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Abstract The effect of extracts of the brown algaeCystoseira
myriophylloides, Laminaria digitata, and Fucus spiralis
against the tomato pathogens Verticillium dahliae and
Agrobacterium tumefaciens was evaluated in vitro and in the
greenhouse. A significant inhibition of growth was observed
only with methanolic seaweed extracts (MSE). Disease resis-
tance was assessed in the greenhouse against Verticillium wilt
using spray application of aqueous seaweed extracts (ASE) on
the whole plant or using seed imbibition. Both methods sig-
nificantly reduced disease severity whatever the algal species,
though protection observed after seed treatments was higher
than that observed after spray treatment. Spray application of
ASE from C. myriophylloides and F. spiralis also resulted in
significant reduction of Crown gall disease caused by the bac-
terial pathogen A. tumefaciens. ASE-treated plants had signi-
ficantly higher levels of activity of defense enzymes polyphe-
nol oxidase and peroxidase compared to the control. ASE did
not inhibit mycelium growth of V. dahliae or development of
A. tumefaciens in vitro; it is therefore suggested that induced
resistance is probably the main mechanism of protection
afforded by ASE.
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Introduction

Tomato (Solanum lycopersicum) is considered among the
world’s largest vegetable crops. However, it is targeted by
several diseases and pests. Among them Verticillium dahliae,
the causal agent of wilting, affect severely the growth and the
yield of tomato plants. It persists on the soil as microsclerotia
and can infect plants through wounds in the roots. Symptoms
become visible on leaves, their edges, and areas between the
veins turn yellow and then brown. The infected plants often
show a V-shaped lesion at the edge of the leaf, which can
expand, resulting in complete browning and death of the
leaves. The systemic infection spread and usually stems result
in wilting. The fungus can be also revealed by the presence of
vascular streaking in stems (Fradin and Thomma 2006;
Klosterman et al. 2009).

Agrobacterium tumefaciens is another pathogen that affects
tomato. It causes crown gall disease by introducing its T-DNA
into the plant genome causing the induction of tumors and
associated changes in plant metabolism (Sigee 1993). Crown
gall disease can be fatal if infection occurs in young plants, as
reduction in crop yield and vigor can be significant. The de-
creased productivity may be caused by the decreased water
and nutrient flow due to damaged vessels at the site of gall
development, and to significant deviation of water and nutri-
ents to the rapidly growing gall (Escobar and Dandekar 2003).
In general, as for most of bacterial diseases of plants, crown
gall is very difficult to control because of the lack of effective
chemical treatments. The most effective chemical method is
the use of copper; however, it is highly phytotoxic (Chase
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1989). Biological control using the agrocin-producing strain
K84 of Agrobacterium radiobacter is a good alternative.
However, the possible transfer of the agrocin plasmid to path-
ogenic strains may threaten the success of this method
(Farrand 1990; Ryder and Jones 1991).

Soil fumigation and spraying fungicides have been the
main recommended measures for controlling Verticillium wilt
disease (Talboys 1984; Tian et al. 1998; Rekanovic et al.
2007). However, their negative effect on the environment
and human health has intensified the development of new
alternative control methods. Within this context, alternative
diseases management using natural compounds are highly
needed.

Seaweeds represent an important source of a wide variety
of natural products and could be a promising source of novel
bioactive compounds that can offer protection against such
plant diseases. Several studies have reported the in vitro anti-
microbial effect of seaweed extracts on phytopathogens. For
instance, extracts from Sargassum wightii showed an elevated
in vitro activity against Pseudomonas syringae, the causal
agent of leaf spot of the medicinal plant Gymnema sylvestre
(Kumar et al. 2008) and against Xanthomonas oryzae pv.
oryzae, the causal agent of bacterial rice blight (Arunkumar
et al. 2005). Indira et al. (2013) revealed the antifungal activity
of extracts of the green alga Halimeda tuna against several
fungi, including Aspergillus niger, Aspergillus flavus,
Alternaria alternaria, Penicillium sp., and Rhizopus sp. Ara
et al. (2005) found that fractions containing fatty acid esters
from an extract of Spatoglossum asperum inhibited the growth
of the soil-borne pathogens Macrophomina phaseolina,
Rhizoctonia solani, and Fusarium solani. Chanthini et al.
(2012) correlated the direct antifungal activity of some red
and green algae against Alternaria solani with their phenolic
content.

In addition to the direct antimicrobial effect of seaweed
extracts, evidence that they can suppress disease or reduce
the incidence of disease on commercially important pathogens
in vivo has been reported. Cotton seedlings inoculated with
Xanthomonas campestris pv.malvacearum developed consid-
erable resistance to the bacterial blight if the seeds were
soaked prior to germination in Dravya, an aqueous formula-
tion of S. wightii extract (Raghavendra et al. 2007). This re-
sistance was drastically enhanced if developing cotton seed-
lings were sprayed with the seaweed extract, with the greatest
reduction in blight. Liquid seaweed extracts of Ascophyllum
nodosum have been reported to reduce disease severity caused
by the foliar pathogens Alternaria cucumerinium, Alternaria
radicina, Didymella applanata, and Botrytis cinerea in carrot
(Jayaraj et al. 2008) and cucumber (Jayaraj et al. 2011).
Mattner et al. (2014) found that a commercially available sea-
weed extract (Seasol) made with combination of extracts from
Durvillaea potatorum and A. nodosum reduces the ability of
Sclerotinia minor to cause disease. The same commercial

seaweed extract suppress primary and secondary clubroot in-
fection caused by Plasmodiophora brassicae (Wite et al.
2015) and significantly reduces the incidence of white blister
disease, caused by Albugo candida on broccoli leaves
(Mattner et al. 2013).

Morocco is bordered by Atlantic Ocean and Mediterranean
Sea harboring a very high diversity of brown algae, which
includes more than 131 Phaeophyceae (Benhissoune et al.
2002). Given this richness, this work is a part of the valoriza-
tion of algal resources in Morocco. In this context, and trying
to reduce pesticides input to control phytopathogens in toma-
to, the present investigation was carried out to examine of the
effects of seaweed extracts derived from three brown algae
(Cystoseira myriophylloides, Laminaria digitata, and Fucus
spiralis) against Verticillium wilt and crown gall disease in
tomato. Most of published studies have considered either the
direct in vitro antimicrobial role of seaweed extracts or their
activity in planta, but rarely both of them. In this work, sea-
weeds extracts were tested for in vitro antimicrobial activities
and for their ability to protect tomato seedlings in the green-
house. Analyses of the activities of two defense-related en-
zymes were carried out to determine whether these extracts
are able to stimulate tomato resistance mechanisms.

Materials and methods

Plant, seaweed species, and extraction procedures

Tomato plants (Solanum lycopersicum) var. ‘Pomodoro’ was
used for tumorigenicity and Verticilliumwilt biocontrol assays
in the greenhouse. Tomato seeds were disinfected with 5%
commercial bleach for 3 min and rinsed three times and with
sterile distilled water (DW). They were divided into batches of
100 seeds. One batch of seeds was placed in petri dishes con-
taining paper filter soaked with 5 mL water and was consid-
ered as the control. The remainders of the batches were treated
with 5 mL of 0.5 or 1.5% of aqueous seaweed extract for 24 h.
Subsequently, all batches were watered daily with 5 mL of
water for 6 days. On the seventh day, the percentage of ger-
mination was recorded, and the index of germination (GI) was
calculated as the ratio of germinated seeds on root length
according to Zucconi et al. (1981). Seedlings were transferred
to pots containing a sterile mixture of peat and sand (3:1 v/v)
and were grown in a greenhouse with a 12-h photoperiod at
26 °C and 70% relative humidity.

Fucus spiralis, Cystoseira myriophylloides, and Laminaria
digitata were sampled at low tide, at Sidi Bouzid, located on
the Moroccan Atlantic coast south of the city of El Jadida (Lat
32° 15′ to 33° 15′; Long 7° 55′ to 9° 15′). The collected algae
were washed thoroughly and packaged in polyethylene bags.
They were air dried and then oven dried at 65 °C for 24 h.
Dried seaweeds were ground and sieved into a fine powder.
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Preparation of aqueous seaweed extracts (ASE) was
adapted from the protocol described by Kumari et al. (2011).
Six hundred milliliter of distilled water (DW) were added to
60 g algal powder, heated for 45 min at 60 °C and allowed to
stand for 48 h at room temperature. The resulting solution was
prefiltered and centrifuged at 4000 rpm for 30 min. The su-
pernatant was used as 10% (w/v) from which four concentra-
tions, 0.5, 1, 1.5, and 3% (v/v), were prepared using DW.
ASEs were stored at −20 °C before use.

Methanolic seaweed extracts (MSE) were prepared by
adding 6 g of algal powder in 30 mL methanol. The resulting
mixture was then continuous stirring in dim light for 48 h at
room temperature, followed by filtration and evaporation un-
der reduced pressure with a rotary evaporator. The three ex-
tracts were kept in a dry place before use.

Bacterial, fungal material, and effect of seaweed extracts
on their in vitro growth

Three isolates of Verticillium dahliae isolated previously from
olive trees in Morocco were used (Cherrab et al. 2002). The
fungi were cultured on potato dextrose agar (PDA) plates at
27 °C in the dark.

ASE were added at concentrations of 0, 0.5, and 1.5% to
the PDA medium before being autoclaved and cooled. MSE
were added at concentrations of 50, 100, and 500 μg mL−1 to
the PDA medium. The amended media was poured into Petri
dishes and inoculated using 5-mm plugs of agar andmycelium
taken from actively growing cultures of fungus on PDA. Petri
plates were incubated in the dark at 27 °C. Mycelial growth
was assessed by measuring two orthogonal diameters of each
colony after 5 days of incubation. Mycelial growth was com-
pared with growth on non-amended PDA and the percentage
of growth inhibition relative to the control was calculated.

Three oncogenic strains (Ach5, A281, and C58) and one
non virulent strain (EHA105) of Agrobacterium tumefaciens
were used. Bacteria were grown overnight at 28 °C in LB
medium, re-suspended in water, and adjusted to a titer of 3 ×
108 CFU mL−1.

The antibacterial activity of ASE (1.5%) or MSE
(100 μg mL−1) was evaluated using cellulose disks of 6-mm
diameter soaked with 100 μL of extracts. Disks were placed
on LB solid medium previously amended with bacteria. After
24-h incubation at 28 °C, the antibacterial activity is measured
as the diameter of zone inhibition appearing around the disk
and compared to control disks soaked with 100 μL of water or
methanol.

Plant treatment, inoculation, and diseases assessments

DWor ASE, diluted to 0.5 and 1.5%, were applied to run off
the aerial part of 4-week-old tomato seedlings two times (7
and 3 days before Verticillium inoculation). Plants were

subsequently inoculated by dipping their roots for 10 min in
a spore suspension of the strain SH of V. dahliae previously
adjusted to 107 conidia mL−1. Controls roots were dipped in
sterile DW.

In another set of experiments, disinfected tomato seeds
were soaked in water or in ASE (diluted to 0.5 and 1.5%),
allowed to germinate and inoculated 1 month later, as de-
scribed above.

The quantitative and qualitative evaluation of the
Verticillium wilt disease was by assessing vegetative parame-
ters such as foliar alteration index, stunting index, and brow-
ning index at 21 days after inoculation as previously described
(Zine et al. 2016). Reproductive parameters, such as the num-
ber of flowers, were recorded at 21 days after inoculation, and
the number of fruits and their fresh weight were recorded on
day 60.

The experimental design for V. dahliae inoculation was a
randomized block design with three blocks. The experimental
units were eight plants. Experiments were repeated three times
and results from one representative experiment are given.

For tumorigenic assays, plants were sprayed with ASE (di-
luted to 0.5, 1, 1.5, and 3%) and inoculated 2 or 4 days later
with the oncogenic strain C58 of A. tumefaciens as described
in Faize et al. (2012). Bacteria was grown overnight at 28 °C
in LB medium to a titer of 3 × 108 CFU mL−1, then pelleted
and re-suspended in 5 mM sodium citrate pH 5.5 supplement-
ed with 2% sucrose and 0.1 mM acetosyringone. Stems were
wounded using a scalpel (1 cm length) and filled with 10 μL
of bacterial suspension. Inoculations were performed at four
sites in the same stem. Inoculated plants were kept in the
greenhouse and scored for tumors every week over 4 weeks.
The diameter of lesions was recorded 4 weeks after
inoculation.

The experimental design for A. tumefaciens inoculation
experiments was a randomized block design with three
blocks. The experimental units were four plants.
Experiments were repeated three times, and results from one
representative experiment are given.

Enzymes and biochemical assays

Four-week-old tomato seedlings were sprayed with DW or
0.5–1.5% ASE, two times, at 7 and 3 days before
Verticillium inoculation. Apical leaves were harvested from
three plants at 0, 1, 2, 4, 7, 9, 11, and 15 days after the first
treatment and were used for H2O2 and for enzymatic activities
determination.

Enzymatic activities were also recorded from tomato seed-
lings derived from seeds soaked in water or in ASE. Apical
leaves were harvested from three plants at 21, 30, 32, 35, and
38 days after soaking and used for enzymes extractions.

Four hundred milligram of tissue leaves were ground in an
ice bath with 3 mL of 50 mM phosphate buffer, pH 7.5,
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containing 0.01% (v/v) Triton X-100, 1 mM polyethylene gly-
col, and 8% polyvinylpyrrolidone phosphate (PVPP). The ho-
mogenate was centrifuged at 16,000×g for 20 min at 4 °C, and
the supernatant was assayed immediately for enzymatic activ-
ities. The total protein concentration was determined using
bovine serum albumin (BSA) as a standard, according to
Bradford (1976).

Peroxidase (POX, EC 1.11.1.7) activity was determined as
described by Moerschbacher et al. (1986). Changes in absor-
bance at 470 nmwere recorded for 2 min, and enzyme activity
was expressed as μmol per minute per milligram of protein
(ε470 = 26.6 mM−1 cm−1).

Polyphenol oxidase (PPO, EC 1.10.3.1) activity was
measured as described by Masia et al. (1998). Changes
in absorbance were followed for 3 min at 410 nm. The
activity of PPO was expressed as ΔOD per minute per
milligram of protein.

H2O2 was measured according to Alexieva et al. (2001).
Five hundred milligrams of leaf tissues were homogenized
with 5 mL of 0.1% trichloroacetic acid. The homogenate
was centrifuged at 16,000×g during 20 min and 250 μL of
the supernatant was added to 500 μL of 100 mM potassium
phosphate buffer, pH 7.0 and 1 mL of 1 M KI. The reaction
was incubated for 1 h and the absorbancemeasured at 390 nm.
H2O2 content was determined using a standard curve with
known concentrations of commercial H2O2.

All of these experiments were repeated twice, and results
from one representative experiment are given.

Statistical analyses

For determination of parameters of disease severity, enzymatic
activities, and H2O2 quantitation, the statistical design was the
randomized complete blocks. The effects of seaweed extracts
on these parameters as well as on seed germination were tested
using ANOVA. Means from plants or seeds pre-treated with
seaweeds were compared to the control pre-treated with DW
by a Dunnett’s test (P < 0.05).

Results

Effect of seaweed extracts on tomato seeds germination

We tested the effect of ASE on germination parameters such
as root length, germination rates, and germination index
(Table 1). No noticeable differences were observed for germi-
nation rates between the control and ASE from the three algae
when used at 0.5 or at 1.5%. However, root length was en-
hanced by all treatments by approximately 2.5-fold.
Subsequently, germination index was highly enhanced by all
the treatments, whatever the ASE and concentration used.

In vitro antifungal activity of the seaweed extracts

Mycelial growth inhibition was determined at 5 days after
culture of three strains of V. dahliae at 27 °C in PDA medium
amended with different concentrations of the MSE (Fig. 1). A
slight inhibition of mycelial growth was recorded with F.
spiralis and C. myriophylloides extracts and only at the
highest concentrations. At 500 μg L−1, the maximum inhibi-
tion did not reach 50%. No remarkable inhibition was ob-
served with MSE from L. digitata whatever the concentration
and strain combinations tested.

Mycelial growth inhibitionwas also determined forV. dahliae
usingASE at 0.5 and 1.5% (Fig. 2). ASE fromF. spiralis did not
exhibit any notable effect against the three strains used.
However, extracts from L. digitata and C.myriophylloides stim-
ulated the growth of strain SE. This stimulation increased with
increasing seaweed extract concentration.

In vitro antibacterial activity of the seaweed extracts

Bacterial growth inhibition was studied using methanolic or
aqueous extracts (Fig. 3). MSE from L. digitata and C.
myriophylloides inhibited the growth of the four stains used,
when compared to the control. However, no inhibition was
recorded from MSE of F. spiralis.

Table 1 Effect of seaweed
extracts on germination
parameters of tomato seeds
soaked in aqueous extracts from
Fucus spiralis (FS), Laminaria
digitata (LD), or from Cystoseira
myriophlloides (CM) at 0.5 or
1.5%

Percentage of germination (%) Root length (cm) Germination index

Control (DW) 95 ± 5.19 2.17 ± 0.85 1 ± 0.03

FS 0.5% 98 ± 1.70 4.96 ± 0.38* 2.51 ± 0.55*

FS 1.5% 90 ± 1.70 4.53 ± 0.65* 2.17 ± 0.69*

LD 0.5% 98 ± 3.39 4.59 ± 0.81* 2.40 ± 0.76*

LD 1.5% 92 ± 6.12 4.81 ± 0.14* 2.28 ± 0.49*

CM 0.5% 94 ± 5.88 4.68 ± 0.38* 2.27 ± 0.44*

CM 1.5% 97 ± 2.94 4.83 ± 0.65* 2.52 ± 0.88*

Data are means and confidence intervals (95%) from three replicates. Asterisks denote significant difference from
the control (P < 0.05), according to Dunnett’s test
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ASE were also tested at 1.5% for the inhibition of A.
tumefaciens growth. No inhibition was observed whatever
the concentration, the alga, or the bacterial strain used (data
not shown).

Protective effects of ASE on Verticillium wilt disease

ASE were evaluated for their ability to protect tomato seed-
lings against V. dahliae in the greenhouse. Two methods were

used: spray treatment and seed soaking. Disease assessment
was carried out based on leaf alteration index, stunting index,
and browning index of the vessels. Reproductive parameters,
such as the number of flowers, the number of fruits, and their
fresh weight, were also recorded.

The suppressive effect of ASE was first studied on plants
sprayed twice with AES at 0.5 and 1.5% at 7 and 4 days before
Verticillium inoculation (Table 2).

a

b

c

Fig. 1 Effect of methanolic seaweed extracts (MSE) from a Fucus
spiralis (FS), b Laminaria digitata (LD), or from c Cystoseira
myriophlloides (CM) at 50, 100, or 500 μg mL−1 on the in vitro
mycelial growth of the strains SE, SH, and SJ of Verticillium dahliae.
Data are means and confidence intervals (95%) from three replicates

a

b

c

Fig. 2 Effect of aqueous seaweed extracts (ASE) from a Fucus spiralis
(FS), b Laminaria digitata (LD), or from c Cystoseira myriophlloides
(CM) at 0.5 or 1.5% on the in vitro mycelial growth of the strains SE,
SH, and SJ of Verticillium dahliae. Data are means and confidence
intervals (95%) from three replicates
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The index of foliar alteration reached 0.4 at 21 days after
inoculation in the control. This index was significantly re-
duced in plants pre-treated with ASE, giving rise to a percent-
age of protection ranging from 41 to 46%.

The stunting index averaged a value of 0.4 at 21 days
after inoculation. In plants pre-treated with ASE, how-
ever, stunting index was significantly much lower and

varied from 0.15 in plants treated with 0.5% of ASE
from C. myriophylloides to 0.33 in those treated with
1.5% of L. digitata.

The browning index of vessels caused by V. dahliae was
determined at 21 days after inoculation. In plants pre-treated
with DW, browning index averaged 0.72 while in ASE this
was significantly lower, resulting in percentage of protection
of about 96%.

The average number of flowers was significantly higher in
inoculated plants previously treated with 0.5% ASE from
C. myriophylloides or with 0.5–1% of ASE from F. spiralis,
than in the control.

The average number of fruits was also significantly elevat-
ed in plants pre-treated with 0.5% of ASE from F. spiralis and
C. myriophylloides. Consequently, the fresh weight of fruits
was significantly higher in plants pre-treated with these two
extracts. With 0.5% ASE from C. myriophylloides, the yield
was increased by 2.5-fold the control. An illustration of the
enhanced yield by C. myriophylloides extracts is shown in
Supplementary Fig. 1S.

The suppressive effect of ASE was also studied on seed-
lings derived from seeds soaked directly with the extracts
(Table 3). Thirty days after germination, plants were inoculat-
ed with V. dahliae.

The index of foliar alteration in plants derived from seeds
that germinated in DW (control) reached a value of 0.6 at
21 days post inoculation (dpi). This index was drastically re-
duced in plants derived from germinated seeds pre-treated
with ASE. It hardly exceeded 0.2 leading to percentage of
protection of around 67%.

The stunting index reached 0.5 in the control while in
plants derived from seed soaked with ASE, this index was
significantly reduced. It reached in the best cases 0.1 with
5% of F. spiralis, where the percentage of protection averaged
80%.

The browning index of vessels caused by V. dahliae was
close to 0.6 in the control, whereas in plants derived from
ASE-treated seeds, this was much lower, giving rise to a per-
centage of protection ranging from 87 to 95%.

The average number of flowers was significantly higher in
inoculated plants derived from seeds pre-soaked in 0.5%
F. spiralis or with 0.5–1% C. myriophylloides, than in the
control.

An illustration of the protective effect provided by
C. myriophylloides is shown in Supplementary Fig. 2S.

Protective effect of ASE on crown gall disease

ASEs were evaluated for their ability to protect tomato seed-
lings against the oncogenic strain C58 of A. tumefaciens in the
greenhouse. Plants were sprayed with ASE and then inoculat-
ed 2 or 4 days later. The diameter of tumor was recorded
4 weeks after inoculation (Fig. 4).

a

b

c

Fig. 3 Effect of methanolic seaweed extracts (MSE) at 100 μg mL−1

from a Fucus spiralis (FS), b Laminaria digitata (LD), or from c
Cystoseira myriophlloides (CM) on the in vitro growth of the strains
C58, A281, Ach5, and EHA105 of Agrobacterium tumefaciens.
Methanol was used as negative control. Data are means and confidence
intervals (95%) from three replicates
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When plants were elicited 2 days before inoculation, only
seaweed extracts from F. spiralis andC.myriophylloideswere
able to reduce the diameter of lesion. The highest reduction of
disease was obtained when 3% C. myriophylloides was ap-
plied 2 days (Fig. 4a) or 4 days (Fig. 4b) before inoculation,
giving rise to protection percentages of 48 and 57%, respec-
tively. This ranged from 33 to 35% with 0.5% F. spiralis
extracts. No significant disease reduction was observed with
L. digitata extracts whatever the concentration or the time
before pathogen inoculation. An illustration of the induced
protection is shown in Supplementary Fig. 3S.

Induction of POX and PPO activities by ASE

We examined if ASE were able to induce plant defenses by
analyzing kinetics of activation of two enzymes, POX and
PPO, after inoculation with V. dahliae.

Time course analysis of POX activity was first studied on
plants sprayed twice with 0.5 and 1.5% AES at 7 and 3 days

before Verticillium inoculation (Fig. 5). In non-inoculated
plants, a transient and significant increase of POX activity
was observed at 1 day after the first spray treatment with
0.5% F. spiralis (Fig. 5a). The second spray treatment per-
formed day with 0.5 and 1.5% F. spiralis at the fourth day
significantly stimulated POX activity. This activity decreased
from the seventh day. In inoculated plants, V. dahliae en-
hanced significantly POX activity at the 11th day after the first
treatment (4 dpi) with DW. These activities were highly stim-
ulated in plants pre-treated with 0.5 or 1.5% F. spiralis 2, 4,
and 8 days after inoculation.

In non-inoculated plants sprayed with L. digitata, a signif-
icant increase of POX activity was observed only with 0.5% at
1 day after treatment (Fig. 5b). However, inoculation of
V. dahliae highly enhanced these activities in tomato pre-
treated with 0.5 or 1.5% L. digitata.

With C. myriophylloides extracts, a significant POX activ-
ity was obtained at the seventh day after the first treatment
only with the lowest concentration (Fig. 5c). Similarly to what

Table 2 Effect of spray treatment
of aqueous seaweed extracts
(ASE) from Fucus spiralis (FS),
Laminaria digitata (LD), or from
Cystoseira myriophlloides (CM)
at 0.5 or 1.5% on the development
of Verticillium wilt caused by
Verticillium dahliae on tomato in
the greenhouse

Leaf alteration
index

Stunting
index

Browning
index

Number of
flowers

Number of
fruits

Fresh
weight (g)

Control
(DW)

0.4 ± 0.03 0.41 ± 0.03 0.73 ± 0.03 4.88 ± 0.89 8.8 ± 2.8 69 ± 7

FS 0.5% 0.21 ± 0.03* 0.22 ± 0.03* 0.005 ± 0.007* 7.17 ± 0.55* 15 ± 1.9* 97 ± 10*

FS 1.5% 0.19 ± 0.02* 0.18 ± 0.02* 0.023 ± 0.012* 6.54 ± 0.3* 9.4 ± 2.7 77 ± 8

LD 0.5% 0.23 ± 0.02* 0.30 ± 0.02* 0.008 ± 0.007* 5.67 ± 0.93 7.2 ± 2.3 58 ± 6

LD 1.5% 0.23 ± 0.02* 0.34 ± 0.02* 0.010 ± 0.009* 5.33 ± 0.57 10 ± 4.4 57 ± 12

CM 0.5% 0.20 ± 0.03* 0.16 ± 0.03* 0.003 ± 0.005* 7.21 ± 0.7* 16 ± 3.0* 174 ± 30*

CM 1.5% 0.24 ± 0.02* 0.23 ± 0.03* 0.010 ± 0.009* 6.00 ± 0.91 10 ± 1.4 90 ± 11

Leaf alteration index, stunting index, browning index, and average flower number were determined at 21 dpi.
Average number of fruits and their fresh weight were determined at 60 dpi. DWor ASE were applied to runoff the
aerial part of 4-week-old tomato seedlings two times (7 and 3 days before Verticillium inoculation). Plants were
subsequently inoculated by dipping their roots during 10 min in a spore suspension of the strain SH of V. dahliae
previously adjusted to 107 conidia mL−1 . Data are means and confidence intervals (95%) from 24 replicates.
Asterisks denote significant difference from the control (P < 0.05), according to Dunnett’s test

Table 3 Effect of seed soaking in
aqueous seaweed extracts (ASE)
from Fucus spiralis (FS),
Laminaria digitata (LD), or from
Cystoseira myriophlloides (CM)
at 0.5 or 1.5% on the development
of Verticillium wilt caused by
Verticillium dahliae on tomato in
the greenhouse

Leaf alteration index Stunting index Browning index Number of flowers

Control (DW) 0.627 ± 0.054 0.500 ± 0.017 0.604 ± 0.014 2.50 ± 0.53

FS 0.5% 0.171 ± 0.026* 0.116 ± 0.066* 0.016 ± 0.011* 4.88 ± 0.50*

FS 1.5% 0.219 ± 0.023* 0.399 ± 0.026* 0.057 ± 0.007* 3.96 ± 1.23

LD 0.5% 0.153 ± 0.020* 0.288 ± 0.029* 0.023 ± 0.012* 3.96 ± 1.2

LD 1.5% 0.179 ± 0.029* 0.185 ± 0.056* 0.042 ± 0.012* 2.38 ± 0.56

CM 0.5% 0.176 ± 0.020* 0.366 ± 0.031* 0.046 ± 0.011* 6.29 ± 1.08*

CM 1.5% 0.166 ± 0.028* 0.201 ± 0.029* 0.013 ± 0.010* 8.25 ± 0.96*

Leaf alteration index, stunting index, browning index, and average flower number were determined at 21 dpi.
Seedlings derived from seeds soaked with the extracts or DW were inoculated 30 days after germination by
dipping their roots during 10min in a spore suspension of the strain SH ofVerticillium dahliae previously adjusted
to 107 conidia mL−1 . Data are means and confidence intervals (95%) from 24 replicates. Asterisks denote
significant difference from the control (P < 0.05), according to Dunnett’s test
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was observed with other extracts, POX activity was highly
enhanced in inoculated plants. These results suggest that
ASE primed plants for enhanced POX activity.

Time course analysis of POX activity was also determined
in plants derived from seeds that germinated in 0.5 or 1.5% of
ASE and inoculated 1 month later (Fig. 6). In non-inoculated
plants, derived from seeds treated with 0.5 or 1.5% F. spiralis,
POX activity was significantly higher than in the control
(plants that germinated in DW) at 21, 30, 32, and 35 days after
seed soaking (Fig. 6a). In inoculated plants, POX activity was
significantly enhanced by the pathogen in DWat 2 dpi (32 day
after seed treatment) and it reached the same level in plants
derived from 0.5 and 1.5% F. spiraliswhether inoculated or
not. This activity decreased at 5 dpi (35 day after seed treat-
ment), in inoculated control and in plants derived from

a

b

Fig. 4 Effect of aqueous seaweed extracts (ASE) from Fucus spiralis
(FS), Laminaria digitata (LD), or from Cystoseira myriophlloides (CM)
at 0.5, 1, 1.5, or 3% on the development of tumors induced by the strain
C58 of Agrobacterium tumefaciens at 4 weeks after inoculation. Tomato
plants were sprayed with ASE a 2 days or b 4 days before inoculation at
concentration of 3 × 105 CFU mL−1. Data are means and confidence
intervals (95%) of 12 replicates. Asterisks denote significant difference
from the control (P < 0.05), according to Dunnett’s test

a

b

c

Fig. 5 Time course analysis of peroxidase in tomato seedlings after spray
treatment of aqueous seaweed extracts (ASE) from a Fucus spiralis (FS),
b Laminaria digitata (LD), or from c Cystoseira myriophlloides (CM) at
0.5 or 1.5 %. Four-week-old seedlings were pre-treated twice with ASE
or DW (control) at 7 and 3 days before inoculation. Plants were
inoculated by dipping their roots during 10 min in a spore suspension
of the strain SH of Verticillium dahliae previously adjusted to 107 conidia
mL−1. Controls roots were dipped in sterile DW (mock inoculated). Data
are means and confidence intervals (95%) from three replicates. Asterisks
denote significant difference from the control plants pre-treated with DW
and mock inoculated (P < 0.05), according to Dunnett’s test
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1.5% F. spiralis, while in plants derived from 0.5%
F. spiralis it remained significantly higher. At 8 dpi
(38 day after seed treatment), no significant differences
were observed between treatments except for inoculated
plants pre-treated with 0.5 % F. spiralis, in which POX
remained significantly higher.

In non-inoculated plants derived from seeds pre-treated
with L. digitata, POX activity was significantly higher than
in the control at 21, 30, 32, and 35 days after seed treatment. In
inoculated plants, activities higher than in the inoculated con-
trol were recorded at 2, 5, and 8 dpi, whatever the concentra-
tion used (Fig. 6b).

In mock-inoculated plants, significantly higher POX
activities were also recorded from plants derived from
C. myriophylloides at 5 and 8 dpi (Fig. 6c). However, highest
POX activities were recorded from inoculated plants pre-
treated with C. myriophylloides at 2 dpi, 5 dpi, and 8 dpi at
both concentrations.

PPO activity was used as a second plant defense response
marker. It was first studied in plants sprayed twice with AES at
0.5 and 1.5% at 7 and 3 days before Verticillium inoculation
(Fig. 7).

In non-inoculated plants, PPO activity was significantly
enhanced at 1 day after the first spray of 0.5% F. spiralis
(Fig. 7a). This activity was 3.5-times higher than in the con-
trol, but it decreased at the second day. The second spray
treatment with 0.5 and 1.5% F. spiralis at the fourth day en-
hanced significantly PPO activity, which decreased just after.
In inoculated plants, V. dahliae induced a slight but significant
increase of PPO activity in plants pre-treated with DW when
compared to the non-inoculated control at 4 dpi. These activ-
ities were highly enhanced in plants pre-treated with 0.5 and
1.5% F. spiralis at 4 and 8 dpi.

Although elevated PPO activities were recorded from non-
inoculated plants sprayed with L. digitata, they were signifi-
cant only at 9, 11, and 15 days after treatment (Fig. 7b). These
activities were enhanced further more after inoculation of
V. dahliae.

With C. myriophylloides extracts, PPO activities were
higher, but significant differences with DW were observed at
the fourth day after treatment and with 0.5% (Fig. 7c). After
inoculation, PPO was enhanced more at 11 and 15 days after
treatment (4 and 8 dpi).

Time course analysis of PPO activity was also determined
in plants derived from seeds that germinated in ASE (Fig. 8).
Higher PPO activities were recorded from non-inoculated
plants pre-treated with 0.5 and 1.5% at 21, 30, 35, and 38 days
after soaking (Fig. 8a). In inoculated plants, the pathogen
caused an increase in PPO activity in the control at 5 dpi.
However, highest and significant activities were observed in
plants pre-treated with 1.5% ofF. spiralis at the same day. At 8
dpi, significant higher differences were observed with
F. spiralis at both concentrations.

a

b

c

Fig. 6 Time course analysis of peroxidase in tomato seedlings derived
from seeds soaked in aqueous seaweed extracts (ASE) from a Fucus
spiralis (FS), b Laminaria digitata (LD), or from c Cystoseira
myriophlloides (CM) at 0.5 or 1.5%. Seedlings derived from seeds
soaked with the extracts or DW were inoculated 30 days after
germination by dipping their roots during 10 min in a spore suspension
of the strain SH of Verticillium dahliae previously adjusted to 107 conidia
mL−1. Controls roots were dipped in sterile DW (mock inoculated). Data
are means and confidence intervals (95%) from three replicates. Asterisks
denote significant difference from the control pre-treated with DW and
mock inoculated (P < 0.05), according to Dunnett’s test
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a

b

c

Fig. 7 Time course analysis of polyphenol oxidase in tomato seedlings
after spray treatment of aqueous seaweed extracts (ASE) from a Fucus
spiralis (FS), b Laminaria digitata (LD), or from c Cystoseira
myriophlloides (CM) at 0.5 or 1.5%. Four-week-old seedlings were pre-
treated twice with ASE or DW (control) at 7 and 3 days before
inoculation. Plants were inoculated by dipping their roots during 10 min
in a spore suspension of the strain SH of Verticillium dahliae previously
adjusted to 107 conidia mL−1. Controls roots were dipped in sterile DW
(mock inoculated). Data are means and confidence intervals (95%) from
three replicates. Asterisks denote significant difference from the control
plants pre-treated with DWand mock inoculated (P < 0.05), according to
Dunnett’s test

a

b

c

Fig. 8 Time course analysis of polyphenol oxidase in tomato seedlings
derived from seeds soaked in aqueous seaweed extracts (ASE) from a
Fucus spiralis (FS), b Laminaria digitata (LD), or from c Cystoseira
myriophlloides (CM) at 0.5 or 1.5%. Seedlings derived from seeds
soaked with the extracts or DW were inoculated 30 days after
germination by dipping their roots during 10 min in a spore suspension
of the strain SH of Verticillium dahliae previously adjusted to 107 conidia
mL−1. Controls roots were dipped in sterile DW (mock inoculated). Data
are means and confidence intervals (95%) from three replicates. Asterisks
denote significant difference from the control pre-treated with DW and
mock inoculated (P < 0.05), according to Dunnett’s test
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In non-inoculated plants pre-treated with L. digitata, PPO
activity was higher than in the control whatever the concen-
tration and during the whole duration of the experiment. In
inoculated plants, significantly higher activities were obtained
with 1.5% L. digitata at 2 dpi, and 0.5% L. digitata at 5 dpi
and with both concentrations at 8 dpi (Fig. 8b).

PPO activity was significantly elevated in either non-
inoculated or inoculated plants pre-treated with 0.5 or 1.5%
C. myriophylloides extracts at 2 and 5 dpi (Fig. 8c).

Effect of ASE on H2O2 content

The effect of ASE on H2O2 accumulation is shown in
Supplementary Fig. 4S. In non-inoculated plants, a significant-
ly transient increase was observed 2 days after the first spray
application of 0.5% F. spiralis. After a second treatment with
0.5 or 1.5% F. spiralis, another significant increase was ob-
served at 7, 11, and 15 days. Verticillium dahliae enhanced
slightly H2O2 content in the control at 11 and 15 days (4 and
8 dpi). However, significantly higher content was recorded
from inoculated plants pre-treated with 0.5 or 1.5% ASE
(Fig. 4S A).

In non-inoculated plants, significant increase in H2O2 con-
tent was observed at the end of the experiment after treatment
with 1.5% L. digitata. Verticillium dahliae inoculation en-
hanced its accumulation in plants pre-treated with 0.5%
L. digitata at 9 days and in plants pre-treated with the two
concentrations at the 15th day (Fig. 4S B).

In non-inoculated plants, a significant increase was
recorded at 15 days after treatment with 0.5 or 1.5%
C. myriophylloides. However, in inoculated plants, increases
were earliest as they started at 9 day after treatment with 0.5%
C. myriophylloides (Fig. 4S C).

Discussion

With the exception of the study of Jiménez et al. (2011), the
activity of algal extracts on pathogens was carried out only
in vitro or in vivo. In the present study, we showed the
effectiveness of aqueous seaweed treatment from
C. myriophylloides and F. spiralis in the reduction of
Verticillium wilt and crown gall diseases. To our knowledge,
this is the first published report of natural seaweed extract
directly suppressing these diseases on tomato. This effect
seems to be independent from the direct antimicrobial activity
as the ASE used for greenhouse protection assays did not
inhibit the growth of V. dahliae and A. tumefaciens. Direct
inhibi t ion of pathogen growth was observed for
A. tumefaciens but only using methanolic extracts (MSE)
while for V. dahliae, they did not exhibit significant inhibition
against any of the three strains used. This result is not surpri-
sing since methanol was found to be more effective for the

extraction of active compounds from seaweeds than other sol-
vents (Kumar et al. 2008; Varahalarao and Chandrasekhar
2009; Cox et al. 2010; Alghazeer et al. 2013). Commonly,
the brown seaweeds are well known for their higher concen-
trations of phenolic compounds mainly phlorotannin,
consisting of phloroglucinol, eckol, and dieckol that possess
antimicrobial activities (Suleria et al. 2015). In addition, ter-
penes and phenolic lipids readily extractable using methanol
may contribute to the observed activity as reported with
Kappaphycus alvarezii extracts (Prabha et al. 2013).

The in vivo activity of ASE against Verticillium was
assessed on seedlings derived from seeds previously soaked
in AES or on plants sprayed twice with ASE before challenge
inoculation. Both application methods provided significant
protection for tomato against V. dahliae and superior repro-
ductive performances were observed in plants pre-treated with
ASE from F. spiralis and C. myriophylloides, under high dis-
ease pressure. However, seed soaking was more effective than
foliar spray since the percentage of protection increased from
46 to 67% for leaf alteration and from 63 to 80% for stunting
index. Seed treatment with various elicitors such as chitosan,
acibenzolar-S-methyl, jasmonate, and BABA has been report-
ed to be a suitable method for crop protection against several
phytopathogens (Buzi et al. 2004; Orzali et al. 2014; Paudel
et al. 2014). This method can be particularly useful, since it
can provide protection to young plants during vulnerable
stages of their development. In addition, protection afforded
by such elicitors was long-lasting, with enhanced resistance
sustained for 8 weeks (Worrall et al. 2012).

Seaweed extracts are considered as biostimulants, and their
positive effects occur independently of their nutrient content
(Calvo et al. 2014). Biostimulation has been often attributed to
the presence of plant growth hormones and related low mo-
lecular weight compounds in the extracts. At concentrations
used, ASE did not show any phytotoxicity as neither seed
germination nor plant growth was negatively affected.
Furthermore, root lengths and germination index were even
enhanced by ASE. This effect may be explained by the pres-
ence of growth promoting compounds such as indole acetic
acid, gibberillins, and cytokinins (Reitz and Trumble 1996).
Cytokinin may allow plants to increase their resistance to the
disease. Elevated cytokinin levels have been shown to en-
hance plant defense against pathogens (Naseem et al. 2014).
In addition, the three brown seaweeds used here are known for
their richness in water-soluble polysaccharides such as lami-
narin (Stadnik and de Freitas 2014) and sulfated fucans (Li
et al. 2008). They act as elicitors of systemic resistance in
plants (Klarzynski et al. 2000; Mercier et al. 2001). In this
study, we have shown that ASEs induced the activity of
POX and PPO, two enzymes that catalyze the formation of
lignin and other phenolic compounds involved in the estab-
lishment of physical barriers for reinforcing the cell structure
against pathogens (Hiraga et al. 2001; Mayer 2006).
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Interestingly, ASEs were able to prime tomato plants for en-
hanced POX activity upon inoculation with V. dahlia. Priming
is a phenomenon that switches plants into an alarmed state of
defense, allowing them to upgrade their defenses responses
(Conrath et al. 2015). Enhancement of the activity of POX,
PPO, and several other enzymes involved in plant defenses by
seaweed extracts have been well described (Raghavendra
et al. 2007; Hernández-Herrera et al. 2014; Abkhoo and
Sabbagh 2016). However, to our knowledge, this is the first
report of priming effect after spray treatment with seaweed
extracts. H2O2 plays a prominent role in plant defense as it
is involved in the oxidation of phenolic compounds catalyzed
by POX and PPO activities. In addition, it is involved in re-
sistance to pathogens by its direct antimicrobial effect and also
in the cellular transduction of signal, which leads to the acti-
vation of the expression involved in plant defense production
(Lamb and Dixon 1997). Our results showed that tomato
plants responded to seaweed extracts by enhancing transiently
their H2O2 content, and this was reactivated after pathogen
infection. This result is not surprising since several studies
have reported the generation of ROS and the antioxidant de-
fenses by algal extracts (Zhang et al. 2003; Jayaraj et al. 2008)
and by their derived-elicitors (Aziz et al. 2003; Paulert et al.
2010; Abouraïcha et al. 2016).

In the context of growing public concern to minimize the
use of chemical fungicides in agricultural production, the use
of eco-friendly approaches is more attractive. Since tomato
grown in the greenhouse is a crop of great commercial interest
and giving the fact that aqueous seaweed extracts trigger plant
defenses and enhance resistance against multiple pathogens,
the possibility of using natural seaweed extracts as an alterna-
tive strategy for tomato growers in Morocco could be of eco-
nomic interest. Work is in progress to deepen our understand-
ing on molecular mechanisms involved in plant disease resis-
tance using seaweed extracts as elicitors. Other studies are
being conducted to evaluate their effectiveness on other toma-
to diseases.
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