed
with chloroform, vortexed and centrifuged. The upper aque-
ous layer was withdrawn and the sample dried by Speed
Vac. Following addition of BF3-Methanol, the sample was
incubated, and ice-cold water and chloroform added. After
centrifugation, the supernatant layer was collected, dried in
vacuum, dissolved in chloroform and injected for GC-MS
analysis. The bacterial volatile components were identified
by comparison of GC retention times with those of stand-
ards and by comparison of mass spectra with spectra in the
database.

Evaluation of plant growth promotion and induced
antiviral resistance in tomato plants treated
with DW, CAP-34 and the isolate P1f

Isolate P1f and CAP-34 were used to induce resistance
in tomato. Plants were divided into six sets, with ten rep-
licates per treatment. CAP-34 (10 ug mL™') and PIf
(1x108 cfu mL™") were administered as a foliar spray, and
the spray regimen was followed for three consecutive days.
The control set was similarly sprayed with DW alone. After
24 h of the final treatment, one set from each treatment was
challenge inoculated with TMV on the top two compound
leaves of each plant. All plants were examined regularly and
evaluated for the progression of mosaic symptoms over a
period of 4 weeks. Leaves were routinely harvested from
the individual plants of each set that was inoculated at 7,
14 and 28 dpi for detection of TMV coat protein (CP) and
RNA. The other three treated sets were left un-inoculated.
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Plants from both sets (inoculated and un-inoculated) were
observed over a span of three months for growth promotion
parameters such as plant height, number of branches, flow-
ers and fruits per plant, fresh and dry shoot and root weight.

Detection of TMV coat protein and RNA

The three sets of treated plants (DW, CAP-34, and P1f) were
examined for the presence of TMV coat protein (CP) and
virus specific CP RNA at weekly intervals. The presence
of the coat protein in the leaf tissue was detected initially
through SDS-PAGE (Laemmli 1970) and Dot blot, and
confirmed by immunoblotting (Towbin et al. 1979), while
the TMV RNA was identified through RT-PCR with TMV
coat protein specific primers designed using Primer BLAST
on a TMV isolate Chongqging coat protein gene (GenBank
ID. MT108232.1). An amplicon of 242 bp was fetched with
the following primer sequences: Forward primer VP-02-
F1(5'CAAGCTCGAACTGTCGCTCA-3") and Reverse
primer VP-02-R1(5'ACCGTTGCGTCGTCTACTCT-3").
DOT blot was carried out on leaf tissue samples from each
treated set of plants, at 7, 14 and 28 dpi. Un-infected healthy
leaf tissue samples from five plants were also included as a
negative control. Immunoblot and RT-PCR were carried out
using representative samples from the treated sets that did
not show any TMV coat protein in the DOT blot analysis.
Purified TMV was used as a positive control in the immu-
noblot, and RNA isolated from uninfected healthy plants
served as a negative control in the RT-PCR. Preparation of
the polyclonal antibody against the purified local strain of
TMYV was outsourced (Bangalore Genei). Dilutions of the
primary antibody (1:1000) and goat anti-rabbit antibodies
conjugated with alkaline phosphatase (ALP) (1:2000) were
prepared in TBS-T for serological detections. Nitro-blue
tetrazolium (NBT) and 5-bromo-4-chloro-3-indolyl phos-
phate (BCIP) served as substrate. All chemicals and the
ALP conjugate were obtained from Sigma—Aldrich (USA).

Detection of viral load through ELISA

Tomato plants exhibiting mosaic symptoms were examined
for the viral load through indirect ELISA (Mowat and Daw-
son 1987) using primary anti-TMV-antibody, and second-
ary goat-anti-rabbit-antibodies conjugated with ALP, and
p-nitro phenyl phosphate as substrate. ELISA was carried
out with samples from the treated sets which showed mosaic
symptoms and that carried the TMV CP as determined by
SDS-PAGE and Dot blot analysis. The leaf tissue extract
from TMYV resistant plants from both treatments were also
considered, along with sap from uninfected healthy S.
lycopersicum as the negative control. For the immunoas-
say, antigen (centrifuged leaf sap) was diluted to 1:100 in



3 Biotech (2021) 11:509

Page50f13 509

coating buffer, whereas primary and secondary antibodies
were diluted with PBS-T to 1:2000 and 1:4000, respectively.

Statistical analysis

Data were analysed using ANOVA, Dunnett ¢ test, treat-
ing one group as a control, and comparing all other groups
against it, with SPSS software (IBM SPSS statistics version
20). All hypotheses were tested at the 95% confidence level.
Growth promotion data were analyzed using multiple com-
parisons LSD test that tested significance at P <0.05.

Results

Induction of systemic antiviral resistance in tobacco
cv. Xanthi-nc

Induction of systemic antiviral resistance was evident in V.
tabacum cv. Xanthi-nc plants sprayed with both the basic
protein CAP-34, isolated from the leaves of Clerodendrum
aculeatum (10 ug mL™Y), and an inoculum preparation of
a new rhizobacterial isolate P1f (1 x 10® cfu mL™"). Both
treatments reduced lesion number by nearly 99%, when
challenged with TMV 24 h post-treatment. The degree of
resistance induced remained close to or above the 95% mark,
when challenged with TMV even after 3 days of inducer
application. On the fifth day, the resistance response at
remote-site leaves of CAP-34 treated set dipped to 79%,
while a 90% inhibition of virus was noted in the P1f-treated
set. By day seven, a decline in induced resistance, at both
site and remote site, was observed in the CAP-34 treated
plants as well as in P1f-treated one, however, the decline was
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Fig. 1 Induced antiviral resistance in Nicotiana tabacum cv. Xanthi-
nc. Tobacco plants were administered foliar applications of CAP-34
(10 ug mL™"), an overnight broth culture of the rhizobacterial iso-
late P1f (10® cfu mL™"), and DW (control) on the two basal leaves.
Challenge-inoculations with TMV were performed on the treated site
leaves (S) as well as on the upper untreated remote-site leaves (RS)

markedly greater in the set treated with CAP-34 as compared
to P1f (Fig. 1a, b).

Induction of VIA

Virus inhibitory agent was detectable in the CAP-34 treated
set of plants, where the total protein fraction from site as
well as remote-site leaves could inhibit TMV in vitro by
nearly 92% and 85%, respectively. In contrast, TMV was
inhibited by approximately 58% by the protein fractions
obtained from the site and remote-site leaves of plants
treated with both P1f and DW (Fig. 2).
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Fig.2 Induction of Virus Inhibitory Agent (VIA) in tobacco Xanthi-
nc. Tissue homogenate (total protein fraction) from the site (S) and
remote-site (RS) leaves of plants treated with CAP-34, P1f and DW,
were incubated with purified TMV and assayed for reduction in virus
infectivity on tobacco Xanthi-nc plants. Note that the figure depicts
in vitro inactivation of TMV as against in vivo induction of resistance
as depicted in Fig. 1

at days 1, 3, 5 and 7 post-treatments. Local lesions were counted
3-5 days post-inoculation, and induced resistance expressed as per-
cent reduction in lesion number. Data represent the mean values +SE
from three replicates (a). Representative plants from the treated sets
challenge inoculated with TMV 24 h post-treatment (b)
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Assay for peroxidase enzyme and detection of H,0,
accumulation

The increase in peroxidase enzyme activity in the leaves fol-
lowing treatment with either CAP-34 or P1f was observed.
The elevation was greater for P1f-treated set as compared to
the CAP-34 set, with absorbance (430 nm) values of 0.29
and 0.43, respectively (Fig. 3a). Similarly, enhanced accu-
mulation of H,O, was observed in the leaf discs obtained
from the treated sets, with greater accumulation in the P1f-
treated set as compared to the CAP-34 set (Fig. 3b).

Morphological, biochemical and molecular
identification of the rhizobacterial isolate P1f

The isolate P1f produced convex, punctiform, creamy
white, viscid, translucent colonies with entire margins,
and a prominent fluorescence when placed under UV light
(Fig. 4a). The rod shaped bacteria stained Gram-negative.
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T $ 802 -
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£
0
DW CAP-34 Pif
a Treatment b

Fig.3 Detection of peroxidase activity and H,O, accumulation in
leaves. Plants were treated with DW (control), CAP-34 (10 pg mL™")
and P1f isolate (1x 10% cfu mL™"), and after 24 h of foliar applica-
tion, the activity of the peroxidase enzyme was measured in the

The identity of the bacteria was established with the HiMe-
dia kit designed for the rapid identification of gram- negative
bacteria. P1f isolate tested positive for citrate utilization,
and fermentation of glucose and arabinose. However, the
isolate was a non-fermenter of adonitol, lactose and sorbitol,
could not utilize lysine, ornithine, did not exhibit pheny-
lalanine deamination activity, did not produce urease and
H,S, and could not reduce nitrate (data not shown). These
biochemical characteristics matched those of Pseudomonas
putida. The P1f isolate produced siderophore, as evident
from the orange coloured zone that developed around the
inoculum-saturated disc on CAS agar (Fig. 4b). The isolate
produced auxin which was quantified at 20.90 pg mL~! and
2.76 ug mL~!, with and without tryptophan, respectively
(Fig. 4c). P1f was weak in solubilizing phosphate (Fig. 4d)
and was deficient in an ability to produce HCN.

A PCR amplicon of 1493 bp was obtained with 16S
rRNA gene specific primers using genomic DNA from the
bacterial isolate as the template. The amplicon was purified

treated leaves. Data represent means of three replicates + SEM (a).
Leaf discs were stained with DAB for histo-chemical localization of
H,0, (b)

Fig.4 Characterization of the PGPR traits of P1f isolate. Production of fluorescence on King’s B medium (a), siderophore production on CAS-
agar (b), auxin production, CON represents negative control (¢), and marginal solubilization of phosphate (d)
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and the sequenced product had a size of 1359 nucleotides,
exhibiting a query cover and sequence identity between
99.56 and 100% with several strains of Pseudomonas putida
deposited in the GenBank database, accession no MZ569722
(Table 1).

Progression of mosaic symptoms in Solanum
lycopersicum and detection of TMV coat protein
by Dotblot, Inmunoblot and RT-PCR

One set each of three sets of tomato plants were treated with
DW, CAP-34 and P1f, and all plants in the three sets were
challenge inoculated with TMV 24 h later. All treated sets
were symptomless 7 days post-inoculation (dpi). At 14 dpi,
all 10 plants in the DW-treated set showed prominent mosaic

Table 1 Molecular identity of the PGPR isolate P1f

Sequence ID  Description Percent identity

MN318320.1 Pseudomonas putida strain SG1 100%

MG836187.1 Pseudomonas putida strain 100%
HRI603-1

MK426804.1 Pseudomonas putida strain ugpm04 100%

MW273908.1 Pseudomonas putida strain QAS- 100%
2H

MN134487.1 Pseudomonas putida strain PSBGB- 99.78%
4

NR_043424.1 Pseudomonas putida strain PSBGB- 99.56%
4

The 1359 bp sequence was subjected to nucleotide blast (NCBI). The
query sequence shared a 99.56 to 100% sequence identity with sev-
eral strains of Pseudomonas putida deposited with GenBank with
accession no. MZ569722
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Fig.5 Progression of mosaic and detection of TMV coat protein in
Solanum lycopersicum (tomato). Plants in each set received a foliar
treatment with CAP-34 (10 ug mL™"), P1f (1x10® cfu mL™") and
DW (control) for three consecutive days, and were challenged with
TMV 24 h after the final treatment. On days 7, 14, and 28 post-inoc-
ulation, plants exhibiting mosaic were recorded and each plant was

symptoms, while only 1 and 3 plants developed mosaic in
the CAP-34 and P1f-treated sets, respectively. By the end
of four weeks, the mosaic symptoms had progressed to 3
plants in the CAP-34 set and 6 plants in the P1f set, and at
this point, the severity of mosaic symptoms was similar in
all plants. At 7, 14, and 28 dpi, plants in each set were also
screened by SDS-PAGE for the presence of the 17.5 kDa
TMYV coat protein. At 28 dpi, the plants with detectable
TMYV coat protein in the P1f set were nearly twice the num-
ber as compared to the CAP-34 treated set (Fig. 5a). In every
instance of SDS—-PAGE detection of TMV coat protein, a
serological confirmation by Dot blot was also carried out.
The result from the Dot blot analysis of one of the three
experimental replicates is shown in Fig. 5b. The DW-treated
plants susceptible to TMV infection (diseased-control), and
CAP-34 and Plf-treated plants that were resistant to TMV
infection (induced-resistant) are shown in Fig. 6a. The
absence of the coat protein in induced-resistant plants at 28
dpi was reconfirmed by immunoblot and RT-PCR. No TMV
coat protein specific band could be detected in the lanes car-
rying samples of induced-resistant plants from CAP-34 and
P1f sets, and un-inoculated healthy-control plants by immu-
noblot and RT-PCR, while it was detectable in the samples
from diseased-control set of plants, at the 17.5 kDa position
in the immunoblot, and at the expected 242 bp position by
RT-PCR (Fig. 6b).

Estimation of comparative viral load in the plants
exhibiting detectable mosaic by ELISA

A comparative estimation of the viral load in the tomato
plants treated with DW, CAP-34 and P1f was made through
indirect ELISA, by measuring absorbance at 405 nm, using

EDW DWH
M CAP-34 L
P1f _
CAP-34-

P1f

b H

also screened for the TMV coat protein (CP). Ten replicates were
used per treatment and the data represent mean+SEM for each set
(a). DotBlot detection of TMV coat protein in the three sets of plants
(28 dpi), constituting one experimental replicate set. Five plants (H)
were included as a healthy-control (b)
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Fig.6 Induction of resistance against TMV in tomato and detection
of TMV coat protein/RNA in induced-resistant tomato plants. Plants
in each set received a foliar treatment with CAP-34 (10 ug mL™"), P1f
(1% 108 cfu mL™") and DW for three consecutive days, and were chal-
lenged with TMV 24 h after the final treatment. At 28 dpi, representa-
tive plants from the DW-treated control set exhibiting mosaic symp-
toms (A) and the symptomless induced-resistant plants treated with
CAP-34 (B) and P1f (C) are shown (Fig. 6a). Plants that were exhibit-
ing resistance to TMV infection at 28dpi were evaluated for the pres-
ence or absence of the TMV coat protein by SDS-PAGE (A), Immu-
noblotting (B), and RT-PCR (C). TMV coat protein (17.5 kDa) was

plants showing mosaic at 28 dpi, and including an un-inoc-
ulated healthy-control. Using leaf extract at a 1:100 dilution,
the absorbance values recorded were 2.55, 0.92, 1.26, and
0.04 for the disease-control, CAP-34, P1f-treated plants, and
healthy-control, respectively. Both CAP-34 and P1f-treated
plants showed considerably reduced TMV protein as com-
pared to DW-treated, disease-control. The resistant plants
gave a negligible absorbance, comparable to the healthy-
control (Fig. 7).

CAP-34 and P1f induced growth promotion
in Solanum lycopersicum

Plant growth promoting effects on tomato were observed
on the TMV inoculated plants, and also in the remaining
three sets of plants that were treated with both CAP-34
and P1f, but left un-inoculated. Both treatments increased
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detectable in lanes loaded with DW-treated extract (disease-control)
and purified TMV (A, B, lanes 2 and 6, respectively). Leaf extracts
from induced-resistant CAP-34, PIf, and un-inoculated plants
(healthy-control) were devoid of the TMV CP (A and B, lanes 3, 4,
and 5, respectively). RT-PCR result is shown in C. Lanes 2, 3, 4, and
5 were loaded with the disease-control, induced-resistant CAP-34,
P1f, and un-inoculated plants (healthy-control) samples, respectively.
A 242 bp product, specific to the TMV coat protein was fetched fol-
lowing RT-PCR using TMV-CP specific primer pair, and detectable
only in the disease-control set, showing systemic mosaic (C, lane2).
A, B lane 1, protein markers; C lane 1, DNA ladder (Fig. 6b)

the fruit yield to similar levels. A statistically significant
enhancement in the number of branches and flowers was
observed in the set of plants treated with CAP-34, whereas
a substantive increase in plant height and dry shoot and root
weights was noted in the P1f-treated set. The number of
fruits, and fresh weights of the fruit, shoot and root were
equally enhanced by the two treatments. The set of plants
that were challenged with TMV post-treatment, exhibited
all values higher than the diseased-control plants, however,
these values were somewhat less than those of the un-inoc-
ulated plants (Table 2).

Study of the volatiles produced by P1f
Nearly 61 metabolites were produced by the overnight

culture of the isolate P1f as determined through GC-MS
analysis (Fig. 8). A few were produced in relatively larger
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Fig.7 TMV accumulation detected in tomato plants by indirect
ELISA at 405 nm. All plant tissues were extracted at a 1:100 dilution.
The mean ELISA values+SEM from three replicates of the experi-
ment are plotted. CAP-34-infected and P1f-infected represent plants
that were treated with CAP-34 and P1f, but developed mosaic upon
challenge inoculation with TMV, while CAP-34-resistant and P1f-
resistant represent samples from treated plants that showed resistance
to TMV infection. The ELISA values were found significant at the
0.05 level compared to the DW-treated (disease-control) set

amounts by the bacterial isolate P1f, and these included sev-
eral alkenes, alkanes, esters, alcohols, ketones, amides and
aromatic compounds viz., 2,4-Di-t-butylphenol, E-7-Octa-
decene, Eicosane, Methyl hexadecanoate, Cis-9-tricosene,
1-Nonadecene, Pentatricontane, 17 Pentatriacontene, Methyl
octadecanoate, Troicontyl alcohol and 13-Docasenamide.

Discussion

Antiviral resistance inducing protein CAP-34, isolated from
the leaves of Clerodendrum aculeatum (syn. Volkameria
aculeata), and a new rhizobacterial isolate, P1f, identified

as Pseudomonas putida based on 16S rRNA gene sequence
and metabolic capability, were evaluated for their antiviral
resistance inducing ability in Nicotiana tabacum (tobacco)
cultivar, Xanthi-nc and Solanum lycopersicum (tomato),
against TMV. Interest in this comparison arose from the
fact that the two differed widely in their nature as inducers,
but led to the development of antiviral resistance, albeit to
different extents. Since manipulation of either of the two
modes for disease control would require an understanding
of the mechanism that led to observed effects, we considered
it prudent to carry out this comparative study. Although P1f
was identified as an isolate of Pseudomonas putida, a defini-
tive identification of Pseudomonas species, especially within
the same group, has always presented a problem, and many
sequences deposited in the database have been erroneously
identified (Morimoto et al. 2020).

Rhizobacteria-mediated resistance in susceptible hosts
against plant viruses, especially CMV, has been exten-
sively demonstrated (Raupach et al. 1996; Murphy et al.
2000; Zehnder et al.2000; 2001). 10 pg mL~! (CAP-34)
and 1x 108 cfu mL~! (P1f) were the lowest concentra-
tions resulting in maximum resistance induction. Hence, all
experiments were conducted using these concentrations. In
the present study, the most effective form of treatment for
induction of resistance against TMV on tobacco was in the
form of a foliar spray and not a soil drench (data not shown),
hence this became the method of choice for induction of
resistance against TMV in tomato and tobacco. The dura-
tion of induced-resistant state in the treated tobacco plants
was greater with the rhizobacterial isolate, as compared to
that with CAP-34. Previous results have shown that CAP-
34 induced resistance typically lasts for a few days, before
dying out (Prasad et al. 2014). Hence, for effective virus
control, the treatment needed to be repeated to prolong the
antiviral state in the plants (Srivastava et al. 2009). PGPR

Table 2 Comparison of CAP-34 and P1f isolate treatments on the plant growth parameters of Solanum lycopersicum (tomato)

Treat- Height (cm) Branching Flower (num- Fruit Fruit weight Shoot fresh Shoot dry Root fresh Root dry weight

ment* (number) ber) (number) weight (g) weight (g) weight (g) (2

DW 82.10+1.53a  6.90+0.37a 8.80+0.44a  7.50+0.37a 133.00+4.22a  124.00+3.22a 42.97+1.32a 22.20+1.19a 10.11+0.45a

DW/ 56.40+0.65b  6.30+0.633a 590+0.62b  5.00+0.51b 84.16+2.28b 84.47+3.45b  29.51+2.03b 16.24+0.77b 6.47+0.33b
T™MV

CAP-34 116.80+2.48¢c  9.40+0.60b 11.50+£0.77c  9.50+0.65ac 169.60+3.42c  151.20+4.2¢c 50.61 +£2.46ac  32.90+1.07c 12.66 +0.60c

CAP-34/ 84..40+2.00a 8.10+0.78¢c 9.20+0.53a  7.80+0.38a 140.65+6.96d  135.74+2.37d 37.43+2.18d 25.97+1.16d 12.19+0.71c
T™MV

P1f 123.40+1.92d 8.60+0.61c 10.70+£0.68d  8.20+0.44a 168.40+6.133c  155.90+3.33¢  53.52+1.71de  32.10+1.69¢c 14.88 +0.66d

P1f/ 90.20+2.46e  7.30+0.59% 10.2+0.68a  8.40+0.42a 141.04+2.09d  138.01+2.59d 41.76+1.41ad  29.70+0.92c 12.66+0.71c
T™MV

“Six sets of plants, with ten plants in each set, were treated with DW, CAP-34 (10 pg mL™"), and PI1f isolate (1 x10% cfu mL™!). DW-treated
plants served as a control. Three sets of treated plants were inoculated with TMV 24 h later, while three remaining sets of treated plants were left
un-inoculated. Growth parameters were measured at the end of 3 months for each plant

Values represent mean of ten replicates + SE. The values in the same column having different letters (a—e) are significantly different (P <0.05) in
multiple comparisons LSD test
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The protection afforded against virus infection in plants

of symptomatic plants or a delay in symptom development
in some plants within the treated sets could be due to an
treated by PGPR in a few instances could be due to enhanced
infection stress, or a consequence of ISR (Murphy et al.

impediment in the movement of the virus, or virus replica-
growth of plants, which helped them respond better to the
2003; Beneduzi et al. 2012). Growth promotion studies have
been carried out earlier using CAP-34, but a comparative
study with rhizobacteria was never undertaken. P. putida
isolate P1f-treated tomato exhibited better height and dry

infection process of TMV. The slow increase in the number
tion itself.
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The number of plants that succumbed to mosaic in the

CAP-34 treated set was approximately 50% of the number

Fig.8 GC-MS analysis of volatiles and secondary metabolites produced by the Pseudomonas putida isolate P1{f
that were infected within the set treated with P1f isolate,

induced resistance responses are known to persist (van Loon
et al. 1998). For comparative evaluation, tomato plants were
challenge inoculated with TMV 24 h after treatment, when
along with a corresponding difference in ELISA values. The
visual intensity of mosaic was comparable in all sympto-
matic plants at 28 dpi. The complete absence of the coat
protein or viral RNA in the resistant plants within the CAP-
34- and P1f-treated sets, indicated an interference with the

both treatments (CAP-34 and P1f) yielded a similar resist-

ance response on hypersensitive tobacco.
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shoot weights. In comparison, however, the branching and
flowering in CAP-34 treated sets was noticeably higher than
the P1f. CAP-34 has been previously studied for its resist-
ance induction against PRSV and TMV in papaya and the
susceptible Xanthi cultivar of tobacco, respectively, and
effective virus inhibition in both cases was shown to be
due to systemic resistance induction (Srivastava et al. 2009,
2015b). Rhizobacteria protect susceptible plants from mul-
tiple pathogen infections. Pseudomonas species, especially
strains of P. fluorescens, P. aeruginosa, and P. putida have
been reported to protect plants against viral, bacterial and
fungal pathogens (Ahn et al. 2007; Verhagen et al. 2010).
The potential of PGPR to curb plant RNA virus infections
became evident recently (Maksimov et al. 2019), while
the bacterial determinants of ISR produced by fluorescent
pseudomonads have been known since before (Bakker et al.
2007). Pseudobactin, a fluorescent siderophore, could pro-
mote plant growth and increase yield (Kloepper et al. 1980).
It has since been reported to be a determinant of ISR, being
produced by P. fluorescens WCS374r and P. putida WCS358
(Ran et al. 2005; Meziane et al. 2005). Another Fe-regulated
elicitor of ISR produced by P. putida BTP1 has been charac-
terized as N-alkylated benzylamine derivative (Ongena et al.
2005). The siderophore produced by the P. putida isolate
P1f has not been characterized, but it could contribute to
resistance induction, especially since the cell-free extract
itself could induce resistance in tobacco, though not to the
same extent as the bacterial cells in an overnight culture
(data not shown).

An analysis of the volatile organic compounds (VOCs)/
secondary metabolite) profile of P1f was carried out since
bacterial volatile components are known to serve as agents
for triggering growth promotion in plants and inducing sys-
temic resistance in susceptible hosts (Ryu et al. 2003, 2004;
Gouda et al. 2018; Netzker et al. 2020). B. subtilis GB0O3 that
induced ISR released volatile compounds that were identi-
fied as 3-hydroxy-2-butanone, 2,3-butanediol, tetramethyl
pyrazine, and the hydrocarbons decane, undecane, decanal,
dodecane, decanol, 2-undecanone, 2-tridecanone, and 2-tri-
decanol. GC-MS identified VOCs produced by P. putida
P1f, several of which reportedly induce ISR, alter bacte-
rial gene expression or show antimicrobial activity (Netzker
et al. 2020). Amongst these, of special interest is the toxic
lipophilic phenol, 2,4-di-t-butylphenol that is also known
to control quorum sensing mediated biofilm formation by
bacteria (Viszwapriya et al. 2016) and hence could have a
potential application in spheres where biofilm formation
poses a risk.

Rapid defence responses of the host involving produc-
tion of callose and phenolic compounds along with stronger
and faster expression of defense-related genes underlies the
phenomenon of ISR. This preparedness, termed defence
priming (Verhagen et al. 2004; Martinez-Madina et al. 2016;

Mauch-mani et al. 2017), involves local and systemic tran-
scriptional reprogramming (Schenk et al. 2014). Enhanced
peroxidase enzyme activity and H,0, accumulation was
notably greater for P1f-treated tobacco plants as compared
to CAP-34, and may have participated in the inhibition of
virus infection in tobacco, and an increase in the duration of
resistance in P1f-treated plants.

Induced systemic resistance by CIP-29, CAP-34 and
BDP-30 is host mediated, known to be abolished by simul-
taneous application of actinomycin D. A virus inhibitory
agent (VIA) was always found associated with this form of
resistance that could inactivate plant viruses in vitro (Verma
and Awasthi 1980; Verma and Dwivedi 1984; Prasad et al.
1995). Two virus inhibitory proteins, CT-VIA-62 and CT-
VIA-32 were purified from Cyamopsis tetragonoloba plants
subsequent to treatment with CIP-29. CT-VIA-62 shared
sequence homology with a lectin that possessed a mannose-
binding domain (Prasad et al. 2014). CP-VIA-34, isolated
from induced-resistant papaya plants, affords yet another
example of a VIA that inactivated TMV, but was devoid of
protease, DNase and RNase activities in vitro (Srivastava
et al. 2015a). As the VIA is synthesized in every instance of
resistance induction by CAP-34, CIP-29 or BDP-30, the leaf
extract from the PGPR induced-resistant tobacco plants was
evaluated for VIA production. The absence of virus inhibi-
tory activity in the total protein fraction obtained from the
P1f-treated set were perhaps indicative of an alternative
mechanism, different from that of the VIA.
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