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Abstract: Penicillium digitatum causes severe damage to postharvest and stored citrus fruits, making
it necessary to seek acceptable solutions limiting environmental and sanitary impacts. The seaweed
liquid extracts (SLEs) obtained from the green macroalgae Ulva lactuca have previously shown anti-
fungal activities towards postharvest green mold due to P. digitatum. Moreover, treatment with
aqueous and ethanolic extracts had an influence on disease incidence and lesion severity on wounded
oranges “Valentia late”. Therefore, we studied the abilities of the U. lactuca extracts and chlorophyll a
(as a standard) to activate defense mechanisms in oranges. The analyses showed modifications in
the protein concentrations and activities of β-1,3-glucanase and peroxidase in orange tissues, with a
maximum activity level reached at 72 h after treatments. It appears that the SLEs were able to fight
P. digitatum infections in the absence of direct contact with the pathogen, reflecting that the induction
of host resistance is also a probable mode of action. Ulva lactuca fractions are rich in chlorophyll a,
polyphenols, organic acids and ulvans, which might be the key molecules involved in the defense
mechanism of oranges’ albedo. The use of these natural substances could be an alternative way to
control postharvest citrus rot.
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1. Introduction

Oranges are the major fruit crop cultivated in the Mediterranean area, which generates
substantial economic activity through the productions of juice, essential oils, pectin and co-
products [1]. Their vitamin C content plays a significant role in people’s health [2]. However,
citrus fruits are infected by the mold Penicillium digitatum during their transportation and
storage. It is one of the most devastating pathogens, causing between 30 and 80% of fruit
losses [3]. P. digitatum infects fruit throughout the distribution and marketing process
through spores’ dissemination in the air. Macarisin et al. [4] suggested that P. digitatum has
the ability to suppress host defenses, in particular by inhibiting the production of hydrogen
peroxide. Synthetic fungicides are used to control green mold and to reduce postharvest
losses, but the use of chemicals has led to increased pathogen resistance, costs of new
molecules and sanitary issues [5]. Safer alternatives for the control of green mold through
the use of natural substances are being considered, possibly associated with antagonist
microorganisms [6–10]. Numerous works have reported that natural bioactive molecules
from marine algae are effective in protecting crops against agricultural pathogens [11–13].
Analyses performed by Salim et al. [14] revealed lipids and pigments in the ethanolic
extract of U. lactuca, as well as monosaccharides, sulfated polysaccharides and organic
acids such as succinic acid in the aqueous fraction. Both fractions exhibited anti-fungal
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activities against P. digitatum on orange tissues according to in vivo and in vitro tests [14,15].
Moreover, when lipids are extracted, they can form a film on the surface of the fruits and act
as a physical barrier to pathogens [16]. However, the mechanisms of action of the natural
substances within orange cells have yet to be studied. Indeed, some algal elicitors, able to
induce a plant defense response, were identified [17,18].

Citrus fruit resistance is correlated with defense-related enzyme concentrations in the
albedo (the inner white part), according to Ballester et al. [19]. Youssef et al. [20] proved that
both sodium carbonate and sodium bicarbonate amplified the activity of β-1,3 glucanase,
peroxidase and phenylalanine ammonia-lyase (PAL) in the tissues of oranges. Fallanaj
et al. [21] also reported that an electrolyzed sodium bicarbonate solution induced both the
direct inhibition of P. digitatum and an increase in enzyme activity and the accumulation
of reactive oxygen species, generating oxidative stress in the fungus. Other studies on
grape fruit indicated augmented activity of β-1.3-glucanase induced by chitosan combined
with salicylic acid [22]. Abouraïcha et al. [23] highlighted the efficiency of oligosaccharides,
including ulvans, in inducing the production of defense-related enzymes and of metabolites
(phenols) in apple fruit.

Among the possible solutions to reduce the impacts of P. digitatum, we want to explore
the role of some natural substances and identify the possible defense mechanisms activated
by the U. lactuca extract. For this purpose, our intention was to measure the activities of
enzymes (glucanase and peroxidase) in ‘Valencia late’ orange tissues.

2. Materials and Methods
2.1. Materials

Ulva lactuca was collected in April 2019 from a coastal region of the Mediterranean
Sea near Tripoli (Lebanon). The algae were cleaned with distilled water (three times) and
dried at room temperature (22 ± 2 ◦C). The samples of sea lettuce were stored at ambient
temperature until their use. The used oranges (Citrus sinensis (L.) Osbeck, “Valencia late”)
were collected from a local orchard in Tripoli (Lebanon). They were chosen for their uniform
size without symptoms. The surface of the fruit was sterilized using a 2% commercial
bleach solution for 2 min. They were then washed with tap water, and air-dried at ambient
temperature.

Ethanol (99%) was procured from VWR international. Phosphate-buffered saline
(PBS), potato dextrose agar (PDA), nystatin suspension (fungicide), chlorophyll a standard,
sodium acetate buffer solution, sodium potassium tartrate, bovine serum albumin (BSA),
Bradford reagent, 3,5-dinitrosalicylic acid (DNS), laminarin, guaiacol and malt extract agar
were procured from Sigma Aldrich.

2.2. Obtention of the Seaweed Liquid Extracts (SLEs)
2.2.1. Preparation of the U. lactuca Aqueous Extract

The algal extract was prepared as described by Salim et al. [14]. Briefly, 100 mL boiling
milli-Q water was mixed with 5 g dried algae in a 100 mL flask. The solution was stirred
magnetically at room temperature for one hour. The residual solid material was then
filtered through a double layer of sterile muslin cloth. The obtained liquid extract was
stored at 4 ◦C until use.

2.2.2. Preparation of the U. lactuca Ethanolic Extract

Algal powder was subjected to maceration by adding 5 g to 100 mL ethanol. The mix
was maintained under stirring at room temperature for 24 h. After filtration of the solid
material, the liquid extract was stored at 4 ◦C.

2.3. Evaluation of U. lactuca Extracts as Protection Inducers

Oranges were wounded once (5 mm deep × 3 mm wide) with a sterile nail head along
the equatorial axis. Extract of sea lettuce (100 µL) was deposited on each wound. The control
oranges were those treated with sterile distilled water, ethanol, chlorophyll a standard
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(0.5 mg·mL–1 ethanol) or nystatin (fungicide). The treated oranges were positioned in a tray,
which was positioned inside a polyethylene film. After two days of incubation at 20 ◦C and
a high relative humidity, another wound was made approximately 5 mm away from the
first one. This latter wound was air-dried and inoculated with 10 µL of a 104 conidia mL–1

suspension of P. digitatum. Each treatment was carried out in triplicate of four oranges,
which were placed inside a polyethylene film (80% relative humidity) and maintained
at room temperature for two weeks. The percentage of wounds with disease symptoms
(disease incidence) and disease severity (lesion diameter, mm) were recorded.

2.4. Tissue Sampling for Analysis

Each orange was individually wounded with a sterile nail at eight points on the
equatorial surface to obtain enough tissue to analyze. Thirty microliters of the presented
treatments was applied to each wound. Samples for treatments had the compositions
indicated in Table 1.

Table 1. Designed samples used for treatment with seaweed liquid extracts (SLEs).

Treatment (Liquid Extracts) Total Polyphenol Content
(mg GAE.g–1 Dry Extract) *

Chlorophyll a standard - 0.5 mg·mL–1 ethanol
U. l. aqueous extract: 12 mg DM·mL–1 0.45 ± 0.01 0.5 ± 0.1 mg·g–1 DE
U. l. ethanolic extract: 2.9 mg DM·mL–1 1.66 ± 0.05 1.1 ± 0.1 mg·g–1 DE

Unwounded fruit: untreated

DM: dry matter in liquid extract, DE: dry extract; * according to the Folin–Ciocalteu method (λ = 760 nm),
expressed in grams of gallic acid equivalents per gram of extract on a dry weight basis.

An ethanolic solution of chlorophyll a was chosen as a standard since this pigment
is naturally present in the extract. The oranges were randomly arranged into five lots for
tissue excision at different time intervals with a step of 12 h (0, 12, 24, 48, and 72 h). The first
measurements were performed at the beginning of incubation. Each lot consisted of three
replicates of four oranges. Experiments were repeated twice. Oranges were put into plastic
boxes, then individually positioned in plastic bags (90–95% relative humidity) and stored
at 20 ◦C for 3 days. At the determined time intervals, 8 tissue cylinders of 3 mm wide by
5 mm deep were taken from each lot from the inoculation site. The excised tissues were
mixed and ground into a fine powder using a commercial blender and stored at −80 ◦C
before assays of enzyme activities.

2.5. Enzyme Assays

According to Youssef et al. [20], for each sampling timepoint, 10 g of fine tissue powder
(treated or nontreated) was homogenized in 50 mmol sodium acetate buffer at pH 5.6 (1:1,
w/v). The mixture was centrifuged (15 min at 10,000× g and 4 ◦C) and the supernatant
then filtered through filter paper using a Buchner funnel. Proteins were precipitated in
60% acetone (v/v) at −20 ◦C and the resulting pellets, following centrifugation (30 min at
10,000× g and 4 ◦C), were washed three times with 60% cold acetone. The pellets were
dried, re-suspended in 2 mL 50 mmol sodium acetate buffer (pH 5.6) and stored at −20 ◦C
until use. The protein concentration was determined according to the Bradford method [24]
using the Bio-Rad protein assay kit (Bio-Rad Laboratories Ltd., Hercules, CA, USA).

2.5.1. The Activity of β-1,3-glucanase

The activity of β-1,3-glucanase was assessed following the method of Abeles et al. [25].
The mixture of 65 µL protein extract with 65 µL 4% (w/v) laminarin was incubated for 2 h
at 37 ◦C in. The reaction was stopped by adding 300 µL 3,5-dinitrosalicyclic acid (DNS).
The mixture was then heated and stirred at 70 ◦C. Then, 30 g sodium potassium tartrate
(MW = 282.2 g·mol–1) was added, followed by cooling at ambient temperature. After the
addition of water to 100 mL, the sample was heated in boiling water for 10 min and then
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rapidly cooled on ice. The absorbance was measured at 492 nm. The enzymatic activity
was expressed as µmol glucose per µg of total protein min–1.

2.5.2. The Activity of Peroxidase Enzyme

The activity of peroxidase was evaluated using guaiacol as a substrate [26]. The
reaction mixture was produced by adding 100 µL crude extract to 100 µL 50 mmol sodium
acetate buffer pH 5.6 (10 mmol of guaiacol and 10 mmol H2O2). The mixture was then
incubated for 60 s at ambient temperature. The rise in absorbance at 470 nm was evaluated
through spectrophotometry (Beckman DU 640 Spectrophotometer, Corona, CA, USA) and
the activity of the enzyme was expressed in U µg−1protein·s−1.

2.6. Statistical Analysis

An ANOVA analysis was carried out using the statistical software package Statistics
for Windows (GraphPad prism). Means comparison was performed using Duncan’s test at
the p < 0.05 probability level in order to investigate the significant differences. The in vivo
experiments were performed using three repetitions of four oranges each. In the other
experiments with artificially inoculated fruit, each of the three repetitions consisted of nine
oranges. Each enzyme activity assay was performed three times.

3. Results and Discussion

Table 1 shows the characteristics of the two extracts selected for the treatment. As
expected, the contents of total polyphenols and chlorophyll a were higher in the ethanolic
extract. Ulvans made of water-soluble sulfated polysaccharides were identified through
infrared spectroscopy in the aqueous extract, with the S=O stretching at 1258 cm−1 and the
C=O stretchings (υas = 1640 cm−1 and υs = 1436 cm−1) of uronic acid (component of the
sulfated heteropolysaccharide).

3.1. Effect of Extracts on Green Mold (Artificial Infection)

After inoculation of a wound (5 mm depth × 3 mm wide) with P. digitatum, the green
mold incidence (as percentage of wounds presenting disease symptoms) and severity on
oranges treated with ethanolic and aqueous extracts of sea lettuce was evaluated (Figure 1).
We observed that the treatment based on chlorophyll a ethanolic solution lowered the
disease incidence by 42% compared to the ethanolic standard. The aqueous extract also led
to a decrease in disease incidence of 47% compared to the standard (water). With regard
to disease severity, reductions in lesion diameters were recorded with the chlorophyll a
solution (84%) and with the aqueous extract (55%) compared to the solvent standards. The
ethanolic extract exhibited smaller reductions of about 15% compared to ethanol.

The measurements of disease incidence and lesion severity after the treatment with
U. lactuca extracts indicated a limitation of contamination by P. digitatum, compared to
water. The ethanolic solution of chlorophyll a divided the disease incidence by 2 and the
severity by 5 compared to the effect due to ethanol. These results are consistent with the
previous in vitro tests performed for the inhibitions of spore adhesion and germination by
the U. lactuca extract [14]. Chlorophyll a was already identified by Bhagavathy et al. [27]
as an effective microbial growth inhibitor. Its inhibiting action towards P. digitatum is
explained by its tetrapyrrole structure, which is a chelating ligand for magnesium cation.
Moreover, Li Destri Nicosia et al. [28] proved that phenolic compounds from pomegranate
peel extracts (ethanol/water) contributed to a broad range of antifungal activity, including
for P. digitatum on citrus fruit.

We suspected that peroxidase and β-1,3-glucanase were the key enzymes associated
with the disease response to pathogens in plants by improving their resistance to abiotic
and biotic stresses [29,30]. β-1,3-glucanase acts as an extracellular hydrolytic enzyme that
contributes to altering the permeability of the fungal cell membrane [26] and inhibiting
progression of the contamination. The role of peroxidase in the defense of plant cells is
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to serve as a catalyst of lignin formation and polyphenol accumulation to limit pathogen
infection [18].
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Figure 1. Disease incidence and severity (lesion diameter) caused by P. digitatum (suspension of
104 spores·mL–1) for oranges treated with aqueous and ethanolic extracts of Ulva lactuca and with an
ethanolic solution of chlorophyll a, 14 days after inoculation. Columns (means) with different letters
are significantly different: p < 0.05 (Duncan’s test).

3.2. Protein Quantification

According to a global approach, we determined the concentrations of total proteins
in inoculated tissues. Unwounded oranges and those that received nystatin exhibited a
protein concentration diminution after incubation for 48 h (Figure 2). In contrast, oranges
treated with chlorophyll a and aqueous extracts showed an increase in protein concentration
at 72 h, reaching 337 µg·mL–1 with the aqueous extract.
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3.3. Enzyme Activity Assays
3.3.1. β-1,3-glucanase Activity

We next measured the kinetics of induction of β-1,3-glucanase activity in orange
tissues. The ethanolic extract, and even more so the aqueous extract, induced β-1,3-
glucanase activity relative to untreated oranges, reaching a maximum level above 0.18 µmol
glucose·µg−1 protein·min−1 at 72 h (Figure 3). The contribution of chlorophyll a was mainly
observed for 24 h, but remained moderate, indicating that other substances are involved in
the enzyme activation.
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3.3.2. Peroxidase Activity

We also assessed the inducted kinetics of peroxidase activity in orange tissues (Figure 4).
The enzymatic activity decreased for the unwounded oranges and remained stable for
those treated with nystatin. Beyond 24 h, the ethanolic and aqueous extracts induced
an increase in peroxidase activity (above 0.003 U·µg protein–1·s–1) in the treated tissues.
These measured peroxidase activities were higher than the maximum value (0.0016 U·µg
protein–1·s–1) observed after the treatment of citrus fruits with salt solutions [20].

During the incubation period, we detected an augmentation in peroxidase and β-1,3-
glucanase activities in the orange tissues treated with aqueous and ethanolic extracts from
U. lactuca. This suggested the role of enzyme activities in the beneficial effects observed
after post-harvest treatment with the Ulva extracts. Chlorophyll a, ulvans and organic acids
seem to be involved in the mechanism of resistance initiated in oranges. Llorens et al. [31]
reported the role of polysaccharides, such as ulvans, in triggering defense responses in
plants, enhancing their protection against pathogens. Moreover, Wang et al. [32] showed
that organic acids such as succinic acid took part in the mechanism of defense response
against rot in citrus fruit. Therefore, we can confirm that U. lactuca extracts contained active
molecules able to initiate host defense mechanisms in oranges’ albedo.
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Among the identified resistance inducers, some natural substances from green macroal-
gae have shown their potential for the development of alternative methods for the safe pro-
tection of fruit, as promoted by European directive 128/2009 and regulation 79/117/EEC.

4. Conclusions

The properties of Ulva lactuca extracts (both aqueous and ethanolic extracts), were
investigated to identify their impacts on the control of green mold on citrus fruit. The mea-
surement of disease incidence and lesion severity on treated wounded oranges highlighted
some positive effects of U. lactuca liquid extracts against the studied pathogen. Moreover,
an increase in enzyme activities in orange tissues was detected over 72 h following the
treatment with these extracts. Several polar molecules such as chlorophyll a, polyphenols,
organic acids and ulvans are likely responsible for these effects.

The direct inhibition of P. digitatum and the induction of fruit resistance represent
two modes of action for Ulva lactuca extracts. On the basis of this activity, a new strategy
of biocontrol could be a solution to preserve the harvested oranges without synthetic
fungicides.
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