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Abstract

Methyl jasmonate (MelA) and salicylic acid (SA) are important in mediating plant responses
to abiotic and biotic stresses. MeJA and SA can act as elicitors by triggering plant defense
responses similar to those induced by pathogens and may even provide long-term protection
against them. Thus, exogenous application of MeJA and SA could protect susceptible avocado
plants against white root rot (WRR) disease caused by the necrotrophic fungus Rosellinia
necatrix, one of the main diseases affecting avocado orchards. This work evaluates the effects
of MelA or SA on the physiological and molecular response of susceptible ‘Dusa’ avocado
rootstock and their ability to provide some protection against WRR. The application of MeJA
and SA in avocado increased photoprotective mechanisms (nonphotochemical chlorophyll
fluorescence quenching) and upregulated the glutathione S-transferase, suggesting the
triggering of mechanisms closely related to oxidative stress relief and reactive oxygen species
scavenging. In contrast to SA, MelA’s effects were more pronounced at the
morphoanatomical level, including functional traits such as high leaf mass area, high stomatal
density, and high root/shoot ratio, closely related to strategies to cope with water scarcity
and WRR disease. Moreover, MeJA upregulated a greater number of defense-related genes
than SA, including a glu protease inhibitor, a key gene in avocado defense against R. necatrix.
The overall effects of MelA increased ‘Dusa’ avocado tolerance to R. necatrix by inducing a
primed state that delayed WRR disease symptoms. These findings point toward the use of
MelA application as an environmentally friendly strategy to mitigate the impact of this
disease on susceptible avocado orchards.

Keywords: elicitors, gene expression, methyl jasmonate, morpho-physiological response,
priming, salicylic acid, white root rot disease



Pests and diseases are among the main threats affecting crop productivity worldwide. Until
now, pesticides have played a key role in overcoming sanitary problems in agricultural crops,
but no effective pesticides are available against some pathogens. Moreover, the overuse of
pesticides has negative economic, ecological, and environmental effects (Awang et al. 2013;
Pimentel and Burgess 2014; Rani et al. 2021) and also triggers the development of resistance
mechanisms in pathogens (ten Hoopen and Krauss 2006). These facts highlight the
importance of finding alternatives to minimize or avoid the spraying of toxic products in the
environment for controlling pest and disease incidence in field crops.

In this context, elicitors are emerging as a possible alternative (Awang et al. 2013). Elicitors
are molecules and compounds such as carbohydrates, proteins, peptides, lipids,
glycoproteins, plant hormones, and so on that can induce physiological changes or stimulate
certain defense mechanisms in plants (Baenas et al. 2014; Jamiotkowska 2020). According to
Zheng et al. (2020), the use of elicitors in crops is safe, nontoxic, and environmentally friendly,
and small amounts are enough to provide the plants with long-term protection against a wide
range of pathogens. Methyl jasmonate (MelA), a derivative from jasmonic acid (JA), and
salicylic acid (SA) are the most widely used elicitors for disease control (Awang et al. 2013;
Thakur and Sohal 2013). To date, numerous studies have shown that exogenous application
of MelA and SA increases tolerance to pathogens by inducing plant defense-related genes
(Awang et al. 2013; Cervantes-Landaverde et al. 2009; Laredo Alcald et al. 2017), and by
triggering several signaling pathways, for example, ion flux and the synthesis of signal
molecules resulting in the reinforcement of cell walls, accumulation of antimicrobial
compounds and synthesis of proteins that inhibit pathogen growth and proliferation
(Moreno-Pérez et al. 2020; Thakur and Sohal 2013; van den Berg et al. 2018; Yu et al. 2018).

Commonly, SA is related to the activation of defense response against biotrophic and
hemibiotrophic pathogens (Ali et al. 2018; Verma et al. 2016) by inducing the expression of
NONEXPRESSOR OF PATHOGENESIS-RELATED GENES 1 (NPR1) gene, which regulates salicylic
acid signaling (Ali et al. 2018; Makandar et al. 2010). On the other hand, MelJA is involved in
the defense against necrotrophic pathogens and herbivorous insects (Verma et al. 2016)
through the induction of defense-related genes and pathogenesis-related proteins involved
in oxidative stress, phytoalexin accumulation, cell wall strengthening, stomatal closure, and
photosynthetic parameters (Hanaka et al. 2015; Oliveira et al. 2015). However, SA and MelA
can have different effects depending on plant species, concentration applied, and stress
situation (Ahmad et al. 2016; Hanaka et al. 2015; Khan et al. 2015; Moreno-Pérez et al. 2020).
Although both SA and JA can act synergistically (i.e., enhanced volatile emissions and
antiherbivore functions in tea plants; Jiao et al. 2022) or antagonistically (i.e., expression of
acidic and basic pathogenesis-related proteins in tobacco leaves; Niki et al. 1998), the latter
option is usually the predominant one (Pieterse et al. 2012).

One emerging disease affecting avocado productivity in the Mediterranean region is WRR
(Pliego et al. 2012), caused by the pathogenic fungus Rosellinia necatrix. This soilborne
pathogen is a necrotrophic fungus that is spread through contact of infected and healthy
roots. Affected avocado trees show rotten roots and are characterized by a yellowing of the
leaves, which eventually wilt, ultimately resulting in the death of the tree. Invasion of avocado
roots by R. necatrix usually occurs by the formation of mycelial aggregates over the root



surface, which penetrate the tissues among epidermal and cortical cells, collapsing the
vascular system of the plant (Pliego et al. 2009).

Management of WRR disease is difficult owing to several traits of R. necatrix: resistance to
drought, survival in acidic soils, deep penetration into the soil, capacity to colonize more than
170 plant species, and tolerance to various common fungicides (Khan 1955; Kulshrestha et al.
2014; Lépez-Herrera and Zea-Bonilla 2007; Pérez-liménez 2006; Pliego et al. 2012).
Nowadays, the main avenues explored to minimize or eradicate this pathogen in avocado
orchards are (i) cultural practices, such as the use of noninfected plant material, removal and
burning of infected trees (Mendoza Garcia et al. 2003), and induction of plant tolerance by
stimulating a drought-priming state through irrigation management (“cross-factor priming”;
Martinez-Ferri et al. 2019); (ii) physical control, such as soil solarization at regular intervals
(Lopez-Herrera 1998; Lopez-Herrera et al. 1999); (iii) chemical application, such as fluazinam
(Lopez-Herrera and Zea-Bonilla 2007; Magagula et al. 2021); (iv) biological control through
the use of biological control agents (Magagula et al. 2021; Ruano-Rosa et al. 2014); and (v)
the use of WRR-tolerant rootstocks. The latter approach is becoming one of the most
promising alternatives (Barcelo-Mufioz et al. 2007); however, although a breeding program
for selecting avocado rootstocks tolerant to R. necatrix has been underway at IFAPA-Mdlaga
for the last 20 years, there are still no commercial tolerant rootstocks available to growers.

Molecular approaches for assessing the response of avocado to soilborne pathogens can be
a useful tool in breeding and selection of tolerant rootstocks by aiding in the assignment of
resistance, tolerance, and susceptibility to genotypes from germplasm banks. In this sense,
molecular studies were carried out in the avocado/R. necatrix pathosystem, selecting
potential genes that could play a role in avocado tolerance against this pathogen (i.e.,
universal stress protein, PR4, PR5, glutathione S-transferase, NAC domain-containing protein,
endochitinase and protease inhibitors) (Moreno-Pérez et al. 2023; Zumaquero et al. 2019).
Protease inhibitor (trypsin inhibitor, glu protease inhibitor) proteins are the ones most likely
to be related to tolerance against R. necatrix (Martinez-Ferri et al. 2019; Moreno-Pérez et al.
2023; Zumagquero et al. 2019).

Given that no single method is fully efficient against this pathogen (Pliego et al. 2012), and
that most avocado orchards are established using nontolerant rootstocks, the use of elicitors,
able to induce defense pathways and genes involved in avocado tolerance against R. necatrix,
is proposed as a very promising approach. Therefore, the objective of this work was to assess
the effect of the exogenous application of MeJA and SA elicitors on the physiological and
molecular response of avocado ‘Dusa’ plants susceptible to R. necatrix and to monitor the
WRR disease progression after inoculation with the fungus.

Materials and Methods

Plant material and experimental design

To study the effect of elicitors MeJA and SA on avocado plants and to test whether they can
be used to induce tolerance to R. necatrix, an elicitation experiment was carried out at the

Institute of Agricultural Research and Training (IFAPA) (Mdlaga, southeastern Spain,
36°40'25"”N, 04°30'11"W, elevation of 18 m). Eighty-three 4-year-old clonal ‘Dusa’ plants



propagated by Brokaw Nursery (Brokaw Espafia S.L., Spain) using a modified Frolich method
(Frolich and Platt 1972) were grown in 16-liter pots containing a sterilized mixture of organic
substrate and sand supplemented with a slow-release fertilizer (Basacote Plus 6M, Compo
Expert GmbH, Spain).

Plants of ‘Dusa’ avocado rootstock, susceptible to R. necatrix, were kept in a greenhouse
under daylight illumination and semicontrolled conditions of air temperature (T) and RH.
Photosynthetic photon flux density (PPFD), T, and RH conditions inside the greenhouse were
continuously monitored by a quantum sensor (Apogee SQ-110, U.S.A.) and by a T/RH U23-
001 HOBO Pro v2 logger (Onset Computer Corporation, U.S.A.). Maximal midday values of
PPFD varied between 440 and 1,012 pmol m2 s, and daily T was allowed to fluctuate
according to external weather conditions, but its variation range inside the greenhouse was
maintained at 23 + 6°C by an automatic cooling system. The RH values inside the greenhouse
were always >36%. Plants were watered regularly to maintain soil moisture at 80 to 90% of
soil water retention at field capacity (~0.4 vol/vol), which was monitored throughout the
experiment on all plants with a moisture sensor (HH2 Moisture meter, Delta-T Devices, U.K.),
previously calibrated for the substrate.
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Fig. 1. Schematic illustration of the experimental design. Plants of 4-year-old ‘Dusa’ avocado
rootstock were sprayed weekly with 5 mM methyl jasmonate (MelA) or salicylic acid (SA)
solutions. Before the first elicitor application and 12 h after the sixth and seventh applications,
physiological measurements were taken (T0, T1, and T2, respectively) on noninoculated (NI)
plants and inoculated (1) plants. FL = fluorescence; GE = gas exchange; LMA = leaf mass area;
W,, = leaf water potential; RWC = leaf relative water content.



The experimental design is depicted in Figure 1. At the beginning of the experiment (T0), the
physiological status of all plants was tested nondestructively by measuring chlorophyll
fluorescence at predawn and gas exchange. Plants were randomly distributed into three
separate sets of 27, 28, and 28 plants and assigned to control, MelA, and SA treatments,
respectively. Plants were treated based on doses and application instructions previously set
up in avocado by van den Berg et al. (2018); thus, elicited plants were sprayed until run-off
with 5 mM of MelA (Sigma-Aldrich, U.S.A.) or SA (Sigma-Aldrich, France) solutions for each
treatment. Control plants were also sprayed with distilled water. Elicitors solutions were
prepared following the manufacturer’s instructions and supplemented with Tween 20 at
0.05%. Following three sprays, plants from each treatment were divided into two groups.
Plants from the first batch (n =9, 10, and 10 plants) were treated three more times and, after
six sprays (T1), physiological measurements and root and biomass sampling were conducted.
Plants of the second batch (n = 18, 18, and 18 plants) were inoculated as described below
with a fungal strain of R. necatrix and sprayed four more times with the corresponding elicitor.
After seven sprays (T2), physiological measurements were carried out on the inoculated
plants. Following inoculation, the appearance of visible symptoms was monitored weekly to
perform the pathogenicity test with R. necatrix as described below.

Physiological measurements

In vivo chlorophyll a fluorescence signals were measured with a portable fluorometer (PAM-
2100, Heinz Walz, Germany) at predawn (T0) and midday (TO, T1, and T2) in one leaf per plant
on 8 to 18 plants per treatment. Leaves were labeled for subsequent measurements
throughout the experiment. The so-called saturation pulse method was used to determine all
fluorescence parameters (Schreiber et al. 1995). Dark-adapted parameters (i.e., minimal
fluorescence [Fo], maximal fluorescence [Fm], and maximal photochemical efficiency of PSII
[Fo/Fm = (Fn - Fo)/Fm] were determined at predawn (06:00 to 07:00 a.m.). The maximal
fluorescence (Fm') and minimal fluorescence yield of a preilluminated sample (Fo') were
assessed in light-acclimated leaves (~700 umol quanta m=s™1). The maximum photochemical
efficiency of the open reaction centers of PSIl (F,'/Fm' = [Fm' — Fo']/Fm’) and the extent of “Stern-
Volmer” nonphotochemical chlorophyll fluorescence quenching (NPQ = [Fm — Fm'l/[Fm']) were
calculated according to Baker et al. (2007).

Leaf gas exchange was measured at midday (11:00 a.m. to 2:00 p.m.) at TO, T1, and T2 in the
same mature exposed leaves used for chlorophyll fluorescence determinations.
Measurements were performed with an open portable photosynthesis system (model LI-
6400, LI-COR, U.S.A.) equipped with an LED light source (6400-02B), coupled to a sensor
head/IRGA, and with a CO; mixer (6400-01) to modify the incoming air’s CO, concentrations.
The operating flow rate was 500 ml min~* and CO; partial pressure was 400 ppm. Settings for
standardized measurements were leaf temperature ~20°C, relative humidity ~50% (vapor
pressure deficit ~1.4 kPa), and saturating PPFD (1,000 umol m=2 s7). Net CO; assimilation
rates (An), stomatal conductance (gs), intercellular CO, concentration (Ci), and transpiration
rates (E) were estimated with the equations of von Caemmerer and Farquhar (1981). Intrinsic
water use efficiency (An/gs) and rubisco instantaneous carboxylation efficiency (An/Ci; Zhang
et al. 2001) were also determined.



Leaf water potential was measured at midday (12:00 p.m. to 2:00 p.m.) in 8 to 10 plants of
each treatment at both T1 and T2, using a Schélander-type pressure pump (model 3005; Soil
Moisture Equipment Corporation, U.S.A.). Measurements were made in one mature, fully
developed leaf per plant, close to the main stem. After cutting, leaves were immediately
placed in the chamber following the recommendations made by Hsiao (1990).

Relative leaf water content (RWC), the specific leaf mass area (LMA), and relative chlorophyll
content (SPAD index) were measured only at T1 on the same plants used for leaf water
potential determinations. For RWC and LMA determinations, 2-cm? leaf discs were sampled
at midday, weighed to obtain fresh weight (Fw), and immediately imbibed on distilled water
for 24 h at 5°C in darkness for obtaining turgid weight (Tw). Afterward, samples were oven
dried at 80°C for 48 h to obtain dry weight (Dw). RWC and LMA were calculated as follows:

RWC (%) = [(Fw - Dw) / (Tw - Dw)| x 100
LMA (g cmﬂz) = Dw/leaf disc area

The SPAD index, which provides an estimation of leaf chlorophyll content (Uddling et al.
2007), was nondestructively measured at midday on one leaf per plant by a handheld SPAD
502 meter (Minolta, Japan). On each plant, averaged SPAD values were calculated from three
readings per leaf taken along the midrib.

Stomatal density and biomass partitioning

Stomatal density (number of stomata per unit of area) was determined at T1 on healthy
mature leaves from control and MelA- and SA-treated plants (n =8, n =5, and n = 5,
respectively). Leaf epidermal imprints were taken by a transparent adhesive tape after
covering ~1 cm? of the abaxial leaf surface with clear nail polish, avoiding leaf ribbing, and
allowing to dry for 5 min. Three leaf impressions were taken from each plant, and from each
imprint, stomata of three fields of view (0.056 mm?) were counted under an optical light
microscope (Nikon ECLIPSE 50i, Tokyo, Japan) using an objective lens of 40x magnification
and 10x eyepiece (Camargo and Marenco 2011; Gokbayrak et al. 2008; Peel et al. 2017).

After completing the physiological measurements at T1, three plants from each treatment
were separated into leaves, stems, and roots. Dry weight of each fraction was measured after
oven drying at 80°C for 48 h to estimate total plant dry weight and biomass partitioning
variables, including root, stem, and leaf weight ratios (%) and the root/shoot ratio (root dry
weight per shoot dry weight). Total plant leaf area (m?) was estimated from leaf dry weight
and LMA values.

RNA extraction

Roots from nine avocado plants from control, MelA, and SA treatments were harvested after
six sprays at T1. Three biological replicates were used for RNA extraction. The expression data
are the mean of three biological replicates. Each replicate consisted of a bulk sample from
three plants. RNA from ground root tissue was extracted using the CTAB extraction method
(Chang et al. 1993), with slight modification. The chloroform:isoamyl alcohol step was



repeated three to five times, depending on the stability of the interphase and color of the
sample. RNA quantity and quality were determined based on A260/280 and A260/230
wavelength ratios using a NanoDrop ND-1000 (Nanodrop Technologies, Inc., U.S.A.)
spectrophotometer. RNA integrity was confirmed by the appearance of ribosomal RNA bands
and lack of degradation products after separation on a 2% agarose gel and Red Safe staining.
DNase treatment of RNA was performed by the addition of 1 U of RNase-free DNase (Thermo
Scientific, Life Technologies Inc., U.S.A.), 1 ul of 10x reaction buffer with MgCl, 1 ug of RNA,
0.5 pl of RiboLock RNase Inhibitor (Thermo Scientific Inc., California, U.S.A.), and
diethylpyrocarbonate-treated water to a final volume of 10 ul. The mixture was incubated at
37°C for 45 min followed by incubation at 65°C for 10 min.

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

Single-stranded cDNA was synthesized using iScript Reverse Transcription Supermix (Bio-Rad
Laboratories Inc., U.S.A.) according to the manufacturer's instructions. The cDNA was
analyzed for genomic DNA contamination by PCR using gene-specific primers actin-F (5'-
GAATCTGGACCATCTATTG-3') and actin-R (5'-TACCAACCAAACCAAATC-3'), which flank an
intron of the actin gene. PCR amplifications were carried out as previously described by
Engelbrecht and van den Berg (2013) using first-strand cDNA as the template.

The expression of 11 avocado genes selected based on their implication in avocado defense
response against fungal pathogens (Backer et al. 2015; van den Berg et al. 2018; Zumaquero
et al. 2019) was investigated. The actin gene (Mahomed and van den Berg 2011) was used as
an endogenous control for normalization. Primer sequences for the endogenous control gene
and the 11 avocado genes are presented in Supplementary Table S1. Primer pairs were chosen
to generate fragments between 70 and 150 bp and were designed using Primer 3 software
(http://bioinfo.ut.ee/primer3-0.4.0/) (Koressaar and Remm 2007; Kd&ressaar et al. 2018;
Untergasser et al. 2012). Primer specificity was tested by first performing a conventional PCR
and confirmed by the presence of a single melting curve during RT-qPCR. Serial dilutions (1:10,
1:20, 1:50, and 1:200) were made from a pool of cDNA from each treatment, and time points
and calibration curves were performed for each gene. For RT-gPCR, the reaction mixture
consisted of cDNA first-strand template, primers (500 nmol final concentration), and SYBR
Green Master Mix (SsoAdvanced Universal SYBR Green Supermix, Bio-Rad, U.S.A.) in a total
volume of 20 pul. The PCR conditions were as follows: 30 s at 95°C, followed by 40 cycles of 15
s at 95°C and 30 s at 60°C, 3 min at 72°C, and finally 1 min at 95°C. The reactions were
performed using an iQ5 real-time PCR detection system (Bio-Rad). Relative quantification of
the expression levels for the target genes were analyzed using the AACt method (Livak and
Schmittgen 2001; Pfaffl 2001). All reactions were done in triplicate.

Disease development in avocado plants

To perform the pathogenicity test of the avocado plants subjected to each elicitation
treatment, 12 h after the fourth elicitation, 18 ‘Dusa’ rootstock from each treatment were
inoculated with 3.75 g of R. necatrix—colonized wheat seeds per liter of substrate. The
inoculum was prepared according to Sztejnberg and Madar (1980). Four 0.5-cm-diameter
potato dextrose agar discs of a 2-week-old culture of R. necatrix were incubated, with 400 g
of autoclave-sterilized wheat seeds in 1-liter glass bottles for 3 weeks at 24°C in the dark. To



ensure the spread of inoculum, it was placed at four scattered points around the stem (~3.5
cm apart) in each pot and introduced at two depths (~5 and ~15 cm, respectively). Disease
progression was evaluated by measuring the aerial symptoms of WRR according to Martinez-
Ferri et al. (2019) on a scale from 1 to 5: 1 = healthy plant; 2 = mild wilting; 3 = wilting; 4 =
desiccated; and 5 = death. The disease index, which represents the cumulative percentage of
plants with symptoms for each treatment, and the area under the disease progress curve
(AUDPC) were calculated as previously described by Teixeira de Sousa (1985) and Campbell
and Madden (1990), respectively.

Statistical analysis

Data were analyzed using the analytical software STATISTICA 7 (StatSoft, Inc., U.S.A.). For each
sampling point, differences among treatments in physiological and biomass-related variables
and AUDPC data were evaluated by analysis of variance (one-way ANOVA). RT-gPCR data
were analyzed by a Student’s t-test to compare the fold change (FC) of treated plants relative
to control plants. Significant differences were considered at the 5% probability level unless
otherwise stated. Prior to ANOVA, normality and homogeneity assumptions were tested by
using the Kolmogorov-Smirnov and the Cochran's C test, respectively. When significant
differences were found (P < 0.05), Tukey's honest significant difference (HSD) test was used
to compare mean values.

Results
Physiological and molecular response of avocado ‘Dusa’ rootstock to MeJA and SA elicitors

To investigate the effect of exogenous application of MelA and SA on the ‘Dusa’ rootstock,
plants were divided into three batches: two were sprayed weekly with the elicitors, and one
was used as a control (nonelicited). Physiological measurements were taken before (T0), to
check that the plants were in similar physiological conditions, and after the sixth application
of elicitor (T1) together with root sampling for molecular studies (Fig. 1).

At the beginning of the experiment (T0), no significant differences were found between plant
groups in the photosynthesis-related parameters (i.e., photochemistry and gas exchange),
showing values of maximal photochemical efficiency of photosystem II (PSIl) (Fv/Fm) >0.8,
indicating good plant health, and net CO, assimilation rates of approximately 8.07 + 0.54
mmol CO> m™2 s7%, which are within the normal range for avocado plants (Figs. 2 and 3).



A OT0O @T1 mT2
1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1 4

B oo

0.9
0.8 -
0.7 1
0.6
0.5 -
0.4
0.3 -
0.2 1
0.1 -

F,/F,

F\"/’ I'l‘lr

4.5 1
4.0 1
3.5 4
3.0
2.5 1
2.0 A
1.5
1.0
0.5 A
0.0

NPQ

Control 1 Control NI MeJA SA

Fig. 2. Mean values (+SE) of maximal photochemical efficiency of PSIl (F,/Fm; A), maximum
photochemical efficiency of the open reaction centers of PSIl (F,’/F.’; B), and nonphotochemical
chlorophyll fluorescence quenching (NPQ; C) measured at each time point—T0, T1, and T2—on
inoculated (1) and noninoculated (NI) control plants of avocado ‘Dusa’ and in plants elicited with
methyl jasmonate (MelJA) and salicylic acid (SA). Within each time point, different letters indicate
significant differences among treatments (P < 0.05; one-way analysis of variance followed by HSD) (n
=11to13,n=9t010,and n=9to0 18in TO, T1, and T2, respectively).
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Fig. 3. Mean values (+SE) of net CO, assimilation rate (An; A), transpiration rate (E; B), stomatal
conductance (gs; C), intrinsic water use efficiency (An/gs; D), intercellular CO, concentration (Ci; E), and
rubisco instantaneous carboxylation efficiency (An/Ci; F) measured at each time point—T0, T1, and
T2—on inoculated (1) and noninoculated (NI) control plants of avocado ‘Dusa’ and in noninoculated
(T1) and inoculated (T2) plants elicited with methyl jasmonate (MeJA) and salicylic acid (SA). Within
each time point, different letters indicate significant differences among treatments (P < 0.05; one-way
analysis of variance followed by HSD) (n = 11 to 13, n =9 to 10, and n =9 to 18 in TO, T1, and T2,
respectively).

After six sprays (T1), exogenous application of MeJA and SA resulted in a significant increase
in the NPQ (P < 0.05; Fig. 2C) and a decrease in the maximum photochemical efficiency of the
open reaction centers of PSIl (F,'/Fm') compared with control plants (P < 0.05; Fig. 2B),
indicating the activation of energy-dissipating mechanisms closely related to the relief of
oxidative stress (Martinez-Ferri et al. 2019).

Regarding gas exchange—related parameters, An, E, g, Ci, and An/Ci showed a marked and
significant increase in SA-treated plants (P < 0.05; Fig. 3A to C, E, and F) in comparison with
MelA and control plants, which did not differ significantly. In SA-treated plants, the increase
of Ay was relatively low compared with the degree of stomatal opening (gs) resulting in lower
intrinsic water use efficiency (An/gs) (P < 0.05; Fig. 3D).



Table 1. Relative chlorophyll content (SPAD) index, leaf relative water content (RWC), stomatal density, leaf mass area (LMA)
parameters in control, methyl jasmonate (MeJA), and salicylic acid (SA) elicited and noninoculated ‘Dusa’ plants (T1)*

., and plant dry biomass

Parameter Control MeJA SA
SPAD index 50.00 = 3.06 48.14 £ 2.69 44.88 £2.71
RWC (%) 93.55+099a 90.59 + 0.54 ab 8763 +147b
Stomatal density (n® mm™2) 596.5 £ 56.5b 819.9 +39.0a 597.3+450Db
LMA (g m—2) 6548 +541b 89.02+3.13a 70.86 +4.73 b
Plant dry weight (g) 1,014.2 £ 99.3 1,008.9 + 140.9 978.0 = 54.9
Leaves (%) 17.27 £ 1.48 16.27 = 0.30 18.59 £ 0.76
Stem (%) 3841 121 a 33.92+051b 3944 £0.07 a
Root (%) 44.32 + 2.64 ab 49.82 £0.82 a 4197 2083 b
Root/shoot ratio 0.80 = 0.08 ab 099 +£0.03a 072 +0.02b
Plant leaf area (m?) 2.69 = 0.39 1.86 = 0.29 2.58 £0.25

“The table shows mean values (+SE: n = 3 to 10). Different letters indicate significant differences among treatments (P < 0.05; one-way analysis of variance

followed by HSD).



Relative chlorophyll content (SPAD index) and leaf water potential in elicited plants did not
differ significantly from control plants (Table 1 and Fig. 4), but SA-treated plants displayed
significantly lower values of RWC than control and MelA-treated plants (P < 0.05; Table 1).
LMA and stomatal density differed among treatments (Fig. 5), with significantly higher values
in leaves of MeJA-treated plants than in control and SA-treated plants (P < 0.05; Table 1).
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Fig. 4. Mean values (£SE) of variation in leaf water potential measured at each time point—T1 and T2
(n=81t010in T1 and T2)—in inoculated (1) and noninoculated (NI) control plants of avocado ‘Dusa’
and in noninoculated (T1) and inoculated (T2) plants elicited with methyl jasmonate (MeJA) and
salicylic acid (SA) treatments. Within each time point, different letters indicate significant differences
among treatments (P < 0.05; one-way analysis of variance followed by HSD).

Fig. 5. Stomatal density from nail polish imprint images of the abaxial leaf surface of ‘Dusa’ avocado
rootstock of nonelicited control plants (A) and after six sprays with methyl jasmonate (B) and salicylic
acid (C) observed under a light microscope with 400x magnification. Scale bar = 50 um. Arrows point
to stomata.



Although most biomass-related variables did not differ significantly between control and
elicited plants (Table 1), MelA-treated plants showed a significantly higher percentage of root
dry weight (P < 0.05) along with lower percentages of stem dry weight (P < 0.05), resulting in
significantly higher root/shoot ratios (P < 0.05; Table 1). A trend toward lower total plant leaf
area values was also observed in MelA-treated plants, consistent with their higher LMA
values.

Gene expression of 11 genes on roots of ‘Dusa’ avocado rootstock subjected to six MelA and
SA applications was analyzed by performing RT-gPCR. Genes were selected for their
implication in avocado defense against soilborne pathogens (Backer et al. 2015; Moreno-
Pérez et al. 2023; van den Berg et al. 2018; Zumaquero et al. 2019). Involvement of these
genes in salt, oxidative, osmotic, and water stress responses was reported by Martinez-Ferri
et al. (2019). The actin gene was used as an endogenous constitutive gene to normalize the
expression results, and negative controls were used to confirm the absence of contamination.
The relative quantification for the expression of the selected genes by the AACt method is
shown in Table 2.

A trend toward higher expression values of defense-related genes was observed after
application of MelA relative to SA. Five genes (kunitz trypsin inhibitor [Contig02540],
endochitinase [Pa_Contig00535], glutathione S-transferase [Pa_Contig00778], PR4
[Pa_Contig07140], PR5 [Pa_Contig01450]) were significantly induced after MelA treatment,
and three genes (NPR1 [KR056089], glutathione S-transferase [Pa_Contig00778], and
universal stress protein [Pa_Contig01245]) were significantly induced after SA application. The
glutathione S-transferase (Pa_Contig00778) was the only gene induced by both MeJA and SA,
displaying similar FC values after both elicitor treatments. Genes encoding the endochitinase
(Pa_Contig00535) and the NPR1 (KR056089) exhibited the highest expression values upon
elicitation with MelA and SA, respectively. Although no significant gene suppression was
observed after MeJA treatment, SA elicitation suppressed three (trypsin inhibitor
[Contig04097], metallothionein-like protein [Pa_Contig04910], and NAC domain-containing
protein 72 [Pa_Contig00313]) of the 11 defense-related genes.

Effects of MeJA and SA on the ‘Dusa’ avocado response to white root rot disease

To investigate the response of ‘Dusa’ avocado plants treated with MelA and SA to WRR
disease, a subset of plants from each treatment (i.e., control and MelA- and SA-treated
plants) was inoculated with wheat grains infected with R. necatrix. Physiological
measurements were taken prior to the observation of any aboveground symptoms at 23 days
postinoculation (dpi) (T2) on inoculated plants and on noninoculated control plants (Fig. 1).
Disease progression was also assessed by monitoring the appearance of aerial visible
symptoms.

At the photochemical level, and regardless of the elicitation treatment, all inoculated plants
showed significantly higher values of NPQ than noninoculated control plants (P < 0.05; Fig.
2C), which were accompanied by significant lower F,//Fy’ values (Fig. 2B), indicating the
operation of energy-dissipating mechanisms.



Table 2. Gene expression analysis by real-time quantitative PCR assay of 11 selected genes in ‘Dusa’ plants treated with methyl jasmonate (MeJA) or salicylic

acid (SA)*
FC MeJA vs. FC SA vs.
Contig Description Function control control References
Contig02540 Kunitz trypsin inhibitor Protease inhibitor 1.65 £0.42 0.56 = 0.36 Major and Constabel 2008
Contig04097 Trypsin inhibitor Protease inhibitor 2.28£0.90 -2.04 = 0.62 Srinivasan et al. 2009
Contig05213 Glu protease inhibitor Oxidative stress 1.88 = 0.05 1.38 £ 0.48 Srinivasan and Kirti 2012
KRO056089 NPRI Pathogen response -247+1.62b 250 = 1.07 a Backer et al. 2015
Pa_Contig00313  NAC domain-containing Transcription factor 215+094a —-128=0.27b  Yuanetal 2019
protein 72
Pa_ContigD0535  Endochitinase Pathogen and salt stress response 4.25 = 0.39 2.36 £0.61 Engelbrecht and van
den Berg 2013

Pa_Contig00778  Glutathione S-transferase Detoxification and oxidative 1.63 = 0.01 1.79 = 0.21 Gullner et al. 2018

stress
Pa_Contig01245  Universal stress protein Oxidative stress 3.06 £1.18 2.27 £ 0.35 Jung et al. 2015
Pa_Contig01450  PR5 Antifungal activity, salt and 3.37 = 0.50 2.51£0.19 Zhang et al. 2018

osmotic stress response
Pa_Contig04910  Metallothionein-like protein ~ Reactive oxygen species 1.17£0.11a —-122x=0.01b  Wongetal. 2004

scavenging and metal

homeostasis
Pa_Contig07140  PR4 Pathogen, salt, and water stress 3.01 = 041 1.48 £ 0.27 Alietal. 2018

response

# Data are displayed as fold change (FC) calculated by comparing treatments with nontreated control plants. The expression data are the mean (+SE, n =9) of three
biological replicates with three technical replicates each. Bold indicates statistical differences to control plants (Student’s t-test, P < 0.05), and letters indicate

differences between MeJA and SA treatments (P < 0.05; one-way analysis of variance followed by HSD).



In contrast, at the gas exchange level, inoculated MelA- and SA-elicited plants displayed
similar values of E, gs, and An/gs (Fig. 3B to D) to those of noninoculated control plants.
Although a significant decrease of Ay and An/Ci values was observed in all inoculated plants
(P < 0.05; Fig. 3A and F) compared with noninoculated control plants, this decrease was less
pronounced in MelA- and SA-treated plants than in inoculated control plants, the latter
displaying the lowest values of Ay, E, gs, and Ci (Fig. 3A—C and E). The same was true for the
leaf water potential (P < 0.05; Fig. 4).

Initial aboveground WRR symptoms appeared slightly earlier in control and SA-treated plants
(48 and 49 dpi) than in MelA-treated plants (56 dpi). Whereas at 69 dpi, 50% of control and
SA-treated plants (nine plants) displayed wilting symptoms, only 10% of MelA-treated plants
(two plants) showed initial aboveground WRR symptoms. Five months postinoculation, all SA-
treated and control plants were completely desiccated at stage 5 (dead), whereas 8% of
MelA-treated plants (four plants) remained alive. A significant reduction in the AUDPC values
was observed in MeJA-treated plants (P < 0.05) (Fig. 6).
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Fig. 6. Disease index calculated by evaluating aerial white root rot symptoms in control,
methyl jasmonate (MelJA)-treated, and salicylic acid (SA)-treated ‘Dusa’ plants infected with
Rosellinia necatrix (A), and mean values (+SE, n = 18, in all treatments) of area under disease
progression curve (AUDPC) for each treatment (B). Different letters indicate significant
differences among treatments (P < 0.05; one-way analysis of variance followed by HSD).



Discussion

Elicitors have been proposed as a harmless tool for integrated pest management in
agriculture, among which MelA and SA are the most widely used. In avocado, the effect of
the exogenous application of MeJA and SA in the molecular response of young avocado ‘Dusa’
plants, tolerant to the hemibiotrophic oomycete Phytophthora cinnamomi, revealed
similarities between biotrophic- and necrotrophic-based plant responses and the
involvement of both compounds in the molecular pathways associated with a successful
defense response of avocado against this pathogen (van den Berg et al. 2018). This study also
revealed that, among others, plant defense-related genes were overexpressed after 6, 18,
and 24 h of the application of both elicitors, suggesting the induction of a “primed state” that
could confer some protection against further pathogen attacks.

Therefore, it is reasonable to suggest the use of these elicitors for reducing susceptibility of
avocado ‘Dusa’ to the necrotrophic ascomycete R. necatrix, in the same way as the primed
state induced by mild water stress slowed disease progression (cross-factor priming;
Martinez-Ferri et al. 2019). In the present work, we have studied the effect of those elicitors
on the physiological and molecular response of avocado ‘Dusa’ plants before and after
inoculation with the necrotroph R. necatrix, as well as their impact on disease progression.

Physiological and molecular response of avocado ‘Dusa’ rootstocks to MeJA and SA
application

Exogenous application of MelA and SA (at the concentrations used in this study) induced a
differential response in ‘Dusa’ avocado plants at the morphophysiological and molecular
levels. Thus, in comparison with nonelicited control plants, MeJA- and SA-treated plants
increased photoprotective mechanisms (i.e., NPQ values), consistent with the observed
decrease in the intrinsic photochemical efficiency of the open reaction centers of PSII (F,'/Fr')
(Murchie and Lawson 2013). These results support the triggering of energy dissipation
mechanisms related to the alleviation of oxidative stress, in line with their role in the plant
defense response against biotic and abiotic stress (Ali et al. 2018; Moustaka et al. 2015;
Oliveira et al. 2015). However, although both elicitors induced a similar response at the
photochemical level, gas exchange photosynthetic parameters were only improved by SA,
which agrees with previous investigations reporting the enhancement of Ay, E, gs, and Ci by
exogenous application of SA (Alam et al. 2023; Arif et al. 2020; Chen et al. 2020; Hayat et al.
2008; Khan et al. 2003, 2013). This enhancement of the photosynthetic capacity was not
associated with higher chlorophyll content (i.e., SPAD index was similar in all treatments;
Hayat et al. 2008) or with a differentially higher stomatal density (Bertolino et al. 2019; Tanaka
et al. 2013; Xu and Zou 2008), but it was associated with higher An/Ci, suggesting that SA
stimulated rubisco activity rather than an increase in pigment content (Khan et al. 2013;
Khodary 2004). However, the increased stomatal opening of SA-treated plants resulted in
higher transpiration rates, involving higher water loss consistent with the lower RWC values,
as well as lower intrinsic water use efficiency (An/gs). These results would imply a lower ability
of SA-treated plants to withstand water stress (Hayat et al. 2008; Martinez-Ferri et al. 2019)
the results also contrast with the involvement of SA in plant tolerance to water stress (Hayat
etal. 2010; Lobato et al. 2021) and with the SA-induced stomatal closure described in previous
studies (Khokon et al. 2011; Mori et al. 2001; Vlot et al. 2009). It is noteworthy that the higher



photosynthetic rates of SA-treated plants did not translate into higher biomass, contrasting
with the role of SA as a growth promoter (Gongalves et al. 2020; Nazar et al. 2015; Sanchez-
Chavez et al. 2011; Zafar et al. 2023). These discrepancies may be attributed to the fact that
the mode of action of exogenous SA application is highly dependent on several factors (Janda
et al. 2014; Khan et al. 2015), such as plant species (Khan et al. 2003), concentration applied
(Lotfi et al. 2020), environmental conditions (Khan et al. 2013), and the time elapsed after
elicitor application (Gongalves et al. 2020; Khan et al. 2003).

Conversely to SA, photosynthetic performance of avocado ‘Dusa’ plants was not affected by
MelA, despite the observed increase in LMA in MelJA-treated plants. This increase of LMA is
consistent with the MelA-induced enhancement in leaf thickness and/or leaf density
previously reported (Havko et al. 2016; Li et al. 2018) and would entail lower water and CO;
diffusion through mesophyll cells and lower photosynthetic rates (Kofidis et al. 2004; Muir et
al. 2014). Likewise, it has also been reported that exogenous MelA application reduced
assimilation and transpiration rates and induced stomatal closure in other plant species
(Huang et al. 2017; PospisSilova 2003; Qiu et al. 2020; Rohwer and Erwin 2008), associated
with a water conservative strategy under water stress (PospiSilova 2003). Consequently, the
higher stomatal density (of similar size) of the MelA-treated avocado leaves could counteract
the diffusional limitations of photosynthesis by increasing the amount of CO, entering the
mesophyll cells and thus enhancing photosynthetic capacity (Tanaka et al. 2013). Regardless,
it should be kept in mind that the effect of MelA on photosynthesis is dose and plant species
dependent (Fatma et al. 2021; Hanaka et al. 2015; Qiu et al. 2020).

At the plant level, although elicitor treatments did not significantly affect most biomass-
related parameters, MelA showed a tendency to reduce leaf dry weight and significantly
increase root dry weight, resulting in a significantly higher root/shoot ratio compared with
control and SA-treated plants. This result suggests that MeJA induces greater carbon
partitioning to roots in avocado, in agreement with previous reports on other crops describing
increased adventitious root biomass and root length by the exogenous application of MelA
(Sirhindi et al. 2020; Yoshida et al. 2020). Consistently, MeJA-treated plants showed lower
total plant leaf surface than in the other treatments, suggesting that a smaller leaf size may
be associated with lower leaf water losses and, consequently, lower plant transpiration
(Wang et al. 2019). These characteristics, together with high root/shoot ratios, have been
related to plant adaptability to water stress (Anjum et al. 2011; Kou et al. 2022; Poorter et al.
2012; Vadez et al. 2007) but also to avocado tolerance to R. necatrix (Magagula et al. 2021;
Martinez-Ferri et al. 2016) and P. cinnamomi (Coffey 1987; van den Berg et al. 2021).

Likewise, a differential molecular response of ‘Dusa’ avocado roots was observed after
treatment with MelJA or SA. The expression of 10 of the 11 defense-related genes, selected
by their involvement in tolerance to soilborne pathogens (Moreno-Pérez et al. 2023; van den
Berg et al. 2018; Zumaquero et al. 2019), was deregulated depending on the type of elicitor
applied. Moreover, although the major effect of MelA treatment was the upregulation of five
defense-related genes (i.e., endochitinase, PR5, PR4, glu protease inhibitor, and glutathione
S-transferase), SA treatment repressed three of the five differentially expressed genes
(trypsin inhibitor, metallothionein-like protein, and NAC domain-containing protein 72) and
upregulated three genes (NPR1, glutathione S-transferase, and universal stress protein).



MelA treatment significantly upregulated glu protease inhibitor. This gene encodes proteins
linked to different aspects of plant defense such as oxidative stress (Srinivasan and Kirti 2012),
which may encompass an enhanced ability of plants to withstand R. necatrix infection,
consistent with its important role in avocado tolerance to this pathogen (Moreno-Pérez et al.
2023; Zumagquero et al. 2019). Similarly, the enhanced expression of endochitinases, PR4, and
PR5 induced by MelA could also represent a benefit to overcome WRR disease (Martinez-
Ferri et al. 2019) by minimizing pathogen load or disease onset in uninfected plant organs (Ali
et al. 2018).

Overall, the overexpression of the abovementioned genes (Sharma et al. 2011; Vaghela et al.
2022), has been described in the response of tolerant avocado plant material to P. cinnamomi
and R. necatrix (Engelbrecht and van den Berg 2013; Moreno-Pérez et al. 2023; van den Berg
et al. 2018; Zumaquero et al. 2019), as well as in susceptible rootstocks after priming with
mild water stress (Martinez-Ferri et al. 2019). The common overexpression of these genes
under diverse stress conditions points to their involvement in a broad range of plant
responses to biotic (Dai et al. 2016; Jalil et al. 2015) and abiotic stress (Edreva 2005; Hakim et
al. 2018). This agrees with the role of MeJA in triggering plant responses against necrotrophic
pathogen attack and other stresses (Ali et al. 2018; Campos et al. 2014; Thomma et al. 2000;
Wang et al. 2021).

Both MelJA and SA induced the upregulation of glutathione S-transferase, which has been
associated with plant response to oxidative stress and inactivation of toxic compounds
(Gullner et al. 2018; Marrs 1996; Sappl et al. 2004, 2009). This response against oxidative
stress is consistent with the higher levels of NPQ observed in treated plants compared with
control plants. Glutathione S-transferase gene is induced by several stresses (Szalai et al.
2009; Tiwari et al. 2022) and has been linked mainly to the SA regulation pathway (Sappl et
al. 2004; van den Berg et al. 2018), but its overexpression in MelA-treated plants suggests a
concomitant crosstalk between both regulatory pathways despite their commonly reported
antagonistic interaction (Ding et al. 2022; Verma et al. 2016). This interconnection could also
explain the expression pattern of PR5 in MelA-treated plants (Ali et al. 2018).

Thus, our results show that the effects of MelA treatment of avocado are evidenced by the
expression of defense-related genes and through changes at the morphoanatomical level
rather than by modifications at the photosynthetic level. Morphoanatomical changes include
functional traits, such as high LMA, high stomatal density, high root/shoot ratios, and reactive
oxygen species (ROS)—scavenging mechanisms, closely related to strategies for coping with
harsh environments, such as water scarcity (Boughalleb and Hajlaoui 2011; Chartzoulakis et
al. 1999, 2002; Patakas and Noitsakis 1999). These features have been also associated with
resistance to soilborne pathogen infections (Magagula et al. 2021; Martinez-Ferri et al. 2016;
van den Berg et al. 2021).

Effect of MeJA and SA on the response of avocado ‘Dusa’ rootstocks to inoculation with R.
necatrix

Inoculation of ‘Dusa’ avocado plants with R. necatrix affected the physiological performance
of treated and nontreated plants prior to the appearance of any visible symptoms, compared
with noninoculated control plants. Thus, regardless of elicitor treatment, all inoculated plants



showed increased levels of energy-dissipating mechanisms (NPQ) and decreased efficiency of
PSIl open reaction centers (F,'/Fm'), consistent with commonly observed responses following
pathogen attacks (Berger et al. 2007; Martinez-Ferri et al. 2016) and with the enhanced
generation of ROS by phytotoxic metabolites produced by R. necatrix that could disrupt
photosynthetic electron transport (Grimmer et al. 2012; Martinez-Ferri et al. 2016; Selvaraj
and Fofana 2012).

Conversely, R. necatrix inoculation induced a differential response between treated and
nontreated plants in gas exchange—related parameters and water potential. Thus, An, E, gs,
Ci, and An/Ci were decreased in inoculated control plants compared with noninoculated
control and MelA- and SA-treated plants. The same applies to water potential, suggesting
some degree of water stress (Martinez-Ferri et al. 2019) that could be linked to R. necatrix
colonization of the root vascular system (Pliego et al. 2009). This response supports previous
results of the effect of R. necatrix on avocado photosynthesis (Martinez-Ferri et al. 2016;
Pliego et al. 2009; Zumaquero et al. 2019). These effects were to some extent mitigated in
treated plants, which showed similar values to noninoculated control plants for most
parameters (i.e., E, gs, Ci, and An/gs), except for Ay and An/Ci, which were lowered. These
results suggest that MeJA and SA could be counteracting the stomatal and/or diffusional
limitations of photosynthesis associated with the effect that R. necatrix infection has on water
relations (Martinez-Ferri et al. 2016; Zumaquero et al. 2019); the results also point out the
impairment of rubisco carboxylation activity in the early stages of disease progression.

Despite the similar effect on photosynthetic performance of both elicitors, a delay in disease
progression was observed in MelA-treated plants in comparison with control and SA
treatments. This suggests that the improved ability of avocado plants to cope with R. necatrix
infection after MeJA treatment could be associated with the MelA-induced
morphophysiological changes and with the activation of different pathways (Ali et al. 2018)
involving the differential expression of specific defense-related genes mentioned above. The
increase of leaf thickness/density, stomatal density, and root dry weight (%) together with
the lower plant leaf surface in MelA-treated plants could be counteracting the impairment of
water relations produced by the collapse of the plant’s vascular system after R. necatrix root
invasion (Atucha et al. 2014; Martinez-Ferri et al. 2016, 2019; Pliego et al. 2009). These
features in combination with the greater upregulation of key defense-related genes
associated with tolerance to R. necatrix in MelA-treated plants compared with SA-treated
plants (i.e., glu protease inhibitor) might play an important role in the better performance of
MelA-treated plants against R. necatrix. This study suggests the use of MelA to increase
avocado tolerance to R. necatrix, as observed against other necrotrophic pathogenic fungiin
different crops (Kepczynska and Krél 2012; Krokene et al. 2008).

This work reveals that the effect of the necrotrophic pathogen R. necatrix in susceptible
avocado ‘Dusa’ plants involved the onset of ROS detoxification mechanisms and
photosynthesis limitation owing to both diffusional (i.e., impaired water relations and
stomatal closure) and nondiffusional limitations (i.e., reduced rubisco carboxylation capacity)
in the early stages of disease progression. Furthermore, it shows that MelA treatment can be
used to improve avocado tolerance to soilborne pathogens such as R. necatrix. Thus,
exogenous application of MeJA delayed WRR disease symptoms in susceptible avocado ‘Dusa’
by combining the induction of a priming state involving the activation of key defense-



response pathways related to tolerance against R. necatrix, with the modification of
morphoanatomical characteristics related to tolerance to water stress and other biotic
stresses.

In conclusion, the results of the present study postulate the use of MelJA as an
environmentally friendly strategy to increase avocado tolerance to the pathogenic fungus R.
necatrix that could mitigate the impact of this disease on susceptible rootstocks in avocado
orchards. This strategy may be of particular relevance in view of the European obligation to
carry out integrated pest management in an effort to gradually eliminate fungicides because
of their negative environmental and climate change effects. Further studies will focus on the
use of elicitors to improve avocado defense against soilborne pathogens under field
conditions to ensure their validity for commercial exploitation.
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