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Abstract: This study aims to assess for the first time the ability of marine polysaccharides and their
derivatives to stimulate natural defenses in olive tree leaves. Alginates, ALSM, and ALCM were
isolated from the brown algae Sargassum muticum and Cystoseira myriophylloides, respectively. The
OASM and OACM fractions were obtained after radical depolymerization of ALSM and ALCM,
respectively. Three sulfated polysaccharides, arabinogalactans (AGB and AGP) and fucoidans
(FUCCM) were extracted from the green alga Codium decorticatum and the brown seaweed C.
myriophylloides, respectively. The extraction yield of different extracts was in the range of 0.82-32%
and the average molecular weight (Mw) varied from 3000 Da to 2173 kDa. The M/G ratios of ALSM
and ALCM were 0.87 and 1.12, respectively. FUCCM contained 53% of fucose and 12.83% of sul-
fates. The AGB and AGP fractions were characterized by the presence of a high degree of sulfation
and protein (12-23% (w/w)) and were composed mainly of galactose, glucose, and arabinose. The
aqueous saccharide solutions were applied to the leaf discs of the olive tree at 0.5 g/L, 1 g/L, and 2
g/L, for 24 h. These molecules triggered defense responses, by showing a differential capacity to
induce the activity of the phenylalanine and tyrosine ammonia-lyase (TAL and PAL), polyphenols,
and lignin contents in the leaves of the olive tree. Alginates and their derivatives as well as arabi-
nogalactans exhibited an important induction of TAL activity compared to the PAL. The sulfated
polysaccharides were more effective compared to the unsulfated polysaccharides (alginates) which
were active at a low concentration. The optimum concentration for most of the studied elicitors was
2 g/L. These results suggest the valorization of these molecules derived from marine biomass as
inducers of natural defenses of the olive tree to protect against phytopathogens in the context of
sustainable development.

Keywords: olive tree; seaweed; polysaccharides; oligosaccharides; elicitors; PAL; TAL; polyphe-
nols; lignin
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1. Introduction

The olive tree (Olea europaea L.) plays a key socio-economic and ecological role in
Mediterranean countries. It is one of the most cultivated crop species and the only one of
the Oleaceae family that produces comestible fruits processed for oil and table olive pro-
duction [1]. In the European Union (EU), the olive-growing area was about 4.59 million
hectares (ha) in 2017. Three-quarters of the utilized area were concentrated in Spain, with
2.5 million ha (55%), followed by Italy with 1.07 million ha (23%), and Greece with 15% of
the total EU area under olive trees [2]. Spain is the biggest producer of olive oil, providing
59% of total EU production, followed by Italy, Portugal, and Greece with 24.8%, 8.4%, and
7.3%, respectively [3]. Morocco, after Spain, Italy, and Greece, has the fourth-largest olive
tree cultivation, covering 78,400 ha and producing 1.48 million tons of olives per year [4].
It is the 2nd largest producer of table olives and the 6th of olive oil [5].

Unfortunately, the olive tree is subjected to several biotic stresses, influencing the
health, yield, and quality of the oil and fruits [6-8]. Verticillium dahlia (Verticillium wilt)
and Spilocaea oleagina (olive leaf spot) are the major pathogenic fungi of the olive tree in
the world [7,9]. Anthracnose, caused by Colletotrichum spp., is also one of the most severe
diseases of this woody crop [10]. Furthermore, the olive fruit fly poses a serious economic
problem. It reduces about 15% of production, equivalent to an average of 800 million dol-
lars per year [11]. Today, pesticides are an important input in the protection of the olive
tree [7]. Despite their effectiveness, the residues of these agrochemicals in fruits and olive
oil present a major risk to public health [7,12]. Recently, researchers have focused on using
biological control agents (BCAs) such as arbuscular mycorrhizal fungi (AMF), plant
growth-promoting rhizobacteria (PGPR), plant growth-promoting fungi (PGPF), and en-
dophytes as an eco-friendly alternative to control olive diseases [12]. However, the use of
BCAs is qualified by some restrictions, namely negative impact on non-target microor-
ganisms, issues of adaptation to the target ecological niche, and especially direct effects
leading to resistance increases in pathogen communities [9]. Therefore, sustainable ap-
proaches such as the stimulation of natural defenses of plants using natural elicitors could
be a promising alternative to preventing disease development in the olive tree and reduc-
ing dependence on pesticides. This strategy aims to induce plant resistance using mole-
cules, such as lipids, glycoproteins, peptides, proteins, oligosaccharides, or polysaccha-
rides [13]. Systemic acquired resistance (SAR) and induced systemic resistance (ISR), are
two types of plant resistance involved depending on the nature of the elicitors and the
regulatory pathway, leading to protection against a wide range of phytopathogens [14].

Seaweed or marine macroalgae constitute an important source of bioactive products
[15]. Due to their abundance, research has been focused on exploiting seaweed extracts
and seaweed-derived polymers in agriculture as inducers of plant defense against a wide
range of phytopathogens [16,17]. Currently, a great deal of attention has been directed at
using algal polysaccharides [16]. Their applications have shown to activate natural de-
fenses in a variety of plants, including tomato, palm date, apple fruits, and tobacco [18-
24]. However, only a few studies have been conducted on the olive tree.

This study aims to characterize the cell wall polysaccharides of the Moroccan brown
seaweed S. muticum and C. myriophylloides, and to evaluate for the first time, the ability of
alginates, and their derivatives, fucoidans, and glycoproteins from the green seaweed C.
decorticatum to induce natural defenses in the leaves of the olive tree (Picholine Maro-
caine). To our knowledge, this is the first report investigating the elicitor capacity of fu-
coidan, low Mw alginates, and glycoprotein from algae in the olive tree.
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2. Materials and Methods
2.1. Algal Samples

In July 2019, the green seaweed C. decorticatum (CD) and the brown macroalgae S.
muticum (SM) and C. myriophylloides (CM) were harvested from the Atlantic coast of El
Jadida City, Morocco. The raw material was thoroughly rinsed with distilled water, then
oven-dried at 50 °C and finely ground into a fine powder.

2.2. Extraction and Purification of Polysaccharides and Preparation of Oligomers Extracts

The alginates and fucoidans were extracted from (SM) and (CM) according to the
Mazumber et al., method with slight modifications [25]. Briefly, 200 g of algal powder
were soaked in 2% of formaldehyde for 24 h to 48 h at room temperature under stirring
to discard all phenolic compounds and pigment. The dried residues were treated with
HCI (pH: 2-3.5) for 3 h at 60 °C to convert alginate salts into alginic acid. The precipitates
were suspended in 2-3% of sodium carbonate solution for 3 h at 80 °C to transform the
alginic acid into sodium alginates, and the filtrates were used to extract fucoidans
(FUCCM) from (CM). Alginates (ALCM and ALSM) and FUCCM fractions were purified
by rinsing with ethanol several times at 96° followed by ultrafiltration using the Vivaflow
50R-200 system (Sartorius Lab Instruments GmbH & Co., KG, Goettingen, Germany). The
final samples were then lyophilized for 72 h (Figure 1).

temperature, 500 rpm) powder

[Depigmentation (2 % formaldehyde, 24 h-48 h, room] Algal

[ Acid treatment (HCI, pH 2-3.5, 3 h, 60 °C, 500 rpm) ] Filtrate 1

Filtrate 2
ethanol 96 ° and lyophilization

[Concentration, precipitation with 3 v]

trafiltration (Vivaflow 50R-200 sys-
tem), precipitation (3 v ethanol 96 °)
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Sodium alginates
(ALCM and ALSM)

Figure 1. Extraction and purification of sodium alginates (ALCM and ALSM) and fucoidans
(FUCCM) from the brown algae S. muticum (SM) and C. myriophylloides (CM).

The LMW alginates OACM and OASM were obtained from ALCM and ALSM, re-
spectively. The radical hydrolysis was performed using hydrogen peroxide (H20:) [26].
Briefly, alginates were dissolved in distilled water at a concentration of 10 g/L and shaken
for 1-2 h at 70 °C. H202 was added to the solution in a 1:1 (w/w) ratio, and the mixture was
incubated for 6 h (70 °C, 300 rpm). The reaction was stopped by adding 96° (1/10, v/v)
ethanol and stirring for 1 h at room temperature to remove the residual H202. The samples
were lyophilized, dissolved in distilled water, and washed several times with ethanol
(96°). At the end of the experiment, the H2O2 was quantified to ensure its elimination. The
oxidative fractions were finally re-dissolved in distilled water and freeze-dried for 72 h.

The sulfated arabinogalactan-rich-protein, crude, and purified fractions (AGB and
AGP) were extracted from the green seaweed (CD). As described in the previous study
[27], the milled seaweed was pretreated with ethanol and the crude fraction (AGB) was
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extracted with 20 volumes of distilled water and precipitated with 96° ethanol. The AGP
was obtained under the same conditions described above, followed by a step of purifica-
tion by ultrafiltration using a membrane of 100 kDa MWCO. The resulting AGB and AGP
fractions were dissolved in distilled water and lyophilized.

2.3. Biochemical Characterization of Extracted Polysaccharides
2.3.1. Total Sugar Content

The total sugar content of the polysaccharide fractions was measured using the phe-
nol-sulfuric acid method using D-glucose as a standard [28]. Briefly, 200 pL of saccharide
solutions (10 g/L) were added to 200 pL of phenol (5%) and 1 mL of sulfuric acid (80%)
and then incubated for 30 min at 90 °C. The absorbance was read at 485 nm.

2.3.2. Neutral Sugar and Uronic Acid Content

The sulfuric resorcinol and the m-hydroxydiphenyl (mHDP) methods were used to
estimate the neutral and acid carbohydrates, respectively [29,30]. The calibration curve
was prepared using D-galactose, D-glucose, L-fucose, and D-glucuronic acid. For the neu-
tral sugar, 200 uL of samples were added to 200 pL of resorcinol (6 g/L) and 1 mL of H2SOs
(80%). The solutions were incubated for 30 min at 90 °C and measured at 450 nm. The
quantification of uronic acid was performed by adding 200 pL of polysaccharide solutions
to 1 mL of sodium tetraborate (0.12 M) and kept at 90 °C for 1 h, then 200 uL of mHDP
were added. After incubation, the absorbance was read at 520 nm. The corrective equa-
tions described by Montreuil and Spick were used to calculate sugar contents [31] (Equa-
tions (1) and (2)).

Absupp — B'[AU]

[ON] = - (1)
04
[AU] _ Absresorcinol - (W) AbSmI-IDP (2)
a a’p—ap’
al

[ON]: neutral sugar concentration; [AU]: uronic acid concentration; a: slope coeffi-
cient of D-galactose, D-glucose, or L-fucose obtained after resorcinol assay; (3: slope coeffi-
cient of D-glucuronic acid obtained after resorcinol assay; a": slope coefficient of D-galac-
tose, D-glucose, or L-fucose obtained after mHDP assay, 3": slope coefficient of D-glucu-
ronic acid obtained after mHDP assay, Absmtpr: absorbance of the sample after mHDP
assay, Absresorcinol: absorbance of the sample after resorcinol assay.

2.3.3. Sulfates Content

Barium chloride-gelatin assay was performed to determine the degree of sulfation
[32]. Briefly, 120 mg of polysaccharides were treated with HCI (3 mL, 2 M) and heated for
2 h at 100 °C, then the hydrolysate was centrifuged at 13000 g for 30 min. One milliliter of
the recovered supernatant was added to 1 mL of HCI (0.5 M) and 500 uL of the BaClz/gel-
atin reagent already prepared. The mixture was incubated for 30 min at room tempera-
ture, and the absorbance was measured at 550 nm. The calibration curve was prepared
using K250s.

2.3.4. Protein and Phenolic Content

The proteins were quantified according to the Lowry assay using bovine serum al-
bumin (BSA) as a standard [33]. In this case, 500 microliters of samples were added to 700
uL of the Lowry-forming solution (sodium hydroxide + sodium carbonate + copper sulfate
+ sodium tartrate), then the mixture was incubated in darkness for 20 min at room tem-
perature. Afterward, 100 uL of Folin-Ciocalteu reagent were added, and the samples were
kept again for 30 min at room temperature in the dark before measuring absorbance at
750 nm.
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The phenolic content was determined based on the Blainski et al., method with slight
modifications [34]. In this case, 100 microliters of polysaccharide solutions were added to
250 pL of Folin-Ciocalteu reagent and 500 uL of sodium carbonate (20%). After incubation
at 40 °C for 30 min, the absorbance was read at 760 nm. The calibration curve was made
using gallic acid.

2.4. Structural Analysis of Saccharides Fractions

The average molecular weight was determined by High-Performance Size-Exclusion
Chromatography coupled with on-line Multi-angle Laser Light Scattering (HPSEC-
MALLS, Paris, France), using He-Ne laser (HELEOS II, Wyatt Technology Corp., Santa
Barbara, CA, USA), differential refractive index (RID 10A, Shimadzu, Japan), viscosimeter
(Viscostar II, Wyatt Technology Corp., USA), and OHPAK SB 804-806 HQ columns (Sho-
dex). The average degrees of polymerization (DPs) of alginate and their derivatives were
estimated considering the uronic acid (Guluronic acid or mannuronic acid) repeat units
of sodium alginates and calculated using the Equation (1):

J— Mw
T 216

As described previously, the monosaccharide composition was analyzed by Gas
Chromatography-Mass Spectrometry (GC-MS) with cold electron ionization (EI)
(GC/MS-EI) (Shimadzu, GCMS-QP2020 NX) [27]. Briefly, polysaccharide extracts were
hydrolyzed with Trifluoroacetic acid (2M), then treated with pyridine and N, O-Bis (tri-
methylsilyl) trifluoroacetamide (BSTFA) (v/v). The final products were dissolved in di-
chloromethane to be injected into the GCMS-GP2020 NX instrument using the OPTIMA-
1IMS (30 m, 0.25 mm, 0.25 pm) column (Macherey-Nagel). The standard monosaccharides
were determined under the same conditions and the results were expressed in a molar
ratio (%).

The 'H NMR analysis was carried out using a Bruker AVANCE III HD 500 MHz
spectrometer equipped with a Bruker 5 mm inverse probe TXI ("H/®C/*N) with z-gradi-
ent coil probe. Samples were dissolved in deuterium oxide (D:20) (99.99 % D) at 100 g/L
and then lyophilized. This step was repeated 3 times to exchange the hydrogen atom for
deuterium. '"H NMR spectra were recorded with a number of 128 scans, an impulsion re-
laxation and acquisition time of 9.7 us, 4 s, and 3.3 s, respectively, a power of 14 W and a
spectral window of 20 ppm, and TD = 64 K data points zero-filled to SI = 131 K before
Fourier transformation with 0.3 Hz line broadening.

For alginates, the ratios (M/G) and the frequencies of structural blocks (Fc, Fwm, Fag,
Fwmy, Fom, and Fuvc) of mannuronic (M) and guluronic acid (G) were estimated based on the
signals L, II, and III of the relative area of anomeric regions (G-1, GG-5G, GM-5, and M-1).
The following equations were used according to Grasdalen [35]:

DP 3)

A
Fo = —— @)
Ap + A
A
ST Ap+ Ay ©)
Fy =1-Fg (6)
Fem = Fmg = Fg — Fee (7)
Fum = Fm — Fue 8)
M_1-Fe P o
G Fg Fg
F
n=— (10)
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2.5. Treatment of Leaf Discs of the Olive Tree

In vitro treatments of the olive tree were conducted on the leaf tissue. Healthy leaves
from the same olive tree (Picholine Marocaine) were collected, washed with distilled wa-
ter, dried, and then cut with a sterile cork borer to small discs of 5 mm in diameter. In this
case, 20 discs were placed on their abaxial leaf surfaces in Petri dishes containing What-
man filter paper soaked in 3 mL of saccharide solutions at various concentrations (0.5 g/L,
1g/L, and 2 g/L) and 0.01% of Tween 20 (Figure 2). Afterward, the samples were incubated
for 24 h at 30 °C under light. The control discs were immersed in distilled water and Tween
20 (0.01%). Three repetitions were performed for each treatment and concentration.

Figure 2. Detached leaves of the olive tree “Picholine Marocaine” (a); Leaf discs (5 mm in diameter)
placed in the Petri dishes containing saccharide solutions (b).

2.6. Measurement of Enzyme Activities and Protein Assays

After 24 h of incubation, the leaf discs were ground in liquid nitrogen and then
weighted. The extraction of phenylalanine and tyrosine ammonia-lyase enzymes (TAL
and PAL) was carried out in a 100 mM boric acid buffer at pH 6, containing 1 mM of
ethylene diamine tetraacetic acid (EDTA), and 1% of insoluble polyvinylpolypyrrolidone
(PVPP) [36]. The enzymatic reactions were performed using 20 mM of L-phenylalanine
and L-Tyrosine as substrates. The PAL and TAL activities were estimated by measuring
the formation of trans-cinnamic and p-coumaric acid at 290 nm and 310 nm, respectively
(Jenway 6305 Spectrophotometer, Jenway, Dunmow, Essex, UK). Specific activities were
determined using extinction coefficients of 9116 L-mol-cm™ (frans-cinnamic acid) and
11558 L-mol!-cm™ (p-coumaric acid) [37].

Proteins were quantified according to the Bradford assay, using bovine serum albu-
min (BSA) as a standard [38].
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2.7. Quantification of Secondary Metabolites: Phenolic Compounds and Lignin

The leaf disc samples were macerated in acetone (80°) with liquid nitrogen. After
centrifugation (10,000 g, 15 min, 4 °C) (UNIVERSAL 320 R, Andreas Hettich GmbH &
Co., KG, Tuttlingen, Germany), the recovered supernatants were used to purify the poly-
phenols, and the pellets were served to extract lignin.

The purification and quantification of total phenolic compounds and lignin content
were performed based on the methods described previously [27]. The results were ex-
pressed as pg of gallic acid/mg of dry weight (DW) and Axso/g of DW for polyphenols and
lignin, respectively.

2.8. Statistical Analysis

The comparison of PAL, TAL, polyphenols, and lignin parameters between each treat-
ment at different concentrations was performed using the ANOVA test in SPSS version 25.0
software (IBM SPSS Statistics for Windows, Armonk, NY, USA) at a significance level of 5%.
The findings are presented as a mean value + Standard error (SE) of three replicates.

3. Results and Discussion
3.1. Chemical Composition of Polysaccharide Fractions

As illustrated in Table 1, the extraction yield of the five extracted polysaccharides
ranged from 0.87% to 31%. The highest percentage was recorded in alginophytes C.
myriophylloides and S. muticum, representing values of 31% and 23%, respectively. The sul-
fated arabinogalactans AGP and AGB represented 5% and 11% of the dry weight of the
green alga C. decorticatum, while the fucoidans yield showed the lowest averages (0.87%).

As far as we know, no previous research has investigated the structural features of
C. myriophylloides. The ALCM extraction yield was higher than that reported in some of
the Cystoseira genus [39-44]. By comparing the alginate content of S. muticum from previ-
ous works [25,45-47], the ALSM yield was in accordance with that reported by El Atouani
et al., [45]. The AGB fraction exhibited an important sulfation degree of 22.68%, while
lower averages of 13.21% and 12.83% were observed for AGP and FUCCM, respectively.
The presence of 7.29% of sulfates in ALCM could be explained by eventual contamination
by fucoidans during the co-extraction step. The FUCCM yield was similar to that reported
by Benslima et al., [48]. However, it was lower than that obtained from other Cystoseira
species. Higher averages were recorded in C. trinodis (6.34%), C. barbata (5.45%) and C.
compressa (5.2%) [43,44,49]. The content of sulfates of FUCCM was within the range of that
reported for other Cystoseira species [43,44,48,50]. High averages were found in Fucus spi-
ralis (49.53%) and Bifurcaria bifurcata (45.49%) [19] and lower amounts were obtained from
C. schiffneri (4.5-10.7%) [48]. These variations in yields and chemical compositions, even
within the same species, could be attributed to a variety of factors, including the temporal
and spatial conditions of harvesting and extraction procedures [25,46,48,51].

Table 1. Biochemical characterization and extraction yield of polysaccharides extracted from CE,
SM, and CM.

Neutral

Fractions Source Yield Total Sugar Sugar (% Uronic Acid Sulfate (% Protein (% Polyphenol
(% wiw) (% wiw) w/w) (% w/w) w/w) w/w) (% w/w)
ALSM ! S. muticum 23 4446+1.67 242+196 63.27+0.17 Nd ¢ Trace Nd
ALCM?2 C. myriophylloides 31  57.48+0.35 30.27+0.84 44.99+3.70 7.29+0.4 Nd Nd
FUCCM 3 C. myriophylloides 0.87 52.11+3.07 29.06+0.52 23.19+1.56 12.83+0.06 2.93+0.17 Nd
AGB* C. decorticatum 11 37.67+1.10 37.56+1.73 3.05+0.29 22.68+2.08 20.03+0.29 Trace 7
AGP5 C. decorticatum 5 48.38+1.44 45.68+0.58 4.04+0.35 13.21+0.23 11.89+2.48 Trace

1 ALSM: alginate extracted from SM; 2 ALCM: alginate extracted from CM; 3 FUCCM: fucoidan ex-
tracted from CM; * AGB: sulfated glycoprotein (crude extract) extracted from CD; > AGP: sulfated
glycoprotein (purified extract) extracted from CD; ¢ Nd: Not determined; 7 Trace: % w/w < 1.
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3.2. SEC-MALLS Analysis of Saccharide Fractions

The five fractions were analyzed using SEC-MALLS and the results are summarized
in Table 2. The average molecular weight (Mw) ranged from 3 kDa for oligoalginates
OASM obtained from ALSM to 2173 kDa for sulfated arabinogalactans extracted from the
green seaweed C. decorticatum (Table 2). The polydispersity index (D) was less than 2 for
the ALCM (1.3), ALSM (1.2), OACM (1.7), OASM (1.04), and AGP (1.6) fractions, and
greater than 2 for the AGB (3.1) and FUCCM (4) fractions. These indicate that the purified
arabinogalactans (AGP) and alginates polymers and oligomers are monodisperse with
minor degradation or contamination with fucoidans in the case of ALSM and ALCM ex-
tracts. For the crude extract (AGB) and FUCCM, the D values were higher, meaning that
both are polydisperse polymers presenting impurities of other poly/oligosaccharides such
as laminarin and especially alginate for FUCCM. The intrinsic viscosity of ALSM and AGP
presented the highest averages, whereas the oligoalginates (OASM) exhibited the lowest
values compared to other fractions. Usually, the intrinsic viscosity of polysaccharides is
dependent on their molecular weight (Mw) and chain dimension, which explains the fluc-
tuation of values of alginates and their derivatives [52]. It was found that the presence of
salts in the solution could also decrease the [1)], which exhibited a typical polyelectrolyte
behavior [53]. This might explain the low intrinsic viscosity of AGB and AGP despite their
important Mw. In addition, FUCCM presented an important Mw of 148 kDa, compared to
ALCM (76 kDa). However, the [1)] was lower (84.4 mL/g) than that found in ALCM (224.2
mL/g). These indicated that the presence of sulfates in polysaccharides could decrease the
[n] values due to the charge screening effects, leading to a more compact structure, hence,
reducing the hydrodynamic volume of the molecule [54].

The fractions of OACM and OASM were obtained after 6 h of radical depolymeriza-
tion of ALCM and ALSM, respectively. The Mw exhibited an important fluctuation in
which OASM is characterized by a low Mw (3 kDa) and DP of 14 compared to the OACM
fraction (Mw= 19 kDa and DP = 88). These indicate that the OASM was hydrolyzed into
oligomers in which the DP of ALSM was sharply decreased from 935 to 14, contrary to
OACM. As a result, increasing the hydrolysis reaction time is required to generate oligo-
mers from C. myriophylloides alginate. The presence of sulfates contamination in ALCM
could be the factor influencing the degradation process. Moseley et al., have suggested
that the presence of sulfate could protect molecules against ROS hydrolysis [55]. Under
the same conditions, oligomers produced by the degradation of alginate extracted from B.
bifurcata, exhibited an Mw of 5.5 kDa and 2 < DP < 24 after 6 h of treatment and 3.5 kDa
after 10 h [26], which are different from values found in this study.

Table 2. Average molecular weight determination and DPs distribution of extracted saccharides.

Fractions Source M:? (g/mol) Mw? (g/mol) b w Intrinsic Viscosity (mL/g) DP™"
ALCM 1 C. myriophylloides (igl (;22) (1%(;?)/(3) (ﬂlj% ) (izlzi‘i,) 352
MM Sty g o e10% 5
OACM3  C. myriophylloides (1;122/8) (195%?,/(3) (i7l.Z% ) (;5022 %) 88
OASM 5. muticunm (129(.)52) (iig.g?’/o) (ﬂlf:%) (is.f%) 14

FUCCM?5  C. myriophylloides (iz(())?’/(z) 33188%(; (i?il.f% ) (i§474° %) Nd 2

AGP ¢ C. decorticatum 1 (12_3598/?)0 2(23.2700/30 (i11.'26% ) (?_ZOOZ) Nd
AGB” C. decorticatum 711 000 2173 000 3.1 266.7 Nd

(+1.4%) (+0.4%) (+1.4%) (+3.0%)
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1 ALCM: alginate extracted from CM;?2 ALSM: alginate extracted from SM; 3 OACM: LMW alginates
obtained from ALCM; * OASM: LMW alginates obtained from ALSM; > FUCCM: fucoidan extracted
from CM; ¢ AGB: sulfated glycoprotein (crude extract) extracted from CD; 7 AGP: sulfated glycopro-
tein (purified extract) extracted from CD; 8 Mn: number average molecular weight; * Mw: weight
average molecular weight; 1 D: index of Polydispersity; ' DP: degree of polymerization; 12 Nd: Not
determined.

3.3. Monosaccharide Composition of Saccharide Fractions

The monosaccharide composition was analyzed by GC-MS-EI and the results are
summarized in Table 3. For uronic acids, only the molar ratio of mannuronic acid was
defined for alginates and fucoidan. ALCM and ALSM were mainly composed of 74.61%
and 87.59% of ManA, respectively, with minor impurities of fucose and glucose. FUCCM
presented 53.39% of fucose and 45.70% of ManA, which indicates the contamination by
alginate, confirming the colorimetric analysis presented in Section 3.1. In contrast to prior
research, fucoidans isolated from Cystoseira spp. and other species contained monosac-
charides other than fucose, including galactose, glucose, mannose, xylose, rhamnose, and
uronic acids [43,48,56]. On the other hand, sulfated homofucans were isolated from C.
crinita, C. compressa, and C. sedoides, of which fucose constituted 43.4%, 61.5%, and 54.5%,
respectively [50]. The monosaccharide composition of fucoidans may differ depending on
the source of brown macroalgae. The FUCCM isolated from CM is a sulfated homogenous
fucoidan made up mainly of fucose.

Table 3. GC/MS-EI analysis of different saccharide extracts.

Monosaccharides AGB" AGP* FUCCM 3 ALCM 4 ALSM 5
(%Molar Ratio)
Galactose (Gal) 46.07 + 1.46 51.55 +2.67 Nd Nd Nd
Glucose (Glc) 38.78 £0.24 24.56 + 1.05 0.91+0.10 0.55 £ 0.09 1.13+0.57
Arabinose (Ara) 12.08 +1 17.32 +1.33 Nd Nd Nd
Xylose (Xyl) 1.70+0.23 3.93 £ 0.61 Nd Nd Nd
Rhamnose (Rha) 1.37+0.13 2.63+0.15 Nd Nd Nd
Fucose (Fuc) Nd ¢ Nd 53.39 £4.57 24.84 +4.74 11.28 +1.23
Mannuronic acid (ManA) Nd Nd 45.70 £ 4.52 74.61 +4.81 87.59 + 0.85

1 AGB: sulfated glycoprotein (crude extract) extracted from CD; 2 AGP: sulfated glycoprotein (puri-
fied extract) extracted from CD; 3 FUCCM: fucoidan extracted from CM; ¢ ALCM: alginate extracted
from CM; > ALSM: alginate extracted from SM; °Nd: Not determined.

3.4.'H NMR Analysis of ALCM, ALSM, and FUCCM Fractions

The alginates and fucoidan were analyzed using 'H NMR, and the findings are
presented in Figure 3, Tables 4 and 5.

FUCCM is mainly composed of a-l-fucose presenting intense signals at 1.26-1.47
ppm, which are the characteristic regions of fucopyranose assigned to the CHs methyl
group of H-6 [56] and at 5.13 ppm confirming the a-linked fucose monomers [57]. Peaks
at 1.94-2.15 ppm correspond to the CHs proton of O-acetyl groups [58]. H-1 and C-H pro-
tons of O-substituted carbons of a-L-isomers extend from 5.09 to 5.45 ppm, whereas ring
proton H-2-H-5 spread out from 3.56 to 4.86 ppm [48]. By comparing with proton chemical
shifts of each O-sulfated L-fucose isomer [59], the resonance of H-6 in the region of 1.38
ppm indicates that sulfates could be bonded to C-4 of FUCCM [58] (Table 5). In order to
determine more precisely the sulfate group positions, it is required to investigate as well
the desulfated fucoidan residues. Other peaks appearing slightly at 4.73 and 4.77 ppm
could be attributed to the mannuronic acid anomeric protons due to the presence of algi-
nate traces in the FUCCM extracts.

The 'H NMR spectra of alginates ALCM and ALSM (Figure 3) were used to
determine the structural block distribution and the rate of mannuronic and guluronic acid
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of each fraction through the M/G ratio (Table 4). According to Grasdalen et al. [35], signals
at 5.07 and 4.46 ppm (signal I and signal III) were attributed to H-1 and H-5 of guluronic
acid (G) residues, respectively. The anomeric proton of mannuronic acid (H-1) and the C-
5 of alternating blocks (GM-5) (signal II) imbricated at 4.76—4.68 ppm. Minor signals at
1.21-1.27 ppm for ALSM and 1.20-1.42 ppm for ALCM correspond to fucopyranose
residues, which confirm the results obtained by GC-MS-EI analysis, indicating the
presence of slight impurities of fucoidan. Each alginate fraction showed a different M/G
ratio, which was 0.87 and 1.12 for ALSM and ALCM, respectively. This indicates that
alginate extracted from Moroccan S. muticum is rich in guluronic acid (54%), while ALCM
extracted from C. myriophylloides exhibits higher levels of mannuronic acid (53%)
compared to guluronic acid (47%). The M/G ratio of alginates extracted from S. muticum
ranged from 0.31 to 1.08 [25,45,47], these variations within the species are related to
harvesting conditions (place and period). In contrast to the current finding, the M/G ratios
were < to 1 for C. barbata, C. schiffneri, C. compressa, and C. trinodis [40—44]. The estimated
N parameter was < to 1 for both alginate samples, indicating the abundance of homopoly-
meric sequences (MM and GG) as shown in Table 4.

Table 4. Structural characterization of ALCM and ALSM extracted from C. myriophylloides and S.
muticum.

Alginates Source Frequencies of Structural Blocks WM %G
FG _FM FGG FMM FMG FGM M/G °=n
ALSM 1 S. muticum 0.54 046 047 0.40 0.063  0.063 0.87 46 54 025
ALCM?  C. myriophylloides 0.47 053 043 0.49 0.038  0.038 1.12 53 47 015
! ALSM: alginate extracted from SM;2 ALCM: alginate extracted from CM.
Table 5. 'H NMR chemical shifts of fucoidan extracted from C. myriophylloides (FUCCM) and sul-
fated fucopyranoses standard.
Fucose H-1 H-2 H-3 H-4 H-5 H-6
a-L-Fucp [59] 5.20 3.77 3.86 3.81 4.20 1.21
513 3.76 3.89 3.83 417 1.26
-L-F F M1
a-L-Fucp (FUCCM ) (-0.07) (-0.01) (0.03) (0.02) (-0.03) (0.05)

1 FUCCM: fucoidan extracted from CM.
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Figure 3. '"H NMR analysis of alginate (ALCM) (a) and fucoidan (FUCCM) (c) co-extracted from

brow seaweed CM, and ALSM isolated from SM (b).

3.5. Sulfated and Unsulfated Polysaccharides and Oligosaccharides induce Natural Defenses in

Olive Tree Leaves

To evaluate the potential effect of the seven saccharide fractions on the natural de-
fenses of the olive tree, leaf discs of 5 mm were used as a model system and were treated
for 24 h with different concentrations. The PAL and TAL activities, the phenolic com-
pounds, and the lignin content were then measured. To our knowledge, no study has re-
ported the capacity of alginate (unsulfated polysaccharides), LMW alginates, fucoidan,
and sulfated arabinogalactan-rich protein to induce the natural defense of olive trees.
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PAL and TAL are monofunctional enzymes belonging to the plant aromatic amino-
acid-lyase family [60]. The PAL catalyzes the deamination of L-phenylalanine into trans-
cinnamic acid, while the TAL converts the L-tyrosine yielding trans-p-coumarate. PAL is
the most widely studied enzyme in plant phenolic synthesis. However, TAL is another
enzyme involved in this pathway, that has rarely been investigated. This is the first report
exploring the activity of TAL in the leaves of the olive tree.

3.5.1. Evaluation of Enzyme Activities and Secondary Metabolism Synthesis in the Leaf
Discs of the Olive Tree in Response to Alginates and Their Oligomers

The application of alginates with different molecular weights, ALCM (202 kDa),
ALSM (76 kDa), OACM (19 kDa), and the oligomers OASM (3 kDa), significantly induced
the PAL and TAL activities, the phenolic compounds, and the lignin content in the leaves
of the olive tree depending on the concentration of saccharide solutions (p < 0.05). After
treatment with OASM, the PAL and TAL activities revealed a considerable increase at
different concentrations, reaching an upward trend at 2 g/L. The polyphenols followed a
similar pattern and rose at 0.5 g/L and 1 g/L, while no significant increment was observed
in lignin content. Compared to their native polymer (ALSM) at 2 g/L, the oligoalginates
(OASM) showed the induction of PAL and TAL activities, 1.4-1.6 times higher (Figure 4),
as well as efficiency at a low concentration (0.5 g/L). On the other hand, the accumulation
of polyphenols and lignin in the leaves was significantly increased after the treatment with
ALSM polymers. The elicitor activity of the LMW alginates (OACM) was less important
compared to the other fractions. In response to the native alginate polymers, ALCM
showed significant stimulation of PAL and TAL activities at a low concentration (0.5 g/L)
compared to ALSM, while the secondary metabolites (lignin and polyphenols) were
strongly promoted after the application of ALSM (Figure 5). Lignin was only promoted in
response to high molecular weight alginates polymers (ALCM and ALSM). In this study,
the PAL and TAL activities showed a similar trend. In contrast, a considerable fluctuation
was observed. All fractions reported a PAL/TAL ratio < to 1, ranging from 0.34 to 0.77,
indicating the high expression of TAL in the leaves of the olive tree compared to PAL. As
mentioned before, PAL and TAL are the key regulatory enzymes associated with the bio-
synthesis of various secondary metabolites via the shikimic pathway [61]. Nevertheless,
PAL is the most occurs in plants [60], while TAL enzyme is commonly found in Gramineae
such as wheat and maize [62-65]. Recently, TAL has been detected in other plants such as
orchids, strawberry fruits, and leaves, ginger and soybean leave in response to biotic and
abiotic stresses [61,66-68]. As reported by Khan et al., the treatment of soybean by chitin
and chitosan oligomers significantly induced the PAL, TAL, and phenolic compounds in
leaf tissues, which the specific activity of TAL was lower compared to PAL [67].

In this study, the elicitor capacities of alginate polymers and their derivatives de-
pended on many factors such as concentration, nature of polymers, and chain length. The
OASM (3 kDa), ALCM (76 kDa), and OACM (19 kDa) were more effective due to their
abilities to activate the PAL and TAL at a low concentration (0.5 g/L) compared to ALSM
(202 kDa). However, the OASM (3 kDa) exhibited the highest levels of enzyme activities
at 2 g/L. Alginate is an anionic polysaccharide isolated from brown algae. Recently, it has
been widely utilized in agriculture as an inducer of the natural defenses of plants. The
application of alginates extracted from B. bifurcata and F. spiralis triggered PAL activity
and polyphenol synthesis in leaves of tomato seedlings and roots of date palm [18,20].
Few research has focused on the use of LMW alginates as inducers of natural defenses.
Partial hydrolysis with HCI of alginates extracted from Lessonia vadose enhanced the PAL
and peroxidase (POD) activities in wheat plants, higher levels were recorded after the
treatment with polymannuronic enriched fraction [69]. A recent study has reported the
effectiveness of oligoalginates (5.5 kDa), obtained after oxidative degradation, compared
to their native polymer, showing their capacity to stimulate the PAL activity as well as the
phenolic compounds in the leaves of tomato seedlings at a concentration of 1 g/L [18]. It
has been conclusively shown that oligoglucuronans and oligoulvans with low DP (2-3)
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enhanced the activation of PAL, antioxidant-related enzymes as well as the accumulation
of lignin and phenolic compounds, protecting apple fruit against Penicillium expansum and
Botrytis cinerea. These oligomers were more effective than their native polymers [22,23].
No previous study to date has examined the elicitor effects of alginates and their deriva-
tives in leaf tissues of the olive tree.
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Figure 4. Effect of alginates extracted from CM (ALCM) and SM (ALSM) and their derivatives
(OACM and OASM) on the induction of PAL (a) and TAL (b) activities in the leaves of olive tree
after 24 h of treatment. The letters (a, b, c) indicate significant differences between treatments at each
concentration using the Tukey-HSD test, at (p < 0.05). Treatments presented with the same letter are
not significantly different.
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Figure 5. Effect of alginates extracted from CM (ALCM) and SM (ALSM) and their derivatives
(OACM and OASM) on the induction of polyphenol (a) and lignin (b) contents in the leaves of olive
tree after 24 h of treatment. The letters (a, b, c) indicate significant differences between treatments
at each concentration using the Tukey-HSD test, at (p < 0.05). Treatments presented with the same
letter are not significantly different.

3.5.2. Evaluation of Enzyme Activities and Secondary Metabolism Synthesis in the Leaf
Discs of the Olive Tree in Response to Sulfated Polysaccharides AGB, AGP and FUCCM

The sulfated polysaccharides, arabinogalactan, and fucoidan extracted from the
brown and green seaweed were applied to the olive leaves at different concentrations. The
results showed significant induction of the PAL and TAL activities accompanied by the
synthesis of lignin and polyphenols (p < 0.05). These responses depend on the nature of
the polymers and their concentrations. In response to the tree fractions, the phenolic
metabolism was significantly stimulated, at the low concentration (0.5 g/L). FUCCM
revealed an important elicitor capacity at 0.5 g/L, showing high levels of PAL,
polyphenols, and lignin compared to arabinogalactan (crude and purified extracts). The
TAL was less expressed than PAL after the treatment by the fucoidan, indicating a
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PAL/TAL ratio higher than 1. On the other hand, for the crude (AGB) and the purified
(AGP) extracts, the PAL/TAL ratio was in the range of 0.45-0.75, showing high activity of
the TAL enzyme. No considerable difference was observed in the elicitor effects between
AGB and AGP (Figures 6 and 7). A similar conclusion was reached in the previous work,
after the application of sulfated arabinogalactan AGB and AGP for the first time as
inducers of PAL activity, phenolic compounds, and lignin content in leaf and root tissues
of tomato seedlings [27]. The application of sulfated polysaccharides from marine algae
as stimulators of natural defenses of plants has been largely reported. Carrageenan, a
sulfated galactan presented in the red algae, was found to be capable of activating the
defense mechanisms against a large wide of pathogens in Arabidopsis thaliana, tobacco, and
tomato plants [70-75]. The sulfated heteropolysaccharides, ulvan, from the green seaweed
have been shown to trigger the pathogenesis-related proteins gene expression, reactive
oxygen species metabolism, and the octadecanoid pathway, leading to protection against
Zymoseptoria tritici in wheat [76]. The treatment of A. thaliana plants by ulvans with sulfate
content of 18.9 to 36.6% reduced the severity of Alternaria brassicicola and Colletotrichum
higginsianum independently of sulfation degree [77]. These findings are in accordance
with those reported in this work and the previous work [27], in which the AGB and AGP
showed similarities in responses despite their sulfation variation. Furthermore, several
studies have investigated the elicitor effects of ulvans in several plants [21,23,78-80]. The
ability of fucoidan to provide protection and enhance natural defenses in plants has been
previously assessed only to a very limited extent. Fucoidans from the brown macroalgae
B. bifurcata and F. spiralis stimulated PAL activity, polyphenols, and lignin content in the
roots of the date palm [19]. Detached leaves of Datura stramonium L. and Nicotiana tabacum
L. infected by potato virus X (PVX) and tobacco mosaic virus (TMV), respectively,
exhibited an inhibition of the development of the virus during the first stage of infection
after treatment with fucoidan extracted from the brown alga F. evanescens [81,82]. In
addition, fucoidan from Lessonia vadosa activated the PAL, lipooxygenase and glutathione-
S-transferase activities in tobacco plants [24].
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Figure 6. Effect of sulfated polysaccharides AGB and AGP extracted from CE and FUCCM isolated
from CM on the induction of PAL (a) and TAL (b) activities in the leaves of olive tree after 24 h of
treatment. The letters (a, b, c) indicate significant differences between treatments at each concentra-
tion using the Tukey-HSD test, at (p < 0.05). Treatments presented with the same letter are not sig-
nificantly different.



Appl. Sci. 2022, 12, 8842 15 of 19
a 10 4
( ) E a Il Control (b) 400 Wl control
= B AcP 7 a AGP
o a | AGB b AGB
£ 5] i Fuccm 350 . iy | B FUCCM
% = [ b
c
L 2 300 e
®
2 64 2 250 - e
[s]
=] —
= . 200+
ey 5
2 4
5 £
= 150
S 8
O c
- £ 1004
c 29 o
[ 1
s 50 |
)
©
oo

05gL 1oL 2glL 05gL 19/l 2glL

Figure 7. Effect of sulfated polysaccharides AGB and AGP extracted from CE and FUCCM isolated
from CM on the induction of polyphenol (a) and lignin (b) contents in the leaves of olive tree after
24 h of treatment. The letters (a, b, c) indicate significant differences between treatments at each
concentration using the Tukey-HSD test, at (p < 0.05). Treatments presented with the same letter are
not significantly different.

Compared to alginates (ALCM and ALSM), the sulfated polysaccharides (AGP, AGB,
and FUCCM) exhibited an elicitor capacity more effective at low concentrations (0.5 g/L
and 1 g/L). In response to fucoidan at 0.5 g/L, the levels of the PAL activity, phenolic com-
pounds, and lignin content were significantly higher compared to AGB, AGP, ALCM, and
ALSM. The sulfate group and the low Mw seem to be the principal factors in this fluctua-
tion of plant defense responses. It has been shown before that the elicitation by glucuronan
(unsulfated polysaccharide) had no considerable effects on PAL activity of tomato seed-
lings, while ulvan (sulfated polysaccharides) exhibited significant levels [21]. In addition,
the desulfation of ulvan has shown suppression of the elicitor effect in the leaves of tomato
plants, indicating the main role of sulfate substituent in the elicitation efficiency [21]. Sev-
eral studies have found that desulfation reduces biological activities [83-86].

The use of polysaccharides extracted from seaweeds as olive resistance-inducers has
been previously assessed only to a very limited extent. Tziros et al., have reported the
evaluation of laminarin (Vacciplant 4.55L) efficiency, against olive leaf spot (OLS) disease,
caused by Fusicladium oleagineum on six-month-old olive plants [87]. The application of
laminarin suppressed the disease severity and no symptoms were detected, compared to
copper pesticides used as reference treatments. Moreover, the expression of PAL, copper
amine oxidase (Cuao), and major pollen allergen (Mpol) genes was induced in laminarin-
treated plants [87]. Another study has involved the ability of ulvan to control verticillium
wilt of olive (VWO) caused by V. dahlia [88]. In response to this elicitor, the phenolic
metabolism (PAL, polyphenols, and lignin) was significantly enhanced, reducing the
verticillium wilt in the twigs (10 cm) of the olive tree (Picholine Marocaine) [88]. To the
best of our knowledge, no study to date has examined the fucoidan, alginates from the
brown macroalgae S. muticum and C. myriophylloides and their derivatives, as well as the
sulfated glycoprotein from the green seaweed C. decorticatum, as inducers of natural
defenses in the leaves of the olive tree. Nevertheless, further studies are required to
evaluate the efficiency of these polysaccharides in stimulating and protecting against
vascular and foliar pathogens of the olive tree under field conditions.

4. Conclusions

In the current work, alginates, LMW alginate derivatives, fucoidans from the brown
seaweed S. muticum and C. myriophylloides, and the glycoproteins isolated from C. decorti-
catum were characterized chemically and structurally. These saccharide extracts were in-
vestigated for their ability to induce the PAL and TAL activities, polyphenol, and lignin
contents in the leaves of the olive tree (Picholine Marocaine). Sulfated polysaccharides
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(FUCCM, AGB, and AGP) were found to be the most active at a low concentration (0.5
g/L) compared to alginates (unsulfated polysaccharides), indicating the main role of the
sulfate group in the efficiency of the elicitor activity. Fucoidan, with an Mw of 148 kDa and
12.83% of sulfates was more effective than the other polymer fractions. The activity of
alginate polymers and their derivatives was related to their concentrations and chain
length. When compared to ALSM (202 kDa), the low molecular weight alginates OASM
(3 kDa), ALCM (76 kDa), and OACM (19 kDa) were more efficient in inducing PAL and
TAL activities at low concentrations. In addition, oligoalginates (OASM) manifested the
highest levels at 2 g/L. PAL/TAL ratios were < to 1, indicating that the TAL enzyme was
highly expressed in the leaves of the olive tree in response to all saccharide fractions ex-
cept for fucoidan. The expression of the TAL enzyme in olive tree leaf tissue was examined
for the first time. These results highlight the use of alginates, LMW alginates, fucoidan,
and glycoprotein from marine macroalgae, as inducers of natural defenses of the olive
tree, to protect against phytopathogens in the context of sustainable development. How-
ever, future research should consider the protective effects of these molecules against bi-
otic and abiotic stresses under field conditions.
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