BioControl (2022) 67:75-87
https://doi.org/10.1007/s10526-021-10114-6

)

Check for
updates

A fungal glycoprotein mitigates passion fruit woodiness
disease caused by Cowpea aphid-borne mosaic virus

(CABMV) in Passiflora edulis

José Leonardo Santos-Jiménez - Caroline de Barros Montebianco *
Andreza Henrique Vidal - Simone G. Ribeiro ‘- Eliana Barreto-Bergter *

Maite Freitas Silva Vaslin

Received: 19 July 2020/ Accepted: 7 September 2021/ Published online: 12 September 2021

© International Organization for Biological Control (IOBC) 2021

Abstract Passion fruit woodiness disease is respon-
sible for severe losses in passion fruit production
around the world. The disease is caused by Cowpea
aphid-borne mosaic virus (CABMV), an aphid-trans-
mitted potyvirus. Traditional sanitary measures
against the disease, such as vector elimination and
cross protection, have not been successful, resulting in
elimination and replanting of passion fruit plants each
season. To find new alternatives for disease control,
we tested the use of a peptidogalactomannan (pGM)
extracted from the fungus Cladosporium herbarum to
activate passion fruit defense mechanisms, enabling
plants to tolerate passion fruit woodiness disease
(PWD). Passion fruit seedlings were spray-treated
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with pGM in a greenhouse three days before mechan-
ical inoculation with CABMV. Experiments were set
up in a completely randomized design, and disease
incidence and severity were compared between water-
and 100 pg ml~" pGM-treated plants. Woodiness
symptoms and certain developmental parameters of
water- and pGM-treated plants were evaluated over
five weeks. pGM treatment did not affect plant normal
development. Plants that were both treated with pGM
and inoculated with the virus showed very mild or no
foliar CABMV disease symptoms and had the same
growth and developmental patterns as the healthy
uninoculated control plants. pGM led to the accumu-
lation of antioxidant enzymes such as peroxidase and
superoxide dismutase in the leaf tissues as well as their
respective mRNAs. In addition, a ten- and twofold
transcription induction of the mRNAs of the defense-
related genes such as chitinase I (PR-3) and pheny-
lalanine ammonia-lyase (PAL), respectively, were
observed in pGM-treated seedlings. These results
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suggested that pGM enables plants to respond more
intensely to CABMYV infection, mitigating woodiness
symptoms and maintaining normal plant growth.

Keywords Peptidogalactomannan - pGM - Passion
fruit - Cladosporium herbarum - Defence-related
genes - PWD protection - Systemic acquired resistance

Introduction

Passion fruit (Passiflora edulis), of the Passifloraceae
family is a species of passion flower native to southern
Brazil. Due to its economic importance associated
with its special flavor, it is largely grown for fresh fruit
consumption and juice production in almost all
tropical places, including South America to Australia,
Asia and Africa. Global production of passion fruit is
estimated at 852 thousand tons, and the main passion
fruit producing countries are Brazil, Mexico, Ecuador,
Australia, Zimbabwe, Kenya and Colombia
(Ramyashree et al. 2019). Brazil is the world’s largest
passion fruit producer, with a yield of 602,651 tons per
year, an area of 43,248 hectares and an average
national production of 14.1 tons per hectare. One of
the most important phytosanitary problems facing this
crop is passion fruit woodiness disease (PWD) caused
by Cowpea aphid-borne mosaic virus (CABMV),
which has an ~ 10 kb genome size and a polyA tail
on the 3’-terminal end. PWD is a devastating disease
and one of the main factors limiting passion fruit
yields in South America and Africa. Infected plants
have a reduced leaf area and fruit weight, with a
consequent reduction in the number, quality, and
commercial value of the fruits (Nascimento et al.
2006). PWD causes severe yield losses and reduces
plant life by approximately 50% (Fischer and Rezende
2008). The virus is transmitted non-persistently by at
least three aphid species: Aphis gossypii Glover, A.
fabae Scopoli, and A. craccivora Bock (Hemiptera:
Aphididae) and mechanically during pruning. All
yellow and sweet passion fruit cultivars are suscepti-
ble to CABMYV infection and chemical control of
vectors is generally inefficient due to the distinct aphid
species that can transmit the virus, making disease
control difficult. Cross-protection with less virulent
strains of the virus also failed to control the disease
(Novaes and Rezende 2005).
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Plants have developed innate and induced immu-
nities against pathogen infection. Such defense sys-
tems include responses induced by pathogen-
associated molecular patterns and by pathogen effec-
tors that are designated pathogen- and effector-
triggered immunity, PTI and ETI, respectively. PTI
and ETI induce systemic acquired resistance (SAR)
through complex networks that involve a variety of
mobile and cross-interacting signals. which culminate
in activating defensive signaling pathways to restrict
microbial invasion and proliferation (Cui et al. 2015;
Berens et al. 2017; Boutrot and Zipfel 2017). Typi-
cally, pathogenesis-related proteins (PR proteins)
accumulate when plants exhibit SAR (Sticher et al.
1997). PR proteins are defined as host-induced
proteins made in response to biotic or abiotic stimuli
and may be correlated with non-specific host resis-
tance to pathogens (Stangarlin et al. 2011).

The use of elicitors can trigger defense in non-host
and host plants through the perceived presence of
possible pathogens (Onaga and Wydra 2016; Dalio
et al. 2017). Most elicitor molecules act through
signaling pathways, involving a complex interaction
among salicylic acid (SA), ethylene (ET) and jasmonic
acid (JA) (Reglinski et al. 2013). In species such as
Oryza sativa and Tsuga canadensis, SA and JA have
been used with some degree of success to control
various plant pathogens (Stella de Freitas et al. 2019;
Rigsby et al. 2019). In an effort to identify biogenic or
biomolecules that can potentially protect plants
against biotic stress, our group recently demonstrated
that a Cladosporium herbarum (Capnodiales: Davi-
diellaceae) produced peptidogalactomannan (pGM),
which induced defense-related genes in tobacco
(Nicotiana tabacum, Solanales: Solanaceae) (Mattos
et al. 2018). Clasdosporium herbarum pGM is present
in the fungal cell wall and is composed of 76%
carbohydrates, with mannose, galactose, and glucose
as the main monosaccharides (molar ratio, 52:36:12)
(Mattos et al. 2018). The treatment of BY2 tobacco
cells and the spraying of whole tobacco plants with
pGM was shown to lead to a strong induction of four
PR genes: PR-1a (with unknown function), PR-2 (a
B1-3 endoglucanase), PR-3 (an endochitinase), and
PR-5 (a thaumatin-like protein). In addition, the levels
of lipoxygenase (LOX), peroxidase (POD) and pheny-
lalanine ammonia lyase (PAL) transcripts were also
highly increased. Here we analyzed whether C.
herbarum pGM treatment could mitigate PWD
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damage in passion fruit. We observed that spraying
pGM onto passion fruit plants induced an important
protective status, making them tolerant to PWD.
Expression of defense-related genes and reactive
oxygen species accumulation were observed in pas-
sion fruit pGM-sprayed plants, indicating that
CABMYV tolerance could be related to SAR induction.

Materials and methods
Cell wall glycoprotein (pGM) extraction

Cladosporium herbarum was grown in potato dextrose
broth medium (PDB) for seven days to obtain the
fungal mass. Glycoprotein extraction was performed
according to Haido et al. (1998). Briefly, fungus
mycelium was extracted with 0.05 M phosphate
buffer, pH 7.2, at 100 °C for 2 h. After filtration,
filtrate was vacuum evaporated and precipitated in
92.8% (v/v) ethanol at 4 °C. The precipitate was
resuspended in Milli-Q water, dialyzed and freeze-
dried to obtain the crude pGM. Freeze-dried pGM was
store at — 20 °C until use.

Plant materials

Experiments were carried out in a greenhouse at the
Universidade Federal do Rio de Janeiro (UFRIJ).
Passiflora edulis plants were grown in plant substrate
(Garden Plus, Turfa Fertil Co., Brazil) under tropical
area natural light conditions with controlled air
temperatures of 27 £ 2 °C. Treatments were per-
formed in plants with 3—4 true leaves.

pGM pulverization and virus inoculation

A pilot experiment was performed in which passion
fruit young plants were sprayed with 25, 50, 100, 200
or400 pg ml~" of pGM resuspended in Milli-Q water.
Water sprayed plants and untreated plants were used
as control. Suspensions were sterilized by filtration
through a Millipore 0.20 pm filter before use. Pulver-
ization was performed with a high-pressure device
(W550, Wagner). As a control, Milli-Q water was
sprayed using the same procedure (control treatment).
The experimental design was randomized with ten
plants for each treatment. Three days after pGM spray,
two leaves per plant were each mechanically

inoculated with 100 pl of a CABMV 1:10 dilution
(CABMV-inoculated leaves homogenized in 10 mM
sodium phosphate buffer, pH 7.0).

The following experiments were performed with a
concentration of 100 pug ml~" of C. herbarum pGM
following the same pulverization and CABMYV infec-
tion procedures described above. The experimental
design was randomized with ten plants for each
treatment, and two independent experiments were
performed. CABMV was inoculated at a 1:10 or 1:50
dilution on leaves at positions 3 and 4 (counting from
the first fully expanded leaf from the top). The plants
were monitored over time for PWD symptom appear-
ance and/or plant morphological parameter
evaluation.

PWD incidence and severity assessments

Disease incidence and severity assessments were
performed weekly after virus inoculation. Virus inci-
dence was evaluated by considering the percentage of
plants with at least one leaf showing mild to severe
mosaic and/or deformation symptoms. The disease
severity index (%) used a 1-4 scale as follows: 1
represented the absence of symptoms, 2 represented
the presence of mild leaf mosaic symptoms without
leaf deformation, 3 represented the presence of severe
mosaic symptoms without leaf deformation, and 4
represented the presence of severe mosaic symptoms,
blisters and leaf deformation, as proposed by Gon-
calves et al. (2018). The disease severity index was
calculated as proposed by Mckinney (1923), applying
the following formula: DI = > (DS x P)/(TNP x
HGS) x 100, where DS = degree of the 1-4 scale
determined for each plant, P = number of leaves
showing each degree of infection (score), TNP = total
number of plants, and HGS = highest grade of the
scale (maximum infection score).

Plant developmental parameter evaluation

Plant height, leaf number and leaf developmental
status were evaluated for ten individual plants per
treatment with two replications over time after virus
inoculation. Leaf area evaluation was performed
five weeks after CABMV inoculation (wai) on five
leaves per plant for each treatment following the non-
destructive method described by Souto et al. (2017),
where the length of the midrib (L) and the greatest
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width of the leaf (W) of lanceolate leaves were
measured and the leaf area was determined by the
equation leaf area = 0.25 + 0.64(L x W). The fresh
and dry (after 48 h at 65 °C) weights were determined
using an electronic scale.

Histochemical detection of reactive species
oxygen (ROS)

For histochemical tests, uninoculated pGM-treated
leaf samples from five plants collected 24 and 72 h
after treatment (hat) were vacuum-infiltrated with
DAB (3,3-diaminobenzidine) or NBT (nitro blue
tetrazolium) according to Wang et al. (2016). Leaves
from untreated plants and water treated plants were
used as controls.

Evaluation of gene expression by real-time RT-
qPCR

The expression of five defense-related genes was
evaluated in leaves of CABMV uninoculated and
inoculated plants after water and pGM treatment.
Uninoculated plants were evaluated at 24 and 72 h
after treatment (hat) and CABMV-inoculated plants
were evaluated at 12 and 168 h after virus inoculation
(hai). Total RNA was extracted with TRIzol® reagent
(Thermo Fisher Scientific). SuperScript™ VILO™
MasterMix (Invitrogen) and PowerUpTM SYBR™
Green Master Mix (Thermo Fisher Scientific) were
used for cDNA synthesis and qPCR, respectively.
Three housekeeping genes: ERS (ethylene response
sensor), NDID (NADP-dependent isocitrate dehydro-
genase) and EFlal (translation elongation factor 1a-
1) were used for qPCR normalization. Oligonu-
cleotides described previously by Munhoz et al.
(2015) were used (Supplementary Table S1). gPCR
of three independent biological pools, composed of
five water- and/or pGM-treated plants each was
performed for each point in technical triplicates on
an Applied Biosystems 7500 Fast Real-Time PCR
apparatus with the following cycling conditions:
initial denaturation at 95 °C for 2 min, 40 cycles of
95 °Cfor 15 s and 55-68 °C for 30 s and elongation at
72 °C for 1 min (Supplementary Table S1). Ct values
were evaluated using the 2782 method described by
Livak and Schmittgen (2001) and represented as
relative expression.
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Detection of CABMV prevalence

Ten systemic leaves from pGM and ten from water
treated CABMYV inoculated plants were collected 1.5
and four weeks after CABMYV inoculation (wai), and
virus presence was assayed by a semi-quantitative RT-
PCR. Total RNA was extracted using TRIzol (Thermo
Fisher Scientific). Multiplex RT-PCR was performed
using a SuperScript III One-Step RT-PCR with
Platinum DNA Polymerase Kit (Invitrogen), follow-
ing the manufacturer’s recommendations, CABMV
capsid-specific oligos CABMV_MI1 MX3726F 5
GAGACACAAGCCAAAACACAAAATC 3’ and
CABMV_MI1 MX5029R 5 CGTTGCTACA
AATTCTGGTATCTCC 3/, which generate an
expected amplicon of 1311 bp (Fontenele et al.
2018), and the plant constitutive NDID (NADP-
dependent isocitrate dehydrogenase) oligos (Supple-
mentary Table S1). The amplified products were
subjected to 1.3% (w/v) agarose gel electrophoresis
with ethidium bromide (0.5 pg mlfl) (Promega) and
visualized under UV light. The 1 kb DNA Ladder Plus
(LabAid™) was used to check the amplicon size.

A semi-quantitative ELISA (PathoScreen® Agdia
ELISA kit for specific detection of viruses of the
potyvirus Group including CABMV, Elkhart, IN,
USA) was performed to identify the presence and
relative accumulation of CABMYV in passion fruit
plants following the Agdia protocol. Ten systemic leaf
samples from pGM-treated/CABMV and ten from
control (water/CABMV-inoculated) plants were col-
lected at 4 wai. The ELISA was performed using three
technical replicates per sample.

Statistical analysis

Data obtained for DI, developmental parameters and
gene expression were analyzed by the one-way or two-
way ANOVA, respectively, followed by Bonferroni
post-hoc correction to check if the different averages
observed between water and pGM treatments were
statistically supported. For DS and ELISA data
comparisons, a non-parametric Kruskal-Wallis test
was used with Dunn’s post-hoc tests. GraphPad Prism
software version 5.00 for Windows was used for
statistical analysis.
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Results

The ability of five distinct concentrations of C.
herbarum pGM in eliciting defense against PWD
caused by CABMV was tested in passion fruit plants.
Water treated and untreated plants were used as
control. Plants sprayed with 100 ug ml~' pGM
showed statistically supported milder leaf symptoms
over time, presenting a lower DS index at 5 wai
(%6 = 25.13, p < 0.001) (Supplementary Table S2a).

Disease incidence was also evaluated and corre-
sponded to the percentage of plants presenting mosaic
and/or deformation symptoms on at least one leaf of
pGM-treated/CABMV-inoculated plants over time
(Supplementary Table S2b). The best results were
also obtained in plants sprayed with a pGM concen-
tration of 100 pg ml~'. In the first 2 wai, the number
of CABMV-inoculated plants showing at least one
symptomatic leaf decreased by 60% at this pGM
concentration when compared with the controls
(Fe63 =447, p <0.01). However, at 5 wai only
10% of the 1:10 CABMV-inoculated plants treated
with 100 pg ml~' pGM remained completely asymp-
tomatic and 90% presented very mild mosaic symp-
toms in one or a few leaves. Disease incidence showed
no significant differences between the CABMV con-
trol and all the treatments (Fg 3 = 0.83, p > 0.5) at 5
wai. Based on these results, further experiments using
100 pg ml~' pGM were performed to better under-
stand the effects on CABMYV infection in pGM-treated
passion fruit plants.

Inoculum concentration does not interfere
with CABMV protection

Passion fruit plants sprayed with water or 100 pg.ml™"
pGM were inoculated with two CABMYV dilutions:
1:10 and 1:50. Disease severity showed significant
differences (Dunn’s test p < 0.0001) between treated
and control plants at all evaluated time points for both
viral inoculum concentrations (Table 1a). A reduction
in disease severity of 36.3 and 46.4% compared to the
CABMYV controls was observed at 5 wai for the 1:10
and 1:50 inocula, respectively (x’s = 59.03,
p < 0.0001). Thus, pGM treatment reduced the sever-
ity of the disease caused by CABMV with both the
1:10 and 1:50 inocula.

A decrease of 80 and 75% in the number of passion
fruit plants showing leaf CABMV symptoms was

observed in the pGM-treated plants when compared
with the control in the first 2 wai using viral inocula at
1:10 and 1:50 dilutions, respectively (Fs ;14 = 28.77,
p < 0.0001) (Table 1b). However, the incidence of
treated plants presenting at least a mildly symptomatic
leaf increased over time, with 75 and 70% disease
incidence at 5 wai for the 1:10 and 1:50 dilutions,
respectively (Fs 14 = 5.85, p < 0.0001). Neverthe-
less, in all pGM-treated plants, leaf symptoms char-
acteristic of PWD were less severe than those
observed in untreated and water-treated control plants
for both viral inoculum concentrations at 5 wai.

Morphological and developmental parameters
of the plants

As mentioned above, the PWD severity is usually
evaluated by taking into account the presence of
mosaic and leaf deformation. To our knowledge, there
are no reports referring to how development and/or
other morphological parameters are affected by the
disease. Comparing uninfected healthy passion fruit
plants to untreated plants inoculated with CABMV
over five weeks, we observed that the height, number
of leaves, leaf area and fresh and dry weights of
CABMV-infected plants were mildly to drastically
affected (Fig. 1). These data agree with the high
productivity losses associated with PWD. Then, we
explored the effect of pGM treatment on the mitigation
of these parameters. Comparing the height of pGM-
treated CABMV-inoculated plants with the height of
water-treated or virus-inoculated control plants, we
observed that they were significantly different since 2
wai for 1:10 CABMYV inocula (Fig. 1a) (height,
Fe133 =2.60, p <0.05). One week after, the
untreated/CABMV- and water-treated/CABMV-inoc-
ulated plants show a reduction in height compared
with that of the healthy and the pGM-treated/
CABMV-inoculated plants from both inocula. At 5
wai, untreated/CABMV- and water-treated/ CABMV-
inoculated plants were 20-28 cm shorter than healthy
and pGM-treated/ CABMV-inoculated plants
(Fg.133 = 24.80, p < 0.0001). No differences in plant
height could be detected between the pGM-treated/
CABMV-inoculated and healthy uninoculated plants.
Therefore, it seems that pGM treatment protects the
plant by preventing the developmental delay imposed
by virus infection.
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Table 1 Effect of 100 ug ml~' of pGM on PWD disease severity (a) incidence (b) along the time

Treatment Disease severity (%)
2 wai* 3 wai 4 wai 5 wai

a
CABMYV (1:10) 92.0 £+ 8.0a 93.7 &+ 7.1a 93.2 + 5.9a 93.0 = 4.7a
CABMYV (1:50) 91.2 £ 8.5a 90.3 &+ 8.2a 92.7 &+ 8.4a 93.6 + 7.6a
Water + CABMV (1:10) 75.2 + 27.0a 90.7 + 19.2a 93.5 + 7.5a 98.3 + 2.6a
Water + CABMV (1:50) 60.2 &+ 24.1b 72.8 + 21.8b 77.0 + 18.4a 88.7 & 9.4a
100 pg ml~' pGM + CABMV (1:10) 23.1 £ 41.4b 452 + 41.1c 48.2 + 42.9b 59.2 + 37.9b
100 pg ml~' pGM + CABMV (1:50) 37.6 + 41.0b 37.2 + 39.7¢ 55.7 + 41.9b 50.2 £+ 36.0b

Treatment Disease incidence (%)

b
CABMV (1:10) 100.0 £ 0.0a 100.0 £ 0.0a 100.0 £ 0.0a 100.0 & 0.0a
CABMV (1:50) 100.0 £ 0.0a 100.0 £ 0.0a 100.0 £ 0.0a 100.0 £ 0.0a
Water + CABMV (1:10) 85.0 £ 36.0a 95.0 & 22.0a 100.0 + 0.0a 100.0 £ 0.0a
Water + CABMV (1:50) 85.0 & 36.0a 95.0 &+ 22.0a 100.0 + 0.0a 100.0 + 0.0a
100 ug ml™! pGM + CABMV (1:10) 20.0 & 41.0b 60.0 &+ 50.2b 65.0 &+ 48.0b 75.0 + 44.0b
100 pg ml™' pGM + CABMV (1:50) 25.0 &= 45.0b 50.0 & 51.3b 55.0 &+ 51.0b 70.0 &+ 47.0b

Passion fruit plants were mechanically infected with 1:10 and 1:50 CABMYV inoculum 72 h after treatment

Each value is the means (& SD) of two replications (20 plants per treatment)

Different letters in columns indicate significant differences between treatments (p < 0.05)

Corresponding results of Kruskal-Wallis. (a) Disease severity at 2 wai: x25 =45.16, p < 0.0001; at 3 wai: xzs = 53.51, p < 0.0001;

at 4 wai: x%s = 27.78, p < 0.0001; at 5 wai x*s = 59.03, p < 0.0001

Corresponding results of One-way ANOVA. (b) Disease incidence at 2 wai: Fs ;4 = 28.77, p < 0.0001; at 3 wai: Fs 4 = 12.80,
p < 0.0001; at 4 wai: Fs 114 = 8.52, p < 0.0001; at 5 wai Fs 1,4 = 5.85, p < 0.0001

*Weeks after CABMYV inoculation

Regarding the number of leaves per plant, we
observed statistically significant differences at 4 and 5
wai (4 wai Fg 33 =2237, p<0.0001; 5 wai
Fe,133 = 10.70, p < 0.0001) over time between
pGM-treated plants and inoculated controls (CABMV
and water-treated plants) (Fig. 1b), while, once again,
no differences were observed between pGM-treated
virus-inoculated and uninoculated plants after 5 wai
with CABMV. Leaf area, an important parameter for
photosynthetic efficiency, was also evaluated at 5 wai
(Fig. 1c). Our results showed that the leaf area of
pGM-treated/CABMV plants was almost the double
of the leaf area of untreated/CABMV and water/
CABMYV control plants (Fge; = 3180, p < 0.0001).
No differences were observed between pGM-treated/
CABMYV and healthy uninoculated plants regardless
of the viral inoculum concentration. Fresh and dry

@ Springer

weights of water/CABMYV and pGM/CABMYV plants
showed that pGM treatment strongly reduced the
weight loss associated with CABMYV infection
(Fig. 1d) (fresh weight F,,; = 85.05, p < 0.0001;
dry weight F,,; =45.44, p <0.0001). pGM/
CABMYV and uninoculated plants showed similar
weights. Additionally, pGM-treated/CABMYV plants
showed similar or even better development patterns
than uninoculated plants in aerial parts and similar root
formation (Supplementary Figure S1).

Therefore, these results suggest that pGM-treated
CABMV-inoculated passion fruit plants have growth
rates similar to those of healthy uninoculated plants
with no reduction in plant height, leaf number, leaf
area or fresh and dry weights. In addition to these
normal parameters presented by pGM-treated/
CABMV-inoculated  plants, a normal leaf
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Fig. 1 Analysis of the morphological parameters of pGM
treated P. edulis inoculated -CABMV. Height (a) and number of
leaves (b) of healthy (uninoculated plants), CABMV-inoculated
plants (CABMYV), water-treated and 100 pg ml™! pGM-treated
CABMV-inoculated plants were evaluated at 2-5 weeks after
virus inoculation (wai). In (¢), values represent the mean area of
five leaves from the middle part of ten independent plants at 5
wai. Two CABMYV inoculum dilutions (1:10 and 1:50) were
used. In (d), values represent the mean fresh and dry weights of
ten plants per treatment and a 1:50 inoculum dilution at 5 wai.

development pattern was also observed on almost all
the leaves of the pGM-treated plants. As shown in
Supplementary Figure S2a and b, fully developed and
young leaves of pGM-treated CABMV-inoculated
plants did not present the abnormal developmental
patterns observed in untreated and water-treated
CABMV-inoculated plants.

Bl Water treated + CABMV (1:50)
El pGM treated + CABMV (1:50)

8- 2.51
a
Sel2 . 0 2.0
g 5 151
241 |b >
2 O 1.01
>,] O b
0 0.51
0- .0- .
5 wai 4 wai

e Prevalence of CABMV in ten pGM-treated and 10 water-
treated CABMV-inoculated passion fruit plants assessed by
ELISA at 4 wai after CABMV inoculation. OD values were
obtained at 415 nm. The bars represent the averages = SD of
two independent experiments using ten plants per treatment.
Different letters indicate significant differences between treat-
ments at each wai using one-Way ANOVA followed by
Bonferroni post hoc correction (p < 0.01). For ELISA data
comparisons, a non-parametric Kruskal-Wallis test was used
with Dunn’s post-hoc tests

Histochemical detection of reactive oxygen
species (ROS) after pGM treatment

Recent results from our research group showed that
pGM is able to induce SAR in tobacco plants
(Montebianco et al. in preparation). To better under-
stand how pGM treatment induces virus protection in
passion fruit plants and verify whether SAR is
activated in these plants, we investigated the presence
of superoxide anions (O, ) and hydrogen peroxide
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(H,0,) in the treated plants. The presence of O,
radicals was observed 24 and 72 h after treatment,
with leaf samples showing violet NBT substrate
degradation areas (Supplementary Figure S2c). No
violet spots were observed in untreated and water-
treated control plants, indicating that the accumulation
of superoxide radicals was induced by pGM treatment.
We also observed the presence of small brown spots in
DAB-incubated foliar samples, which shows that
H,0, accumulates in the leaves of pGM-treated plants
24 h after pGM spraying (Supplementary Figure S2d).
Brown spots were not observed in untreated and
water-treated control samples at any time or at 72 h
after pGM treatment. Therefore, peroxidase seems to
be induced only in the first 24 h after pGM treatment.

pGM treatment effect on viral prevalence

As the symptoms observed in pGM-treated CABMV-
inoculated plants were mild and development of these
plants was almost unaffected, we then tested for
CABMV prevalence. Using a multiplex RT-PCR
assay it was possible to observe the presence of
fragments corresponding to the CABMV coat protein
gene in almost all the pGM- and water-treated
CABMV-inoculated plants at 1.5 wai. At 4 wali,
however, there was a reduction in the number of
CABMV-positive in pGM-treated/CABMV plants
(Supplementary Figure S3). Using a semi-quantitative
ELISA, it was possible to observe a reduction of
83.7% in the relative CABMV accumulation in pGM-
treated/ CABMV plants compared to water-treated/
CABMV plants (x°; = 14.42, p < 0.001) (Fig. le).

Expression of passion fruit defense-related genes

pGM treatment alone interferes with defense-related
gene expression. Expression of two SAR marker
genes, PR-3 and PAL, was observed in the first hours
after pGM treatment (hat) (Fig. 2). PR-3 expression
was strongly (tenfold) induced 24 h after treatment
compared to the control (water-treated). However,
72 h after treatment, no significant differences were
observed between pGM and water treatment. For PAL,
the expression levels increased almost 2- and 4.2-fold
at 24 and 72 h after treatment, respectively, compared
with the water control. When examining gene expres-
sion in treated plants with subsequent CABMV
infection (Fig. 2), 4- and ninefold induction of PR-3
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and PAL was observed, respectively, at 12 h after
virus inoculation (hai) compared to water/CABMV
plants. Gene expression differences were statistically
supported by two-way ANOVA: F;¢ =868.1,
p < 0.0001 for PR-3 and F, ¢ = 679.2, p < 0.0001
for PAL.

Genes associated with oxidative stress were also
evaluated. Over-expression of POD 12 was observed at
24 and 72 h after pGM treatment alone (hat) and at 12
and 168 h after CABMYV infection (hai) compared to
water and water/CABMV treatments (PODI2,
Fi64 = 519.6, p < 0.0001). SOD was induced only
at 72 hat. However, in the presence of the virus, an
earlier induction was observed at 12 hai, which was
sustained until 168 hai (SOD, F;¢ =63.11,
p < 0.0001). LOX2, a gene associated with biotic
stress, showed no significant differential expression
24 h after pGM treatment in comparison with the
water control but was repressed 72 h after treatment.
In contrast, after virus infection, this gene was highly
induced at 168 hai compared to water-treated/
CABMV plants (LOX2, F,64 = 679.2, p < 0.0001)
(Fig. 2e).

Discussion

Systemic acquired resistance activation may prepare
the plant to respond successfully to pathogen attack,
working as a biotechnological tool for plant protec-
tion. Here, we tested the role of C. herbarum pGM in
protecting susceptible P. edulis against infection by
CABMYV, one of the most important passion fruit
pathogens. Our results showed that plants treated with
pGM present a strong mitigation of CABMV-related
disease symptoms. Even when inoculated with a
highly concentrated viral inoculum, passion fruit
plants showed almost no symptoms and did not
present the developmental delay characteristic of
inoculated plants.

Studying the proteome of CABMV-inoculated
susceptible and resistant passion fruit species, Car-
valho et al. (2019) demonstrated that in susceptible P.
edulis plants, basic defense response proteins are
inhibited after virus infection, while others, such as
glutathione peroxidase (GPX), are induced. Here,
using a defense response elicitor, PWD developmental
damage was turned off and defense-related genes were
induced in CABMV-inoculated P. edulis plants,
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prompting the plants to show tolerance to the infec-
tion. pGM treatment led to a drastic mitigation in
developmental parameters affected by CABMYV infec-
tion and a 42% reduction in the disease severity index,
which evaluates only leaf mosaic and deformations
symptoms, compared to the controls at 5 wai
(Table 1a). Moreover, regarding plant fitness param-
eters such as plant height, leaf number, foliar area and
fresh and dry weights, pGM-treated CABMV-inocu-
lated plants showed the same results as the uninocu-
lated plants. The mitigation of virus-imposed
developmental damage was accompanied by an
important reduction in virus prevalence at 5 wai.

The expression profiles of five defense-related
genes were analyzed to try to understand how pGM-
treated P. edulis plants became tolerant to CABMV.
We found that the peroxidase gene PODI2 was

between water and pGM treatment of three technical replicates
from three biologically independent replicates of each treatment
at each time point. * and *** represent significant differences of
p <0.05 and p < 0.001, respectively, comparing water and
pGM treatment of each gene using two-way ANOVA followed
by Bonferroni post-hoc correction (n = 9)

fourfold and 2.5-fold more highly expressed in pGM-
treated plants at 24 h and 72 h after treatment,
respectively. When the pGM-treated plants were
inoculated with CABMYV, the expression levels of
these genes increased fourfold compared to water-
treated inoculated plants (Fig. 2). Peroxidases are
involved in regulating and maintaining the structural
integrity of proteins, which assists the survival of cells
under stress. POD induction is associated with various
types of biotic and abiotic stresses, such as drought,
salinity, cold, and pathogen attack (Park and Seo
2015). These enzymes play an important role in plant
defense by mediating disease resistance signal trans-
duction pathways, and the induction of PODI2
expression may have increased the ability of P. edulis
to respond to CABMYV infection. Moreover, one
important biological function of peroxidases is
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cellular H,O, elimination. Plants use these enzymes to
breakdown H,O, in cells, reducing the toxicity of
these compounds and modulating the cell oxidation
state (Passaia and Margis-Pinheiro 2015). Histochem-
ical assays of P. edulis leaves after pGM treatment
showed very few small brown spots, which are
indicative of H,O, accumulation at 24 h and no spots
at 72 h (Supplementary Figure S2c). The higher levels
of PODI2 transcripts may suggest that POD12
enzyme over-expression catalyzes the reduction of
H,O, in water or alcohols and suppresses H,O,
accumulation. pGM treatment also induced the accu-
mulation of O, ™. In parallel, SOD was 2.5-fold more
highly expressed in pGM than in the control uninoc-
ulated plants at 72 h after pGM treatment, but was
induced after 12 hai and maintained until 168 hai
(Fig. 2b). The increase in SOD levels seems to
contribute to the O, decrease in passion fruit leaves
after pGM treatment. The suppression of some detox-
ifying enzymes (such as POD and SOD) was already
observed in some compatible plant-pathogen interac-
tions as such as in the maize—sugarcane mosaic virus
(SCMV) interaction (Wu et al. 2013). The suppression
of these detoxifying enzymes may be crucial for the
onset of programmed cell death, consequently leading
to an inhibition of virus propagation in the plant (Apel
and Hirt 2004). In the present study, P. edulis plants
showed an increase in both the accumulation and gene
expression of these detoxifying enzymes after elicita-
tion with pGM. Similar data were obtained by
Mofidnakhaei et al. (2016), who demonstrated that a
defense inducer (potassium phosphite) sprayed on
cucumber plants led to an increase in the activity of
antioxidant enzymes such as SOD, POD, and CAT.
Chitinase proteins belong to the PR-3 group and are
strongly induced in the host plant cells after pathogen
attack, making them an important weapon against
pathogens. In our analyses, PR-3 expression levels
were tenfold upregulated 24 h after treatment but
could not be maintained at 72 h. Su et al. (2015)
observed that chitinase transcripts accumulated to the
maximal levels between 24 and 48 hai in the
compatible interaction between Saccharum spp and
Sporisorium scitamineum, returning to basal levels
after that period. Surprisingly, we observed that in
pGM-treated/CABMV-inoculated plants, the induced
levels of the PR-3 gene were maintained at 168 h after
virus inoculation, suggesting that pGM treated plants
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can somehow continue to over-express this gene after
contact with pGM and/or virus.

Expression of genes involved in the phenyl-
propanoid pathway may lead to the production of SA
and phenolic compounds, such as phytoalexins and
flavonoids, or may participate in the formation of
polymers such as lignin, which makes cell walls more
resistant to water loss and pathogen attack (Dixon
et al. 2002). In this study, PAL expression was highly
upregulated in pGM-treated uninoculated and
CABMV-inoculated plants (Fig. 2), which is consis-
tent with other studies showing significant increases in
PAL after pathogen infection or treatment with elicitor
substances (Gémez-Vasquez et al. 2004). Lima et al.
(2018) found the maximum expression levels for PAL
genes in Phytopythium sp.-elicited cassava roots at
48 h after elicitation. Our results in pGM-elicited P.
edulis plants are consistent with those of other
investigations with PAL accumulation being observed
in the first hours after elicitation and/or virus contact.
The increased levels of PAL observed after pGM
treatment suggest a possible induction of the P. edulis
plant defense response by isoflavonoid lignin and
phytoalexin syntheses and/or SA production. Lipoxy-
genase (LOX) is an essential enzyme for JA biosyn-
thesis. This enzyme catalyzes the oxygenation of fatty
acids into hydroperoxy derivatives in JA biosynthesis
pathway (Turner et al. 2002). LOX2 gene expression
was similar between water- and pGM-treated plants at
24 h and repressed at 72 h after the treatment.
However, after virus inoculation, this gene was
induced in pGM-treated plants. Thus, as observed
for PR-3 and PAL, viral contact triggered LOX2
expression in pGM-treated plants. The presence of the
virus may induce LOX accumulation and JA synthesis
as already described in mono- and dicotyledon plants
in response to the entry of fungal, bacterial and viral
pathogens (Wallis and Browse 2002). In Arabidopsis,
it is well known that LOX expression is triggered by
exogenous application of JA due to the presence of a
positive feedback loop that amplifies JA responses
(Hickman et al. 2017). Therefore, we can speculate
that CABMV may induce JA levels in passion fruit,
consequently inducing LOX expression. However, the
pre-treatment with pGM seems to prompt passion fruit
plants to over-express LOX when challenged by the
virus.

The results presented in this study show that pGM
treatment strongly suppresses the negative effects of
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CABMYV on the development of passion fruit plants.
Similar effects were previously reported using other
inducers in different plants (Truong et al. 2012;
Mofidnakhaei et al. 2016), which showed that disease
control and recovery directly correlate with increased
activity of the antioxidant system of the plant.
Acibenzolar-S-methyl (Bion®), which has been able
to reduce the severity of the disease caused by passion
fruit woodiness virus (PWYV) in P. edulis plants by
30% at 50 days after inoculation, also activated
pathogenesis-related protein gene expression (Parkin-
son et al. 2015). Our results showed a low viral
prevalence and an important relative virus titer
reduction in the systematic leaves of the pGM-treated
plants at 4 wai. Similar findings were reported by
Bernardino et al. (2020) in tobacco plants (N. tabacum
cv Xanthi) treated with a fungal elicitor and inoculated
with tobacco mosaic virus, leading to a decrease in the
virus titer in the plants. The activation of plant defense
systems by bioagents such as pGM prior to attack by
pathogens may prepare the host plant for pathogen
invasion, allowing infected plants to develop in a
similar manner as healthy plants. This is the first
conclusive report demonstrating inducer-mediated
resistance against CABMYV infection, which results
in severe economic losses in passion fruit crops. Our
analysis also suggests that in addition to mosaic and
leaf deformation parameters, a disease severity index
for CABMV in passion fruit plants should consider
also developmental parameters affected by virus
infection, such as the size and number and area of
leaves of the infected plants. With the identification of
new resistance-inducing bioagents, ecologically
friendly solutions for plant protection may become a
reality within a few years.

Acknowledgements This work was supported by the
Conselho Nacional de Desenvolvimento Cientifico e
Tecnolégico (CNPq), Fundagdo Carlos Chagas Filho de
Amparo a Pesquisa no Estado do Rio de Janeiro (FAPERJ)
and Coordenagdo de Aperfeicoamento de Pessoal de Nivel
Superior.

Data availability The data that support the findings of this
study are available from the corresponding author upon
reasonable request.

Declarations

Conflict of interest The authors declare that they have no
conflict of interest.

Informed consent All authors informed consent.

Research involving human and animal participants The
research does not involved animal or human.

References

Apel K, Hirt H (2004) Reactive oxygen species: metabolism,
oxidative stress, and signal transduction. Ann Rev Plant
Bio 55:373-399

Berens ML, Berry HM, Mine A, Argueso CT, Tsuda K (2017)
Evolution of hormone signaling networks in plant defense.
Ann Rev Phytopath 55:401-425

Bernardino MC, Couto MLCO, Vaslin MFS, Barreto-Bergter E
(2020) Antiviral activity of glucosylceramides isolated
from Fusarium oxysporum against Tobacco mosaic virus
infection. PLoS ONE 15(11):e0242887

Boutrot F, Zipfel C (2017) Function, discovery, and exploitation
of plant pattern recognition receptors for broad-spectrum
disease resistance. Ann Rev Phytopath 55:257-286

Carvalho BM, Viana AP, dos Santos PHD, Generoso AL,
Corréa CCG, Silveira V, Eiras M, Azevedo-Santos E
(2019) Proteome of resistant and susceptible Passiflora
species in the interaction with Cowpea aphid-borne mosaic
virus reveals distinct responses to pathogenesis. Euphytica
167:215-237

Cui H, Tsuda K, Parker JE (2015) Effector-triggered immunity:
from pathogen perception to robust defense. Ann Rev Plant
Bio 66:487-511

Dalio RJ, Magalhaes DM, Rodrigues CM, Arena GD, Oliveira
TS, Souza-Neto RR, Picchi SC, Martins PMM, Santos PJC,
Maximo HJ, Pacheco IS, De Souza AA, Machado MA
(2017) PAMPs, PRRs, efectors and R-genes associated
with citrus-pathogen interactions. Ann Bot 119:749-774

de Souto AGL, Cordeiro MHM, Rosado LDS, dos Santos CEM,
Bruckner CH (2017) Non-destructive estimation of leaf
area in passion fruit (Passiflora edulis L.). Aust J Crop Sci
11:1534-1538

Dixon RA, Achnine L, Kota P, Liu CJ, Reddy MSS, Wang L
(2002) The phenylpropanoid pathway and plant defence—
a genomics perspective. Mol Plant Pathol 3:371-390

Fischer I, Rezende J (2008) Diseases of passion flower (Passi-
flora spp.). Pest Tech 2:1-19

Fontenele RS, Abreu RA, Lamas NS, Alves-Freitas DMT, Vidal
AH, Poppiel RR, Melo FL, Lacorte C, Martin DP, Campos
MA, Varsani A, Ribeiro SG (2018) Passion fruit chlorotic
mottle virus: molecular characterization of a new divergent
geminivirus in Brazil. Viruses 10:169

Gomez-Vasquez R, Day R, Buschmann H, Randles S, Beeching
JR, Cooper RM (2004) Phenylpropanoids, phenylalanine
ammonia lyase and peroxidases in elicitor-challenged
cassava (Manihot esculenta) suspension cells and leaves.
Ann Botany 94:87-97

Gongalves ZS, Lima LKS, Soares TL, Abreu EFM, de Barbosa
CJ, Cerqueira-Silva CBM, Nunes O, Oliveira EJ (2018)
Identification of Passiflora spp. genotypes resistant to
Cowpea aphid-borne mosaic virus and leaf anatomical

@ Springer



86

J. L. Santos-Jiménez et al.

response under controlled conditions. Scientia Horticul-
turae 231:166-178

Haido RM, Silva MH, Ejzemberg R, Leitdo EA, Heran VM,
Evans EG, Barreto-Bergter E (1998) Analysis of pep-
tideogalactomannans from the mycelial surface of Asper-
gillus fumigatus. Med Myc 36:313-321

Hickman R, van Verk MC, van Dijken AJH, Mendes MP,
Vroegop-Vos IA, Caarls L, Steenbergen M, van der Nagel
I, Wesselink GJ, Jironkin A, Talbot A, Rhodes J, De Vries
M, Schuurink RC, Denby K, Pieterse CMJ, Wees SCM
(2017) Architecture and dynamics of the jasmonic acid
gene regulatory network. Plant Cell 29:2086-2105

Lima AM, Moura EF, Ishida AKN, da Pereira AC, C, Reis SP,
de Souza CRB, (2018) Expression profiles of defense genes
in cassava storage roots upon exposure to Phytopythium
sp., causal agent of soft root rot disease. Physiol Mol Plant
Pathol 104:23-30

Livak KJ, Schmittgen TD (2001) Analysis of relative gene
expression data using real-time quantitative PCR and the
2(-delta delta C(T)) method. Methods 25(4):402-408

Mattos BB, Montebianco C, Romanel E, da Franca ST, Bernabé
RB, Simas-Tosin F, Souza LM, Sassaki GL, Vaslin MFS,
Barreto-Bergter E (2018) A peptidogalactomannan iso-
lated from Cladosporium herbarum induces defense-re-
lated genes in BY-2 tobacco cells. Plant Physiol Biochem
126:206-216

Mckinney HH (1923) Influence of soil temperature and moisture
on infection of wheat seedlings by Helminthosporium
sativum. J Agric Res 26:195-218

Mofidnakhaei M, Abdossi V, Dehestani A, Pirdashti H,
Babaeizad V (2016) Potassium phosphite affects growth,
antioxidant enzymes activity and alleviates disease damage
in cucumber plants inoculated with Pythium ultimum. Arch
Phytopath Plant Proteins 49:207-221

Munhoz CF, Santos AA, Arenhart RA, Santini L, Monteiro-
Vitorello CB, Vieira MLC (2015) Analysis of plant gene
expression during passion fruit-Xanthomonas axonopodis
interaction implicates lipoxygenase 2 in host defence. Ann
Appl Biol 167:135-155

Nascimento AVS, Santana EN, Braz ASK, Alfenas PF, Pio-
Ribeiro G, Andrade GP, de Carvalho MG, Zerbini FM
(2006) Cowpea aphid-borne mosaic virus (CABMYV) is
widespread in passionfruit in Brazil and causes passionfruit
woodiness disease. Arch Virol 151:1797-1809

Novaes QS, Rezende JAM (2005) Protection between strains of
passion fruit woodiness virus in sunnhemp. Fitop Bra
30:307-311

Onaga G, Wydra K (2016) Advances in plant tolerance to abi-
otic stresses. Plant genomics. InTech, USA, pp 229-272

Park CJ, Seo YS (2015) Heat shock proteins: a review of the
molecular chaperones for plant immunity. Plant Pathol J
31:323-333

Parkinson LE, Crew KS, Thomas JE, Dann EK (2015) Efficacy
of acibenzolar-S-methyl (Bion®) treatment of Australian
commercial passion fruit, Passiflora edulis f. sp. flavi-
carpa, on resistance to passion fruit woodiness virus
(PWV) and activities of chitinase & B-1,3-glucanase. Aust
Plant Pathol 44:311-318

Passaia G, Margis-Pinheiro M (2015) Glutathione peroxidases
as redox sensor proteins in plant cells. Plant Sci 234:22-26

@ Springer

Ramyashree SR, Mounashree S, Venkatachalapathi V (2019) A
Profile of passion fruit (Passiflora edulis). Int J Appl Biol
7(2):140-144

Reglinski T, Vanneste JL, Wurms K, Gould E, Spinelli F,
Rikkerink E (2013) Using fundamental knowledge of
induced resistance to develop control strategies for bacte-
rial canker of kiwifruit caused by Pseudomonas syringae
pv. actinidiae. Front Plant Sci 4:24

Rigsby CM, Shoemaker EE, Mallinger MM, Orians CM,
Preisser EL (2019) Conifer responses to a stylet-feeding
invasive herbivore and induction with methyl jasmonate:
impact on the expression of induced defences and a native
folivore. Agr Forest Entomol 21:227-234

Stangarlin JR, Kuhn OJ, Toledo MV, Portz RL, Schwan-Estrada
KRF, Pascholati SF (2011) A defesa vegetal contra fito-
patogenos. Sci Agraria Paran 10:18-46

Stella de Freitas TF, Stout MJ, Sant’Ana J (2019) Effects of
exogenous methyl jasmonate and salicylic acid on rice
resistance to Oebalus pugnax. Pest Manag Sci 75:744-752

Sticher L, Mauchi-Mani B, Métraux JP (1997) Systemic
acquired resistance. Ann Rev Phytopath 35:235-270

SuY, XuL, Wang S, Wang Z, Yang Y, Chen Y, Que Y (2015)
Identification, phylogeny, and transcript of chitinase fam-
ily genes in sugarcane. Sci Rep 5:10708

Truong NV, Burgess LW, Liew ECY (2012) Greenhouse and
field evaluations of potassium phosphonate: the control of
Phytophthora foot rot of black pepper in Vietnam. Arch
Phyt Plant Protect 45:724-739

Turner J, Elis C, Devoto A (2002) The jasmonate signal path-
way. Plant Cell 296:1649-1650

Wallis JG, Browse J (2002) Mutants of Arabidopsis reveal many
roles for membrane lipids. Prog Lipid Res 41:254-278

Wang N, Liu M, Guo L, Yang X, Qiu D (2016) A novel protein
elicitor (PeBA1) from Bacillus amyloliquefaciens NC6
induces systemic resistance in tobacco. Int J Biol Sci
12:757-767

Wu L, Han Z, Wang S, Wang X, Sun A, Zu X, Chen Y (2013)
Comparative proteomic analysis of the plant-virus inter-
action in resistant and susceptible ecotypes of maize
infected with sugarcane mosaic virus. J Proteomics
89:124-140

José Leonardo Santos-Jiménez This research is part of the
PhD projects of Jose Leonardo Santos Jiménez devoted to
study the peptidogalactomannan (pGM) isolated from Cla-
dosporium herbarum as a biostimulator of passion fruit plants
during CABMV infection.

Caroline de Barros Montebianco This research is part of the
PhD project of Caroline de Barros Montebianco devoted to
study the ability of pGM in the inducing of plant protection
against biotic stress.

Andreza Henrique Vidal was a master student at Embrapa
Recursos Genéticos e Biotecnologia, EMBRAPA working with
passion fruit virus.



A fungal glycoprotein mitigates passion fruit woodiness disease caused by Cowpea aphid-borne... 87

Simone G. Ribeiro is the head of Plant Virus research group of
Embrapa Recursos Genéticos e Biotecnologia, EMBRAPA.

Eliana Barreto-Bergter works on fungal cell wall components
and is a full professor at Microbiology Institute of Universi-
dade Federal do Rio de Janeiro.

Maite Freitas Silva Vaslin This work was carried out in the
plant virology working group on biostimulators that mitigate
virus disease damages of Dr. Maite Freitas Silva Vaslin at the
Virology Department, Microbiology Institute from the Univer-
sidade Federal do Rio de Janeiro.

@ Springer



	A fungal glycoprotein mitigates passion fruit woodiness disease caused by Cowpea aphid-borne mosaic virus (CABMV) in Passiflora edulis
	Abstract
	Introduction
	Materials and methods
	Cell wall glycoprotein (pGM) extraction
	Plant materials
	pGM pulverization and virus inoculation
	PWD incidence and severity assessments
	Plant developmental parameter evaluation
	Histochemical detection of reactive species oxygen (ROS)
	Evaluation of gene expression by real-time RT-qPCR
	Detection of CABMV prevalence
	Statistical analysis

	Results
	Inoculum concentration does not interfere with CABMV protection
	Morphological and developmental parameters of the plants
	Histochemical detection of reactive oxygen species (ROS) after pGM treatment
	pGM treatment effect on viral prevalence
	Expression of passion fruit defense-related genes

	Discussion
	Data availability
	References




