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Abstract:

Seaweed liquid extracts (SLE) were assessed as natural antifungal products for the control of
the post-harvest citrus green mold Penicillium digitatum. The SLE of a green alga, Ulva
lactuca, at different concentration (25, 50, 100 and 200 g L™) were evaluated for their
inhibitory potential of the in vivo development of P. digitatum on fresh oranges and of the in
vitro conidia germination and tube elongation of the mold on potato dextrose broth (PDB). The
study of their effects on fungus viability on malt extract agar (MEA) was also evaluated. The
results revealed that the assessed SLE at 50 and 100 g L™ allowed a potential inhibition of the
fungus viability and development. The U. lactuca liquid extract at 50 g L™ allowed a complete
in vivo protection of the oranges from the mold for the total duration of the study and a 90 %
inhibition of spore germination. Moreover, the chemical characterization of the extract showed
valuable content in polysaccharides and mainly in ulvan, known for its antifungal effects.
These findings could be highly promising to develop an eco-friendly, safe and effective

product for citrus fruit post-harvesting protection.
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Introduction

Citrus fruit are frequently subjected, during their storage process, to numerous postharvest
infections. These infections are generally caused by molds infecting the host mainly by
sustained injuries triggered during different stages of harvesting process (Karim et al. 2017).
Among the most commonly known citrus postharvest molds, figure Penicillium digitatum. This
green citrus mold is mainly accountable for the major financial losses observed during
refrigeration, transportation and marketing of citrus fruits especially within the Mediterranean
countries (D’Aquino et al. 2013). In order to control this postharvest occurring mold, several
chemical fungicides have traditionally been used such as sodium o-phenylphenate, imazalil and
thiabendazole (Moretto et al. 2014). However, the intensive use of chemical fungicides
stimulated the expansion of resistant isolates of Penicillium spp. leading therefore to a decline
in their observed efficiency (Kinay et al. 2007). Moreover, the sanitary threats linked to the
persistence of these chemicals as residues in the fruit has raised concerns for finding alternative
safe and effective strategies, among which biological pest control has gained much
consideration (Spadaro and Droby 2016). This latter typically refers to active compounds
including among others, proteins, polysaccharides from plants and microorganisms,
polysaccharides from algae as well as oligochitosan from animals. These compounds are
known to be highly specific and active toward their target while being safe to the environment
(Zhao et al. 2017).

Marine algae are characterized by a wide diversity of natural products that can be explored in
agricultural fields. In fact, due to their high polysaccharides’ content, algac are known to
induce a considerable resistance against microbial pathogens by activating the plants defense
mechanisms. For this, several antiviral, deworming, antibacterial and antifungal activities were
identified in marine algae (Akremi et al. 2017), (Fernando et al. 2016), (Val et al. 2001). For
instance, biological, antioxidant and antifungal properties were associated with sulphated
polysaccharides isolated from green algae (Adrien et al. 2017), (Guidara et al. 2020).
Moreover, different antifungal molecules were isolated from several green algae (Abouraicha
et al. 2015), (Dussault et al. 2016). For instance, significant antifungal activity was observed in
the green alga Ulva lactuca followed by the brown alga Sargassum wightii and the red alga
Kappaphycus alvarezii (Aruna et al. 2010).

In a previous study, Chbani et al, 2013, showed that green seaweeds are highly efficient toward
citrus fruits protection against the postharvest green mold P. digitatum (Chbani et al. 2013a).
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Accordingly, the aim of this study is to evaluate the antifungal effect of the green seaweed, U.
lactuca. Different concentrations of the green alga were evaluated in vivo and in vitro on spore
germination as well as on fungus viability on post-harvesting protection of citrus fruits against

the green mold P. digitatum.

Materials and Methods

Algal material

Fresh Ulva lactuca was manually collected from a coastal zone of the Mediterranean, El Mina
(34 ° 26 'N - 35 ° 50" E) in Tripoli, Lebanon, on May 1", 2016.
The alga was cleaned with sea water to remove unwanted and then carried in simply moistened

plastic bags to the laboratory where they were washed thoroughly under tap water.

Citrus fruits

Valencia Oranges (Citrus sinensis (L.) Osbeck) were harvested from a local orange orchard in
Tripoli (Lebanon).

The fruits were selected for their size uniformity and their healthy appearance, and then their
surface was directly sterilized with a bleach solution (2%) for 2 minutes. Afterwards, sterilized
oranges were washed with tap water and then air- dried at room temperature prior to their

usage.

Seaweed liquid extracts (SLES)
SLEs were prepared according to Jimenez et al., in 2011 (Jiménez et al. 2011). 200 g of fresh

alga was grounded then boiled with 1 liter of ultrapure water while stirring for one hour. The
extract was then filtered twice using a double layer sterile muslin cloth and then cooled to room
temperature for the preparation of correspondent diluted series. Sterile distilled water was used
for the dilutions and series of 200 g L™, 100 g L™, 50 g L™ and 25 g L™ were prepared.
Preparation of pathogen inoculum

Fungal isolates of Penicillium digitatum were isolated from infected oranges, and then
cultivated on Malt Extract Agar (MEA, Sigma—Aldrich) in order to obtain single conidia
colonies. For inoculum growth, cultures were kept at 22°C for 7-10 days. Obtained spores
were then collected using a sterile spatula, diluted in sterile distilled water, and then mixed
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using a vortex for 1 minute. Spore concentration was fixed to 10® ¢/mL using a densitometer
(Biosan DEN-1B, McFarland densitometer). The obtained stock solution (10° ¢c/mL) was then
diluted to two solutions S1= 10° c/mL used for the study of SLE effects on spore germination
in liquid medium and germ tube elongation, and S2= 2x 10° ¢/mL used for the study of the

SLE effects on fungus viability on solid medium (Nicosia et al. 2016).

In vivo antifungal activity of SLE against P. digitatum

The antifungal potential of U. lactuca on oranges infected by P. digitatum was assessed using
three oranges for each of the prepared dilution. For this, each orange was treated with 4 mL of
the tested SLE and then placed on an absorbent paper previously soaked with sterile distilled
water. Distilled water was used as negative control and Nystatin as positive control (Chbani et
al. 2013b).

Two hours after their treatment, oranges were infected with 10 pL of spore suspension of P.
digitatum prepared using Tween 20 (10° spores/mL suspension). Afterwards, treated oranges
were covered with a transparent film and stored at room temperature where they were

monitored for 8 weeks during which the total number of infected oranges has been recorded.
In vitro antifungal activity of SLE against P. digitatum

The study of the in vitro antifungal activity of SLE was conducted according to Li Destri
Nicosia et al., in 2016 (Nicosia et al. 2016).

Effects of SLEs on spore germination

In order to study the SLE effects on spore germination and germ tube elongation, 12.5 uL of
the solution S1 (prepared at 10° ¢/mL) were added to an eppendorf tubes followed by 25 pL of
tested extracts and 12.5 pL of potato dextrose broth (PDB, Sigma—Aldrich). Sterile ultrapure
water and Nystatin were respectively used as negative and positive controls. The tubes were
then mixed and incubated for 20 hours at 22 °C followed by a vortex in order to homogenize
them. Afterwards, 2 uL of the prepared spore suspension were transferred to microscope slides
where they were mixed and homogenized with 2 pL of lacto-phenol blue then observed at a
magnification of 40 for spore germination and tube elongation. For each slide, three

observations were haphazardly done.
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Effects of SLEs on fungus viability

In order to evaluate the SLE effects on pathogen viability, 0.5 mL of solution S2 (2x10° ¢/mL)
were added, along with 0.5 mL of SLE to eppendorf tubes. Sterile ultrapure water and nystatin
were respectively used as negative and positive controls. Tubes were smoothly agitated then
incubated for 20 hours at 22 °C. Afterwards, tubes were mixed and a volume of 100 uL of each
mixture was spread on MEA culture medium containing ampicillin. Finally, cultures were

incubated for 4 days at 25 °C and the colonies forming units (CFU) numbers were recorded.

Extract characterization
Total Polysaccharide content analysis

Polysaccharides were analyzed by ion exchange chromatography using a CarboPac PAl
column (Dionex). Potassium hydroxide was used as eluent at ImL min™.
The elution was performed using the following gradient: 2mM for 39 minutes, followed by an
increase to 10 mM for 2 minutes and then to 100mM for 8min where it remained stable for 3
minutes. Temperature was set to 25 °C and the injected volume to 25 uL.
For the identification of polysaccharides, external standards were used while for the

quantification of polysaccharides Fucose, as internal standard, was used.

Ulvan content analysis

Dried U. lactuca was used, following the procedure of Bilan et al., in 2006 (Bilan et al. 2006),
for ulvan content determination. Accordingly, 20 grams of dry U. lactuca were treated with a
mixture of methanol (MeOH)/ chloroform (CHCI3)/ water (H,O) (4:2:1 viv/v) at room
temperature in order to remove colored matter followed by filtration and vacuum drying in
order to obtain defatted algal biomass. Afterwards, the method of Mao et al., in 2006 was
applied on the resulting product for ulvan extraction (Mao et al. 2006). For this, 400 mL of
water were added to the resulting alga and the solution was kept in a hot-water bath for 2 hours
where it was subjected to a continuous stirring at 80-90 °C. Subsequently, the aqueous extract
was centrifuged, and the supernatant was subjected to filtration followed by concentration on
rotary evaporator. After this, the aqueous extract was centrifuged, filtered and precipitated with
3 vol. of absolute ethanol. Resulted precipitate was washed using ethanol, dried at 40 °C, re-

dissolved in distilled water, and finally dried in order to obtain the purified ulvan.
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Total Phenolic content analysis

For the determination of the total phenolic content of the SLE, the method Folin Ciocalteu was
applied (Lamuela- Raventds 2018). For this, a 96-well microplate was used and 20 uL of the
extract, 10 pL of Folin Ciocalteu reagent and 170 pL of sodium carbonate were added to each
of its wells. Afterwards, the plate was incubated at 45 °C for 45 minutes followed by a
measurement of the absorbance at 760 nm using a spectrophotometer (Spectrostar, BMG
Labtech).

Standard solution of gallic acid was used for plotting a calibration curve that was used for
sample analysis. Results were expressed as grams of Gallic Acid Equivalent per 100 g of
sample on a dry basis (GAE/100 g d.b.).

Soluble Protein content

Proteins were quantified using the Lowry method (Lowry et al. 1951) using a standard curve of
bovine serum albumin (BSA) and a Lowry kit (Lowry reagent, bovine albumin standard and 2-
N Folin-Ciocalteu reagents) purchased from Thermo Fisher Scientific. BSA was used for
plotting a calibration curve ranging from 0 to 500 pug. mL™". For this, 0.2 mL of each standard
and sample encompassing the crude protein extract was withdrawn and then 1 mL of modified
Lowry reagent was added. Samples were then homogenized using a vortex and then incubated
for 10 minutes. Afterwards, 100 puL of Folin-Ciocalteu reagent (1 N) was added to the sample
that was homogenized on a vortex then incubated for an extra 30 minutes. The absorbance of
the blue-colored solution obtained was finally measured at 750 nm using a UV-1800 Shimadzu

spectrophotometer.

Statistical analysis

All analyses were done in triplicate. Data were statistically analyzed using Student's t test and

analysis of variance (ANOVA); means were compared to negative control at P < 0.05.

Results

The percentage of the inhibition of P. digitatum recorded on the oranges over 8 weeks is shown

in figure 1. Results showed that a total inhibition of the mold was observed with U. lactuca
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prepared at 50 g. L™ as well as by the positive control Nystatin. For the extract prepared at 100
g. L™ a total inhibition of P. digitatum was observed till the last week of the study where this
percentage declined to 33.33 %. For U. lactuca prepared at 200 g. L™, a total inhibition of the
green mold was observed during the first three weeks then a decline to 66.66 % was recorded
for the remaining 5 weeks of the study. Finally, for the SLE prepared at 25 g. L™, P. digitatum
was completely inhibited for the first two weeks where the inhibition percentage started to
decline to 66.66 % during the third week of the study in order to reach 33.33 % during the
fourth week where it remained constant till the end of the study. Regarding water, used at
negative control, the total inhibition of the mold was only observed during the first week then

started to decline in order to completely disappear at the 6™ week of the study.

Inhibition % of P. digitatum by SLEs
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Fig. 1: Effect of U. lactuca SLEs at different concentrations on in vivo growth of Penicillium
digitatum for 8 weeks

In vitro antifungal activity of SLE against P. digitatum

Effects of SLEs on spore germination

The alga extracts were tested for their ability to inhibit the germination of P. digitatum spores.
Spores were considered germinated when elongation tubes were formed. The inhibition
percentage was estimated by the comparison of tested extracts with water used as negative

control.
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The tested extracts showed a significant inhibition of P. digitatum germination in comparison
with water. In fact, the spore germination was inhibited to 90 % with U. lactuca liquid extract
at 50 g L™, while the inhibition percentage was 85, 70 and 10% respectively with the U.
lactuca liquid extracts at 100, 200 and 25 g L™

Figures 2 and 3 show the effects of U. lactuca crude extracts at different concentrations on

spore germination.

Effect of tested extracts on spore germination
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Fig. 2: Inhibition percentages of the germination of P. digitatum incubated for 20 h at 22 °C in
PDB containing Ulva lactuca extracts at different concentrations, water as negative control and
Nystatine as positive control. Results were statistically significant according to ANOVA test
(P<0.05)
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Fig. 3: Germination of P. digitatum incubated for 20 h at 22 °C in PDB containing Ulva lactuca
extracts at different concentrations (B=25 g L™, C=50 g L*, D= 100 g L™, E= 200 g L™), and water as

negative control (A). Results were statistically significant according to ANOVA tests (P< 0.05)
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3.2. 2. Effects of SLEs on fungus viability

After being incubated for 4 days at 25 °C, the number of colonies forming units (CFU) was
recorded for all tested extracts.

Figure 4 represented the inhibition percentage of CFU calculated based on the number of
colonies observed with water used as a negative control. The results showed that the SLE at 50
g. L allowed a high inhibition of the mold CFU (90%), while this inhibition seems to be less
effective with the lowest concentration tested (16%).

Inhibition % of P. digitatum CFU by SLEs
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Water (- Nystatine (+  U. lactuca U.lactuca U.lactuca (50 U. lactuca (25
control) control) (200 g/L) (100 g/L) g/L) g/L)

Fig. 4: Inhibition percentage of CFU obtained on MEA after 4 days of incubation. Results were
statistically significant according to ANOVA tests (P< 0.05)

Extract characterization

The analysis of total polysaccharides in the SLE of the tested U. lactuca showed a total
concentration of 76.89 mg. L ™. The analysis of these polysaccharides showed that they were
mainly formed from Fructose (66.64 mg L™), Glucose (5.9 mg L) and Rhamnose (4.35 mg L’
1. Regarding the ulvan analysis, contents were determined from algal biomass and results
showed that the ulvan content in the tested U. lactuca was 18.5 (g/100g DM). For polyphenols
and soluble proteins, results showed that their total amount was found to be 6 and 5.4 g/100 g

respectively.
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Discussion

In order to control postharvest infections of citrus fruits caused by P. digitatum, a direct
treatment of the fruits after their harvest may be effective for their protection while being
harvested and packaged disabling therefore the fungal pathogen to pass through the wounds
and infect the host (Nicosia et al. 2016), (Tayel et al. 2009), (Zheng et al. 2015).

In this study, the antifungal activity of the green seaweed, U. lactuca, against P. digitatum was
assessed. The SLE effects on spore germination and on fungus viability were tested. The
results showed a strong antifungal activity against P. digitatum germination. In fact, the results
provided by the two tests were coherent; the SLE at 50 and 100 g L™ seemed to be of a high
interest in the process of post-harvested protection of citrus fruits from P. digitatum. This effect
was shown by the ability of these extracts to inhibit the appearance of green mold of fresh
citrus fruits for up to 8 weeks without any appearance of the mold neither any damage
observed at the tissues of the fruits. These results were in correlation with those observed on
PDB for the effects of the SLEs on the spore germination of the fungus after 20 hours of
incubation. Moreover, the use of these extracts on MEA seems to inhibit the development of
the fungus. However, even if the SLEs at 25 g L™ seems to be less efficient, this extract
showed a weak ability to inhibit the germination of P. digitatum spores after 4 days of
incubation (up to 16%). In fact, the infective life cycle of P. digitatum initiates with the
germination of conidia on the surface of the fruits (Vilanova et al. 2016). Hence, when the
growth cycle of the pathogen is limited to multiplication and not developed to germination, the
infectious life cycle will be arrested. Moreover, it is also noted that visible mycelium appears
soon after germination is over and accordingly the conidia fungal germination should be
considered as a key step during the control of antifungal infection (Kalai et al. 2017).

The results obtained are in correlation with several studies showing the potential effects of
biological extracts in the P. digitatum inhibition process. For instance, the Eugenia
caryophytae plant crude extract allowed up to 100% reduction of P. digitatum hyphal growth
providing thus a total protection of citrus fruit (Sukorini et al. 2013). Furthermore, the use of
the essential oils of the citrus plant Citrus reticulata, for the bio control of citrus green mold, P.
digitatum, showed a potential role in fruit protection by limiting the mycelial growth of the
fungus (Tao et al. 2014). Likewise, some bioactive compounds, such as carotenoids, alkaloids,
flavonoids, fatty acids, saponins, amino acids and carbohydrates, widely found in seaweeds
could be highly effective in the inhibitory action against fungal and microbial pathogens

(Bhagavathy et al. 2011). Moreover, the use of seaweeds as natural fungicides can be due to
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their bioactive compounds, for instance, El Baky et al., 2008 showed antimicrobial activity of
the extract Dichloromethane/methanol from U. lactuca isolated from the Egyptian coast (Abd
El-Baky et al. 2008). As well, significant antifungal activity was observed in the green alga U.
lactuca followed by the alga Brown S. wightii and red alga K. alvarezii (Aruna et al. 2010).
Furthermore, many substances have been recognized as antimicrobial agents based on marine
algae such as aliphatic compounds, terpenes and acrylic acid (Lavanya and Veerappan 2011).
Besides, it was shown that the cyclic eudesmol, a sesquiterpene isolated from the green alga
Chondria oppositiclada, exerts a high antimicrobial effect against Staphylococcus aureus and
Candida albicans (EI Gamal 2010), (Fenical and Sims 1974).

Among the functional compounds identified from marine algae, natural pigments have retained
special attention. In fact, these pigments have shown different beneficial biological activities as
antioxidants, anti-cancer, anti-inflammatory, anti-obesity, anti-angiogenic as well as
neuroprotective activities (Pangestuti and Kim 2011). In addition, the high polysaccharide
content of seaweeds acts as inducers of plant defense responses leading to their resistance
against microbial pathogens. For example, oligosaccharides of the green algae, U. lactuca,
particularly ulvan and oligulvans, induced, in tomato plants, natural systemic defenses and
acquired systemic resistance dependent on salicylic acid by a reduction in the development of
wilting by F. oxysporum reducing the mortality of treated tomato plants (EI Modafar et al.
2012). In this work, the characterization of the tested U. lactuca showed a high content in
polysaccharide (76.89 mg L™) and in ulvan particularly (18.5 g/100g DM). Our results are in
accordance to many previous works, showing that polysaccharides and ulvans are accountable
for the antifungal effects and the defense mechanisms exerted by marine algae (Alves et al.
2013), (Mirzadeh et al. 2020), (Thanh et al. 2016). The observed antifungal activity exerted by
the tested SLE could be attributed to the presence of polysaccharides and ulvan as it was shown
that these latter produced significant inhibitory rates on mycelial growth of the fungus
attacking olive trees (Ben Salah et al. 2018) and were used an alternative in the sustainable
postharvest management of papaya due to the potential antifungal effect they showed
(Chiquito-Contreras et al. 2019). These findings were also proved by Salim et al., in 2020
showing that ulvans fractions, extracted from U. lactuca exhibited the highest inhibition zone
diameters, among other algal extracts, while being tested against the fungal strain P. digitatum
(Salim et al. 2020).

Otherwise, the green alga U. lactuca Linnaeus was taken and evaluated for its antimicrobial
activity and fractions obtained showed greater antifungal activity than the extract against
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Aspergillus niger and C. albicans (Alang et al. 2009). In fact, recently, various antifungal
molecules have been isolated from the green algae Caulerpa racemosa, U. lactuca, Penicillus
capitatus and the brown alga Lobophora variegata (El-Hossary et al. 2017), (Shobier et al.
2016).

Conclusion

In conclusion, this study showed that SLE of Ulva lactuca could be of a high potential in the
process of post-harvesting control of the green citrus fruit’s mold Penicillium digitatum.
Moreover, among the different concentrations tested, 50 and 100 g L™ showed a good
inhibitory activity of P. digitatum germination and multiplication. Thus, in order to protect
citrus fruit from fungicides, SLEs act as an inhibitor of the fungus germination, limit it to the
multiplication stage and inhibit the initiation of the infection process. In addition, the
characterization of the alga showed that polysaccharides and ulvan could be mainly considered
as the main actors of the observed antifungal effect. All these findings may be promising for
the use of marine algae as alternatives for harmful chemical pesticides.
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