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ABSTRACT KEYWORDS
Green mold, caused by Penicillium digitatum, is a serious disease of citrus fruit P§e§ld0m0n05: penici//_ium
during postharvest. The focus of this study was to evaluate possible biological digitatum; orange fruit;

alternatives to chemical fungicides for P. digitatum control. Four Pseudomonas biocontrol
isolates (Q110B, Q125B, Q112B, and Q004B) were isolated from rhizospheric soil
and evaluated for their antagonistic activity against P. digitatum. The in vitro
evaluations of these isolates by dual culture revealed an important zone of
inhibition after 3 days of incubation at 25 + 2°C. The Q004B isolate provided
a high zone of inhibition in vitro at 45 mm diameter. Four Pseudomonas isolates
tested showed antagonistic activity against P. digitatum on orange fruit after
7 days of inoculation under postharvest conditions. Inhibition percentage of
P. digitatum on orange fruit ranged from 22 to 85% for Q004B and Q112B,
respectively. Regarding the mechanism of action, the four tested isolates
produced volatile compounds in vitro with inhibition percentage ranging
from 35% to 79%, respectively for Q004B andQ125B. The Q004B isolate caused
a high spore inhibition rate of 46%, while Q110B had no effect on spore
germination. The four isolates of Pseudomonas produced siderophores in CAS
medium. Additionally, Q125B, Q112B, and Q004B showed a positive chitinolytic
activity, whereas Q110B provided negative results to the chitinase assay. These
isolates represent potential candidates for biological control of citrus green
mold and may be effectively used as a sustainable alternative measure to
chemical fungicide control.

Introduction

Citrus is the most widely produced fruit crops on a worldwide basis (Zhong and Nicolosi, 2020). Fruits
are traded as fresh commodities for direct consumption and are also utilized for juice extraction
(Anticona et al. 2020). In Morocco, citrus fruit play a major role in economic development. The largest
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volume of citrus fruits grown and shipped from packing houses in the Souss-Massa region (Boubaker
et al., 2009; Jaouad et al.,, 2020). However, citrus fruit in Morocco suffer significant loss from
postharvest diseases and decay.

On a worldwide basis, more than 25% of harvested citrus fruits are lost during postharvest
(Spadaro and Gullino, 2004a; Romanazzi et al., 2016). The losses are mainly due to postharvest
decay caused by Penicillium digitatum (green mold) which is the primary postharvest pathogen
of citrus (Droby et al., 2002); this pathogen causes significant losses worldwide (Zhu et al.,
2006) and in Morocco (Boubaker et al., 2009). Infection occurs through injuries and wounds
made during harvest and subsequent handling (Brown and Miller, 1999). Although synthetic
fungicides still remain as the primary method to control postharvest diseases (Tripathi and
Dubey, 2004), these chemical products constitute a toxicological risk, as the excessive use of
some systemic fungicides has led to the development of P. digitatum resistance (Holmes and
Eckert, 1999). Since many consumers desire commodities that are free of pesticide residues
(Spadaro and Gullino, 2004b), there is a need for eco-friendly and effective alternatives for
current disease management practices (Kanan and Al-Najar, 2008; Shrivastava and Kumar,
2018; Torres-Leén et al., 2018). Research on potential biological control methods as an
alternative to chemicals has shown that antagonistic microorganisms (Leelasuphakul et al.,
2008; Qessaoui et al., 2021; Taqarort et al., 2008) and plant extracts (Askarne et al., 2012; Chidi
et al., 2020) are considered promising alternatives. Several microorganisms were reported as
being effective in laboratory and pilot tests for controlling both blue and gray mold in
postharvest fruit (Wallace et al., 2017). Previous research has indicated thatPseudomonas sp.
is a suitable biological control agent for green and blue mold, caused by Penicillium sp.
(Wallace et al., 2017; Wang et al.,, 2018). Currently, formulations of Pseudomonas for the
control of diseases are becoming more commercially available (de Sousa Oliveira et al., 2020;
Valverde et al., 2015). Therefore, the objective of this study was to evaluate the effect of four
isolates of Pseudomonas collected from rhizospheric soils for P. digitatum control and to
investigate their mode of action.

Materials and Methods

All experiments were conducted in a growth room at 25 + 1°C, L16:D8 photoperiod, and 65 + 5%
relative humidity, at the plant protection laboratory, Integrated Crop Production Unit, National
Institute of Agronomic Research (INRA), Agadir, Morocco.

Pseudomonas lIsolates

The four Pseudomonas isolates evaluated (Q125B, Q004B, Q110B, Q112B) were isolated from the
soil at the National Institute for Agricultural Research experimental farm near Belfaa, Agadir, in
southwestern Morocco (30°02'42.2“N 9°33'13.4“W). The isolated bacteria were previously charac-
terized, as new Pseudomonas sp.(Qessaoui et al., 2019) based on a partial rpoD gene sequence using
the primers PsrpoD FNP1 (5-TGAAGGCGARATCGAAATCGCCAA-3') and PsrpoDnprperl (5'-
YGCMGWCAGCTTYTGCTGGCA-3")(Qessaoui et al.,, 2019).The Pseudomonas isolates were
stored in glycerol at —20°C at the Research Unit of Integrated Crop Production, National Institute
for Agricultural Research, Agadir, Morocco.

Isolation of P. Digitatum

The isolate of P. digitatum was collected from infested citrus fruit. Potato Dextrose Agar (PDA, Difco)
was used to select and purify P. digitatum. This isolate was identified and stored at 4°C. Periodic
transfers (every six months) onto citrus fruit were used to maintain its aggressiveness.
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In Vitro Screening of Antagonists for Antifungal Activity on P. Digitatum

The four selected isolates of Pseudomonas were tested using the dual culture method for their
antagonistic effect on mycelial growth of P. digitatum. The Pseudomonas bacterial isolates were
grown at 28°C in nutrient broth for 24 h on a rotary shaker at 120rpm.An aliquot (10 pL) of 72 h
old bacterial suspension (10%cfu/mL) was placed in the center of a 9-cm diameter Petri dish containing
PDA, and three plates were used for each isolate. After incubation for 24 h at 28 + 2°C, a suspension of
P. digitatum (10> conidia/mL) was sprayed over the PDA plates. The plates were incubated for an
additional three days at 25 + 2°C or until a dense growth of mycelium was present. The inhibition zone
diameters were measured in mm. This procedure was repeated three times.

In Vivo Screening of Antagonists for Antifungal Activity against P. Digitatum on Orange
Fruit

Preparation of Orange Fruits

‘Valencia-late’ orange fruit (Citrus sinensis L. Osbeck) were collected from unsprayed trees in a citrus
orchard at the experimental farm of INRA, Belfaa, Agadir, Morocco. Only healthy, homogeneous size and
commercially mature fruit (orange color) were used in this experiment. The fruits were surface-sterilized
by soaking in aqueous sodium hypochlorite (2%) for 5 min (Hussien et al., 2018). Fruit were thoroughly
rinsed and dried at laboratory ambient conditions, and were artificially wounded to a depth of 3 x 3 mm in
diameter at four equidistant points around their equators using sterile needle (Askarne et al., 2012).

Inoculation of Fruits

Fresh cultures of P. digitatum and the Pseudomonas isolates were used for each experiment. To
evaluate their antagonistic activity, the four Pseudomonas strains were grown for 48 h in King’s
B medium and adjusted to 10® cfu/mL. Conidial suspensions of P. digitatum were adjusted to 10°
conidia/ml. Twenty pL of a particular Pseudomonas isolate bacterial suspension was inoculated in the
wells of wounded fruit. After drying for one hour under sterile conditions, the same wells were also
inoculated with 20 uL of a P. digitatum conidial suspension. The fruit inoculated only with the
pathogen was considered as a positive control; and, in the negative controls, fruits were only
inoculated with distilled water. The fruit were then stored at 20°C for seven days in autoclaved
transparent plastic bag. The P. digitatum mycelial growth inhibition percentage on treated fruits
was calculated using the following formula:

R2

R1 —
MGIPF = ———— x 100
R1

Where R1 is the lesion diameter recorded in positive control fruits and R2 is the lesion diameter in
treated fruits. Nine citrus fruits were used per treatment (Janisiewicz and Roitman, 1988).

Spore Germination Assay

Spore germination of P. digitatum was tested by mixing 40 uL of the spore suspension with an equal
volume of filtrate of the supernatant of each isolate in the wells of depression slides. The slides were
incubated 18 h in a sterile Petri dish containing filter paper moistened with distilled water. One
hundred spores per well were examined using a microscope at x400 magnification for each
Pseudomonas isolate treatment, with the spore germination rate determined. A spore was considered
germinated if the germ tube length was at least as long as the conidia. As controls, 40 uL of the spore
suspension were mixed with equal volume sterile distilled water. For each field, 100 conidia were
counted, and the percentage of the inhibition of conidial germination was calculated as follows:

GC - GD
I =—x1
CG aC x 100
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Where ICG is the inhibition of conidial germination (%), GC is the percentage of germination in the
control and GD is the percentage of germination in the dual inoculation.

Effect of Volatile Compounds (Vocs) on P. Digitatum Growth

The effects of volatile organic compounds (VOCs) produced by Pseudomonas strains on the
growth rates and activity of fungi were assessed using experimental systems that had only
atmospheric connections (Fiddaman and Rossall, 1993; Rouissi et al., 2013). The Pseudomonas
antagonism was evaluated on King’s medium B plates. After incubation for 48 h, the lid of each
Petri dish was replaced by a plate containing 6 mm plug of the test fungus in PDA medium.
The two plates were sealed with parafilm. Controls were also prepared without bacteria in the
plate. Petri dishes were incubated at 25°C, with observations recorded after 5 days (Kumari and
Khanna, 2014). The percentage of growth inhibition by VOCs was calculated using the
formula:

rl —r2

1% = x 100

Where rl is the radial growth of the fungus in the control and r2 is the radial growth of the fungus in
the treated plates.

To determine the production of Hydrogen cyanide (HCN), isolates were streaked onto KB agar
plates supplemented with glycine (4.4 g I"!). Petri plates were inverted and a piece of filter paper
impregnated with 0.5% picric acid and 2% sodium carbonate was placed on their lids. Petri plates were
sealed with parafilm and incubated for 96 h at 28°C. HCN production was indicated by filtre color
change (from orange to brown) (Bakker and Schippers 1987).

Siderophores Production

Production of siderophores was determined by the method of Schwyn and Neilands (1987),
using the CAS reagent (chrome azurol S; Fluka Chemika, Buchs, Switzerland). Isolates
were grown on CAS agar plates supplemented with 2% glucose, 0.5% L-glutamic acid (neu-
tralized), and 5 ppm biotin. The presence of orange haloes was recorded up to 7 days after
incubation.

Chitinolytic Activity

For detection of chitinolytic activity on plates, cells were streaked on a mixture of SM and nutrient
broth (3:1) supplemented with colloidal chitin (0.2%) and solidied with 1.5% agar (Chernin et al.,
1995). After incubation at 30°C for 5 days, the plates were flooded with Congo red solutions (0.03%).
The enzymatic activity was evidenced by appearance of clear zones around (Cattelan et al., 1999;
Elshafie et al., 2012).

Statistical Analysis

The percentage of mycelial growth inhibition of P. digitatum was estimated for each Pseudomonas
isolate. All data and rates were subjected to the analysis of variance (ANOVA) using Statistica
software (Version 6). Data for mycelial growth inhibition percentage was presented as means +
standard deviation. Any difference mentioned was significant at p < .01 using the Newman-Keuls
multiple range test.
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Results
In Vitro Screening of Antagonists for Antifungal Activity against P. Digitatum

The four Pseudomonas isolates each provided inhibitory activity against P. digitatum, and was
expressed as a clear halo around each colony. The inhibition zone diameter ranged froml16 to
45 mm after the incubation period (Table 1). At P < 1% level, the 3 isolates Q110B, Q125B and
Q004B showed the equal inhibitory activity, with 39.17, 30.00 and 45.00 mm, respectively. However,
the Pseudomonas isolate Q112B caused the lowest inhibitory effect with 16.25 mm.

In Vivo Screening of Fluorescent Pseudomonas Antagonists of P. Digitatum on Orange Fruit

The effects of four Pseudomonas (Q004B, Q110B, Q125B and Q112B) isolates for the control of
P. digitatum on orange fruits are presented in Table 1. There were significant differences in the disease
incidence or lesion diameter between the four isolates tested. The inhibition percentage ranged from
22 to 85% (Table 1). The two strains Q125B and Q112B provided the most important inhibition
significantly with 56.8 and 85%, respectively, as showed by the lowest disease incidence and lesion
diameter. Therefore two strains Q004B and Q110B caused the least inhibition, 22 and 30,9%,
respectively.

Spore Germination Assay

Results indicate that among the four tested isolates, only Q112B, Q004B and Q125B significantly
inhibited germination of P. digitatum spores 18 h after incubation in laboratory condition (Table 2).
The inhibition rate of spore germination ranged from 27% to 57.80% for Q112B and QI125B
respectively. However, the Pseudomonas isolate Q110B did not inhibited spore germination of
P. digitatum.

Production of Volatile Antifungal Compounds (Vocs)

The results of VOCs indicated that the four Pseudomonas isolates produced volatile products effective
against P. digitatum, which was shown as inhibition of P. digitatum mycelium growth (Table 2).
Moreover, at P < 1% level of significance, the mycelium inhibition rates caused by VOCs were

Table 1. Effect of four Pseudomonas isolates on P. digitatum cultures in vitro
and in vivo (on Orange fruit) for 7 days.

Pseudomonas isolate Inhibition of P. digitatum (%)

In vitro In vivo
Q1128 16.25 + 01.25™ 85.19 +20.75 €
Q1108 39.17 + 08.04° 30.86 + 15.98%
Q1258 30.00 + 10.00° 56.79 + 14.48°
Q004B 45.00 + 06.61° 22.22 +17.78°

*Different letters indicate significant differences within a column at P < 0.01
according to the Newman-Keuls test.

Table 2. Penicillium digitatum spore germination and mycelium inhibition by four Pseudomonas isolates and their metabolites.

Pseudomonas isolate  Spore germination inhibition %  Mycelium inhibition (%) by VOCs HCN  Siderophores  Chitinase

Q1128 27.00 + 13.65%* 64.17 + 16.14° + + +
Q1108 0.73 + 0.42° 4448 +19.13? + + -
Q1258 57.81 + 14.67° 79.10 + 13.67° + + +
Q004B 46.41 + 19.04° 34.92 +19.13% + + +

*Different letters indicate significant differences within a column at P < 0.01 according to the Newman-Keuls test. VOCs are volatile
organic compounds.
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stistically equal even thes effects were ranged from 35 to 79% for the four isolates, with Q004B and
Q125B, providing the least and most inhibition, respectively. On the other hand, the tests of HCN
production showed that the four isolates Q004B, Q110, Q112B and Q125B produce significantly HCN
which could be one of the mechanism of actions of inhibition of P. digitatum.

Siderophore Production

The results of siderophores production indicated that all four Pseudomonas isolates tested were able to
produce siderophores. They exhibited an orange halo after 5 days of incubation at 30°C on CAS agar
plate and, therefore, were considered positive for siderophores production (Table 2). Among the
strains, intensity of orange halo showed wide variations.

Chitinase Activity

The results of chitinase production indicated that among four Pseudomonas isolates tested, three
isolates Q125B, Q112B, and Q004B were able to hydrolyze the chitin when grown on solid agar
medium supplemented with colloidal chitin (0.2%) (Table 2). Clearing zones were observed around
the colonies, which suggested that endochitinase activity was excreted from the cells. However, the
isolate Q110B did not provided any chitinase activity.

Discussion

All four Pseudomonas isolates evaluated in this study (Q125B, Q112B, Q004B and Q110B) have
potential as biocontrol agents against P. digitatum on citrus. Other research has reported that several
species within the genus Pseudomonas are effective biocontrol agents against this pathogen (Gao
et al., 2018; Kaur et al., 2007; Qessaoui et al., 2020). These Pseudomonas isolates (Q125B, Q112B,
Q004B and Q110B) were all collected and isolated from tomato roots in greenhouse, and exhibit
significant antifungal activity against P. digitatum in vitro (PDA medium) and in vivo (orange fruit
under postharvest conditions). The cell-free supernatant of these isolates inhibited conidia germina-
tion. Huang et al. (1995) reported that the isolates of P. cepacia (ID 2131) inhibited germination of
P. digitatum and showed strong ability to protect wounded orange fruit from P. digitatum infection.
Additionally, Errampalli and Brubacher (2006) reported that P. syringae was effective on blue mold
of apples caused by P. expansum. This inhibition can be explained by their ability to produce
secreted bioactive components. Some beneficial rhizobacteria can reduce pathogenic infections
directly by space competition, nutritional competition (niche exclusions), and/or secretion of
antibiotics (Lugtenberg and Kamilova, 2009; Mitter et al., 2013), such as the lipopeptide, 2,4-diace-
tylphloroglucinol and phenazine-1-carboxylic acid (PCA) (Jaaffar et al., 2017; Paulin et al,, 2017). In
our study, Pseudomonas isolates (Q125B, Q112B, Q004B and Q110B) were able to produce HCN,
chitinase and siderophore. Volatile antifungal compounds, such as HCN, produced by selected
isolates played crucial roles in inhibiting P. digitatum (Pena et al., 2019). Our results are similar to
those found in previous studies which revealed that Erwinia herbicola had a direct inhibition of
spore germination of both fungi Botrytis cinerea and Penicillium expansum in liquid culture (Bryk
et al., 1998). Moreover, Kumari and Khanna (2014) found that the plant growth promoting
rhizobacteria isolate (15B) significantly inhibited (64.2%) Fusarium wilt (F. oxysporum sp.ciceri)
growth in chick pea (Cicer arietinum) by producing volatile compounds. Similarly, our study
indicated that the four isolates of Pseudomonas evaluated produced significant amount of sidro-
phores and lytic enzymes. These findings agree with many studies reporting the ability of enzyme
producing bacteria to destroy spores of phytopathogenic fungi (El-Tarabily, 2006). Additionally,
Kong et al. (2020) reported that the ST-TJ4 strain of Pseudomonas sp. uses siderophores, cellulase,
and protease for antagonistic activity on 11 different pathogenic fungi, and this isolate has genes
involved in the synthesis of phenazine, phenazine-1-carboxylic acid, pyrrolnitrin, and hydrogen
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cyanide. Furthermore, Pseudomonas rhizobacteria constitute a suitable potential biopesticides alter-
native for chemical fungicides in managing fungal diseases (Moin et al., 2020; Noreen et al., 2015).
Thus, the rhizospheric soil constitutes an unexplored reservoir of biocontrol agents. Our investiga-
tion indicated that the Pseudomonas isolates evaluated exhibited strong inhibitory properties to
efficaciously control P. digitatum mycelium growth and spore germination. This inhibition may be
caused by volatile compound production, such as HCN or by diffusible substances released (chini-
tase, cellulase and others) or by both of these mechanisms at the same time. Finally, since these four
Pseudomonas isolates could effectively be used to decrease the use of synthetic fungicide chemical
sprays, their implementation opens new opportunities as potential bio-fungicides, which would be
an environmental-friendly and sustainable alternative to current practices.

Siderophore is one of the main mechanisms of bacteria involved in the biological control of plant
diseases. Both plant pathogenic fungi and bacteria are reported to be inhibited by siderophore-
producing biocontrol agents (Lopez-Reyes et al., 2017). These siderophores are produced in iron-
limited conditions to sequester the less-available iron from the environment and thereby deprive the
pathogen from iron, which ultimately leads to inhibition (Bhatia and Singh, 2021; Dhuldhaj and
Pandya, 2021; Yu et al., 2011).
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