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Abstract: Several bacterial strains belonging to Serratia spp. possess biocontrol capability, both against
phytopathogens and human pathogenic species, thanks to the production of secondary metabolites,
including as a red-pink, non-diffusible pigment, 2-methyl-3-pentyl-6-methoxyprodiginine (prodi-
giosin). Botrytis cinerea is the causal agent of gray mold, which is an economically relevant disease
of many crops worldwide. Gray mold is normally controlled by chemical fungicides, but the en-
vironmental and health concerns about the overuse of pesticides call for environmentally friendly
approaches, such as the use of biocontrol agents. In this study, the efficacy of a specific strain of Serra-
tia rubidaea (Mar61-01) and its metabolite prodigiosin were assessed against B. cinerea under in vitro
and in vivo conditions. This strain was effective against B. cinerea, and the effect of prodigiosin
was confirmed under in vitro and in vivo conditions. The strain suppressed mycelial growth of B.
cinerea (71.72%) in the dual-culture method. The volatile compounds produced by the strain inhibited
mycelial growth and conidia germination of B. cinerea by 65.01% and 71.63%, respectively. Efficacy of
prodigiosin produced by S. rubidaea Mar61-01 on mycelial biomass of B. cinerea was 94.15% at the
highest concentration tested (420 µg/mL). The effect of prodigiosin on plant enzymes associated
with induction of resistance was also studied, indicating that the activity of polyphenol oxidase
(PPO), superoxide dismutase (SOD) and phenylalanine ammonia lyase (PAL) were increased when
prodigiosin was added to the B. cinerea inoculum on strawberry fruits, while catalase (CAT) and
peroxidase (POD) did not change. In addition, the volatile organic compounds (VOCs) produced
by S. rubidaea Mar61-01 reduced mycelial growth and inhibited conidial germination of B. cinerea
in vitro. The findings confirmed the relevant role of prodigiosin produced by S. rubidaea Mar61-01 in
the biocontrol of B. cinerea of strawberries, but also indicate that there are multiple mechanisms of
action, where the VOCs produced by the bacterium and the plant-defense reaction may contribute to
the control of the phytopathogen. Serratia rubidaea Mar61-01 could be a suitable strain, both to enlarge
our knowledge about the potential of Serratia as a biocontrol agent of B. cinerea and to develop new
biofungicides to protect strawberries in post-harvest biocontrol.

Keywords: antioxidant enzymes; gray mold of strawberries; prodigiosin; Serratia rubidaea

1. Introduction

Serratia species are gram-negative bacteria belonging to Enterobacteriaceae and are
commonly found in the environment (i.e., water and soil), plants, and insects. They can
also infect vertebrates, including humans [1]. Some strains in the genus Serratia display
potential biocontrol activities, both against important phytopathogens of main crops and
species pathogenic to humans [2]. Serratia strains produce secondary metabolites that
include a wide range of natural bioactive products, such as the red-pink, non-diffusible
pigment, 2-methyl-3-pentyl-6-methoxyprodiginine, called prodigiosin [2]. Secretion of
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prodigiosin is a frequent trait of the genus Serratia. Prodigiosin is produced by four
species, namely S. marcescens, S. plymuthica, S. nematodiphila and S. rubidaea [1]. Prodigiosin
displays antibacterial and antifungal activity against several plant pathogens [1]. For
example, antifungal effects against Fusarium oxysporum, Rhizoctonia solani, Phytophthora
parasitica and Mycosphaerella fijiensis are associated with the production of prodigiosin by
S. marcescens [3–5]. Prodigiosin prevents the mycelial growth and conidial germination of
Colletotrichum gloeosporioides [6].

Botrytis cinerea is a necrotrophic pathogen of strawberry fruits, responsible for impor-
tant economic losses in agriculture [7,8]. Several strategies have been used to control this
pathogen, including cultural and chemical methods. Botrytis cinerea has high genetic vari-
ability, abundant reproduction and a short life cycle, which make it a high-risk pathogen,
especially in terms of developing resistance to fungicides [9]. On the other hand, excessive
use of fungicides on vegetables and fruits poses serious problems for the environment and
human health [10]. Among biocontrol agents, endophytic bacteria have remarkable poten-
tial in the management of plant diseases [11] and numerous studies have reported using
them for the successful control of plant pathogens [12–15]. Endophytic bacteria inhabit
plant internal tissues without causing any noxious effects for their hosts [16,17], but can
also exert positive effects for the plant: some endophytic bacteria can increase plant growth
by promoting of nutrient uptake and phytohormone production [18,19], while others can
enhance the plant immune system and suppress pathogens through the production of
antifungal metabolites (antibiotics and lytic enzymes) and volatile organic compounds
(VOC) [20–22].

Several strains belonging to S. rubidaea can protect plants against phytopathogens:
for example, S. rubidaea S55 reduced foot and root rot of tomato caused by F. oxysporum
f. sp. radices-lycopersici under in vitro and greenhouse conditions [23], and S. rubidaea
Mar61-01 and prodigiosin extracted from this strain display antifungal properties against
C. nymphaeae on strawberry [24].

One of the limiting factors in developing Serratia spp. candidates for biocontrol
strategies against fungal pathogens is the scarce availability of studies, mainly due to the
lack of characterized isolates [2], therefore clarifying the mechanism of action of new strains
with biocontrol properties can positively contribute to the sector of microbial biofungicides.
Serratia rubidaea Mar61-01 was isolated as an endophyte from healthy strawberry stems.
The main mechanism for its ability to reduce infection of strawberry plant tissues by C.
nymphaeae, both in vitro and in vivo, is due to the antibiosis exerted by prodigiosin [24].
Although the efficacy of this pigment of S. rubidaea against C. nymphaeae was demonstrated,
the ability to enlarge its spectrum of activity against the main disease culprit in strawberries
(B. cinerea) would make this strain a more appealing candidate for use as a biological
control agent in strawberry production. In addition, further work is required to elucidate
the interaction of Mar61-01 with the plant, including its effects on the plant defense system.

In the plant–pathogen–biocontrol agent interaction, plant enzymes (i.e., catalase, per-
oxidase, superoxide dismutase, phenylalanine ammonia lyase) may change, thus resulting
in increased resistance against the pathogen as reported in previous studies, for example in
the interactions among cucumber–Cucumber mosaic virus–Trichoderma asperellum, rice-maize–
R. solani–rhizobacteria or cotton–R. solani–T. virens [25–27]. In this context, understanding
if prodigiosin extracted from S. rubidaea Mar61-0 can modify the production of plant en-
zymes associated with resistance induction in strawberry fruits could help to elucidate the
mechanisms involved in the three-way cross talk between the fruit, the pathogen and the
antagonist. Therefore, the final goal of this research is to characterize the mechanism of
action of S. rubidaea Mar61-01 to suppress the growth of B. cinerea under in vitro and in vivo
conditions, and to study the effects of prodigiosin extracted from this bacterial strain on the
enzymatic activity of strawberry fruits in interaction with the pathogen.
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2. Results
2.1. Antifungal Activity of Serratia rubidaea Mar61-01 against Mycelial Growth of Botrytis cinerea

According to in vitro tests, the bacterial strain S. rubidaea MarR61-01 possesses anti-
fungal effects against B. cinerea. T-test analysis showed a significant inhibitory effect of
S. rubidaea MarR61-01 against the growth of the mycelium of B. cinerea in dual-culture
tests (t (6) = −8.828, p < 0.0001); this was also confirmed by the paper-disc method with a
significant reduction of the colony diameter (t (4) = 36.631, p < 0.0001), corresponding to an
inhibition of 71.72% compared with control (Table 1). Observations under the microscope
clearly confirmed these measurements; the length of the hyphae appeared reduced and
thinner in comparison with the control (Figure S1b). Curling, twisting (Figure S1d) and
lysis (data not shown) of fungal mycelia were also observed in the treated B. cinerea.

Table 1. Inhibitory effect of Serratia rubidaea MarR61-01 against Botrytis cinerea under in vitro tests.

Treatments

Dual-Culture Test Paper-Disc Test

Inhibition
Zone (cm) Inhibition Im (%) t-Value Colony

Diameter (cm2) Inhibition Im (%) t-Value

MarR61-01 1.4 ± 0.29 - −8.828 **
17.19 ± 1.50 71.72

36.63 **Control 0.0 ± 0.00 - 60.80 ± 1.41 -

Significant at p = 0.01 represented by **. Im: inhibition percentage of mycelial growth.

2.2. Effects of Volatile Organic Compounds of Serratia rubidaea Mar61-01 on Botrytis cinerea
Mycelial Growth and Conidia Germination

The inhibition by S. rubidaea MarR61-01 is not only associated with metabolites diffused
in the agar medium. VOCs of S. rubidaea MarR61-01 also play a significant role in reducing
both the mycelial growth (t (4) = 8.345, p < 0.001) and the conidia germination (t (4) = 5.365,
p < 0.006) of B. cinerea (Table 2). In fact, VOCs of S. rubidaea MarR61-01 showed inhibitory
effects (71.63%) on conidial germination of B. cinerea on water agar medium (Table 2).
Furthermore, mycelial growth of B. cinerea was also affected (Table 2).

Table 2. Inhibitory effect of VOCs produced by Serratia rubidaea MarR61-01 against Botrytis cinerea
under in vitro tests.

Treatments

Mycelial Growth Test Conidia Germination Test

Colony
Diameter (cm2) Inhibition Im (%) t-Value Germinated

Conidia (n) Inhibition Ic (%) t-Value

MarR61-01 17.14 ± 5.80 65.01
5.36

31 ± 12.00 71.63
8.34 **Control 48.99 ± 8.40 - 109.3 ± 10.90 -

Significant at p = 0.01 represented by **. Im: inhibition percentage of mycelial growth, Ic: inhibition percentage of
conidia germination.

2.3. Effects of Prodigiosin on Mycelial Growth and Biomass of Botrytis cinerea

Data showed that prodigiosin inhibited the mycelial growth of B. cinerea around the
holes in Petri plates (Figure S2). Prodigiosin at the various tested concentrations decreased
the biomass of B. cinerea compared to control in the liquid medium (Table 3). The inhibition
is dose-dependent, and the greatest effect was noticed at concentrations from, or above,
220 µg/mL (Table 3).

2.4. Protection of Strawberry Fruits against Botrytis cinerea by Serratia rubidaea MarR61-01 Cells

The efficacy of live cells of S. rubidaea MarR61-01 to control gray mold was estimated
on strawberry fruits artificially inoculated with B. cinerea. In fruits treated by the bacterial
cell suspension, the average disease severity of the treatment five days after pathogen
inoculation was 0.1 and significantly (t (16) = 7.305, p < 0.0001) less than of positive control
(0.28). The S. rubidaea MarR61-01 cells decreased disease severity by 64.28% compared to
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control, similar to the VOCs that significantly (t (10) = 3.945, p < 0.003) reduced the disease
severity and displayed a biocontrol efficacy of 63.33% at a similar level of disease severity
reduction (Table 4).

Table 3. Efficacy of prodigiosin produced by Serratia rubidaea Mar61-01 on mycelial biomass of
Botrytis cinerea.

Concentration of Pigment
(µg/mL)

Biomass Weight
(gr)

Inhibition Ib
(%)

0 3.08 ± 0.56 a -
20 0.62± 0.11 bc 59.74

120 0.35 ± 0.037 cd 88.63
220 0.19 ± 0.026 d 93.83
320 0.196 ± 0.032 d 93.63
420 0.18 ± 0.02 d 94.15

Means followed by different letters within the column represent significant differences according to the LSD test
(α = 0.05). Data are the mean of three replicates ± standard deviation (SD). Ib: inhibition percentage of biomass.

Table 4. Effects of Serratia rubidaea MarR61-01 on fruit decay caused by Botrytis cinerea assessed
5 days after treating fruits with the bacterial cells or volatile compounds produced by the bacterium.
Biocontrol efficacy is expressed as reduction (%) of disease severity (% of fruit surface with gray mold
symptoms) compared to untreated control.

Treatments

Living Cells Volatile Compounds

Disease
Severity

Biocontrol Efficacy
(%) t-Value Disease

Severity
Biocontrol Efficacy

(%) t-Value

MarR61-01 0.10 ± 0.04 64.28
7.3 **

0.11 ± 0.04 63.33
3.94 **Control 0.28 ± 0.06 0 0.3 ± 0.11 -

Significant at p = 0.01 represented by **.

2.5. Effects of Prodigiosin Pigment on Activities of Defense-Related Enzymes

The activities of CAT, POD, PPO, SOD and PAL enzymes were evaluated in treated
strawberry fruits to understand if prodigiosin produced by S. rubidaea MarR61-01 can
induce resistance against B. cinerea in comparison to untreated fruits. The results indicate
that S. rubidaea has a different effect on the activity of these enzymes (Figure 1).

Immediately after fruit inoculation with B. cinerea (0 h), CAT activity significantly
increased compared to the control, while the treatments with prodigiosin and the combina-
tion of prodigiosin +B. cinerea did not. After 24 h, this increase was no longer present and
all treatments did not show differences with the control until 96 h, when a limited, although
significant, increase was noticed on fruits that received B. cinerea alone, or in combination
with prodigiosin (Figure 1a).

The activity of POD in B. cinerea significantly increased immediately after fruit inocu-
lation (0 h) compared to the control. This increase was observed again in the next 24 h and
then decreased. In addition, after 72 h the treatments with prodigiosin increased and then
decreased (Figure 1b).

The pattern of PPO activity was similar to the one of CAT at T0: PPO activity strongly
increased in the fruits inoculated with B. cinerea (P), but not when prodigiosin was added to
the pathogen (BP). In B. cinerea (P) treatment, POD decreased after 24 h (T24) then slightly,
but significantly, increased from T72. On the other hand, PPO activity strongly increased
after 96 h in +prodigiosin +B. cinerea (BP). PPO activation by B. cinerea was counteracted
by the addition of prodigiosin in the short term; however, this was insufficient in the long
term (T96). It seems that the effect of prodigiosin when added to B. cinerea is to delay the
PPO increase due to B. cinerea (Figure 1c).
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Figure 1. Activity of some defense-related enzymes in response to prodigiosin produced by S. rubidaea
analyzed in mock-treated control fruits (C); + B. cinerea inoculated fruits (P); +prodigiosin inoculated
on fruits (B); and +prodigiosin inoculated on fruits + B. cinerea treated plants (BP), at 0, 24, 72 and 96
h after B. cinerea infection. The bars are the mean activities of the defense-related enzymes CAT (a),
POD (b), PPO (c), SOD (d), PAL (e) and total phenol (f) calculated on three replicates. Mean followed
by different letters represents significant differences according to the LSD test (α = 0.05).

The antioxidative activity of SOD increased after 72 h, but only on fruits treated with
prodigiosin when inoculated with (BP) or without B. cinerea (B) (Figure 1d).

The PAL activity started to increase after 24 h on fruits treated with +prodigiosin +B.
cinerea (BP) and +prodigiosin (B) with a maximum at 96 h. The inoculation with B. cinerea
did not increase PAL at any sampling time, which resulted in even lower levels than the
control after 72 h (Figure 1e).

The disease severity in prodigiosin-treated fruits was lower compared to control
(+B. cinerea) (Figure S3).
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At the first sampling time, total phenol content did not differ among treatments. The
total phenol content of the control and when fruits were treated with +prodigiosin (B) or
inoculated with +B. cinerea (P) increased after 24 h, but not when prodigiosin and B. cinerea
were combined (BP); they then decreased at 72 h to even lower levels than the combination
(BP). At the last sampling time, only the fruits inoculated with B. cinerea displayed a lower
content of total phenols compared to the treatment (Figure 1f).

3. Discussion

Based on the results of this research, S. rubidaea Mar61-01 can be considered a promis-
ing biocontrol agent against B. cinerea and could represent a new tool to control straw-
berry gray mold. Previous studies reported that another prodigiosin-producing strain, S.
rubidaea S55, has antifungal effects against the plant pathogen F. oxysporum f. sp. radicis-
lycopersici [23]. Serratia rubidaea MarR61-01 was isolated as a plant endophyte and displayed
remarkable biocontrol activity against C. nymphaeae on strawberry plants, where it can
efficiently control anthracnose in vitro, in vivo and under greenhouse conditions [24].

Biocontrol bacteria often possess complex mechanisms, and an accurate understanding
of how they function can lead to their successful application as biological control agents [28].
The mechanism of action of S. rubidaea MarR61-01 against phytopathogens is already
partially characterized: it is able to produce prodigiosin, protease and siderophores. It
forms biofilm, produces IAA and GA, and is capable of phosphate solubilization and
nitrogen fixation that can promote plant growth [8]. However, the mechanism involved
in controlling postharvest diseases of strawberry fruits by endophytic bacteria can be
quite complex, and previous studies suggest that production of VOCs [29] and disease
resistance on the plant may be important components of the biocontrol [30]. Therefore,
after verifying the antifungal activity of S. rubidaea MarR61-01 and prodigiosin against a
worldwide important pathogen of strawberry (B. cinerea), we focused our study on the
antifungal properties of VOCs emitted by S. rubidaea MarR61-01 and on understanding the
impact of prodigiosin on some defense-related enzymes in the fruit.

Our in vitro studies (dual-culture and paper test) demonstrated that besides
C. nymphaeae [24], S. rubidaea Mar61-01 can also control B. cinerea, thus enlarging the spec-
trum of activity of the bacterium and increasing the attractiveness of this strain as a
biofungicide. Similar to the strawberry/C. nymphaeae pathosystem, prodigiosin confirmed
its important role also in the antibiosis against B. cinerea. Nevertheless, B. cinerea seems
to be more susceptible to the antifungal effect of prodigiosin than C. nymphaeae; in fact
prodigiosin already shows a high inhibitory efficacy at 120 µg/mL, while a similar level
of inhibition against C. nymphaeae is noticed only with concentrations almost ten times
higher [24].

The antifungal properties of crude and purified prodigiosin were estimated against B.
cinerea in jellified and liquid medium. In Petri plates on the jellified medium, inhibition
zones around holes were observed and the addition of prodigiosin in the liquid medium
reduced the biomass of B. cinerea. This is in agreement with Dawoud et al. [31] who
demonstrated that crude and purified prodigiosin produced by Bacillus sp. DBS4 have
antifungal activities against three fungi: R. solani, F. oxysporum, and Sclerotium rolfsii. In
this study, the length of the hyphae was decreased, as compared to that in the control,
along with shrinkage of hyphae. Curling and lysis of fungal mycelia were also noted. In
addition, previous investigation showed that S. marcescens reduced infection of P. capsici on
cucumber and these antifungal effects were not seen in pigment-defective mutants [3]. The
production of prodigiosin by S. rubidaea Mar61-01 is therefore aconfirmed to also have a
key role in the antifungal effect of this strain against B. cinerea [24].

In the sealed-plate test, VOCs produced by S. rubidaea MarR61-01 significantly reduced
mycelial growth and conidia germination of B. cinerea, indicating an important antifungal
activity of these compounds. Previous research has shown that the VOC produced by
Serratia spp. is sodorifen. The VOCs can act as signals for communication between
different organisms or serve as attractant or defense compounds [2]. It has been shown
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that, Serratia plymuthica PRI-2C produced sodorifen when exposed to the phytopathogen
F. culmorum [32].

Generally, some of the compounds increasing fruit resistance to pathogens have an
antioxidant nature [33], and various other biological elicitors, such as, chitosan, melatonin,
BTH, etc. are known [34–36]. For example, a Morchella conica mycelial extract led to upregu-
lation of genes related to defense against biotic stress in the treated fruit [37]. It is already
known that plants that are infected with pathogens after exposure to biological control
agents may present high levels of catalase, peroxidase, polyphenol oxidases, superoxide
dismutase and phenylalanine ammonia-lyase enzymes [38]. In the present research, we
found that the red pigment produced by S. rubidaea MarR61-01 changes the activity of some
defense-related enzyme in the treated fruit.

CAT converts the unstable and toxic reactive oxygen species (ROS) to less toxic and
stable components. CAT is an important and highly active enzyme in organisms. Several
studies have presented that overexpression of CAT can increase plant resistance to abiotic
and biotic stresses and is an important enzyme for reducing oxidative stress [39]. CAT
activity was enhanced in fruits treated with +prodigiosin (B) at all time-points, and with
+prodigiosin+B. cinerea (BP) treatment 0, 24 and 96 h post-inoculation compared to control.
It was demonstrated that this enzyme increases cell wall resistance and induces defensive
gene expression as a signal [40].

POD is a dual-function enzyme that oxidizes different substrates in the presence of
H2O2 and produces reactive oxygen species. POD converts some carbohydrates into lignin,
in this way enhancing the degree of lignification in fruit. Hence, high POD activity is
associated with the beginning of induced resistance. In addition, POD eliminates toxic
H2O2, phenols, amines, aldehydes and benzene [41]. After three days, POD activity was
enhanced in the +prodigiosin (B)-treated group. The POD activity then remained low at
the end of the assay which is consistent with the study by Ye et al. [41].

The PPO enzyme catalyzes the oxidation of phenolics to quinines, which are highly
toxic to fungal pathogens. Enhanced PPO enzyme activity is associated with resistance of
disease in fruit tissues. PPO enzyme activity of the +prodigiosin+B. cinerea (BP)-treated
fruits increased at four days after inoculation, which was higher than the control., A
previous study also showed that the activity of the PPO enzyme was enhanced in peaches
by Pichia membranaefaciens to contribute to the defense against Rhizopus stolonifer [42].

SOD is an important enzyme in the defense pathways, that dismutases superoxides
into O2 and H2O2. SOD has been proposed to be essential in plant stress resistance and
creates the first line of defense against the adverse effects of high levels of ROS [39]. In our
research, SOD activity increased in fruits inoculated with the +prodigiosin (B) at the 96 h
time-point, and in fruits inoculated with the +prodigiosin+B. cinerea (BP) at 72 and 96 h
post inoculation. Rais et al. [43] showed that antagonistic bacteria induced SOD activity
in rice.

PAL is the main enzyme that catalyzes the metabolic reaction of phenylpropanoid and
the phenylpropanoid metabolic pathway is activated in plants infected with pathogens [41].
The change in PAL enzyme activity is related to the degree of plant resistance along with to-
tal phenol content. PAL plays main roles in biotic and abiotic stress responses in plants and
there are several studies that show that PAL genes are involved in the response of plants to
infection by pathogens. PAL catalyzes the first step of the phenylpropanoid pathway and
the synthesis of diverse natural products based on the phenylpropane skeleton, such as
hydroxycinnamic acid and flavonoids. Phenylpropanoid compounds have been shown
to play important roles in plant defense to phytopathogens, based on the correlation be-
tween rates of phenylpropanoid accumulation and expression of resistance in vivo [25,41].
The +prodigiosin (B) and +prodigiosin+B. cinerea (BP)-treated groups enhanced PAL en-
zyme activity after 2 d, which was higher than that of the control and demonstrated that
+prodigiosin (B) and +prodigiosin+B. cinerea (BP) treatments could induce resistance in
strawberry fruits.
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Phenolic acids contribute significantly to the total antioxidant activity. Phenolic
compounds induced in host plants are directly toxic or mediate the signaling of several
transduction pathways, which produce toxic secondary metabolites and activate defense
enzymes [39]. The high levels of total phenol content in the +prodigiosin (B) and +prodi-
giosin+B. cinerea (BP)-treated strawberry fruits in comparison with +B. cinerea (P)-treated
group may be related to the fact that higher levels of phenolic compounds can act as
signaling molecules to inhibit fruit decay. In agreement with our findings, changes in
total phenolic content were shown when an M. conica mycelial extract was applied to the
strawberry fruit surface [37].

These results suggested that the activities of these five defense-related enzymes (CAT,
POD, PPO, SOD and PAL) in strawberry fruits were all induced by prodigiosin produced
by S. rubidaea. In addition, the disease severity in prodigiosin-treated fruits was lower
compared to control (+B. cinerea). In summary, the results showed that the activities of CAT,
PPO, SOD and PAL were influenced by the treatments. This indicates that prodigiosin may
directly counteract B. cinerea by antibiosis, but also induce a defense response in the fruit,
suggesting a complex mechanism of action, in agreement with previous studies carried
in a different pathosystem [21]. Indeed, in addition to the toxic effect of prodigiosin and
VOCs, S. rubidaea MarR61-01 is capable of secreting protease enzymes in vitro [24], and lytic
enzymes with a central role in the degradation of fungal cell wall [44] or the proteinaceous
content of fungal cell walls and cytoplasmic proteins [45]. Serratia rubidaea MarR61-01
is capable of producing biofilm and protease enzymes that help the colonization of fruit
tissues and, similar to another strain (S. marcescens AL2-16), also produces siderophores
and phytohormones [24,46]. Siderophores are small proteins that have an efficient role
in host plant defense against fungal pathogens [47] and phytohormones are important
signaling molecules produced by biological control agents which are involved in regulating
plant growth. For example, IAA has positive effects on root morphology and growth of
plants [48]. Gibberellins (GAs) also increase the root area and number of root tips [49].
Several research studies have shown that some bacteria producing siderophores and phy-
tohormones promote plant growth and rooting, including B. subtilis and Stenotrophomona
maltophilia [50]. Disease severity of gray mold under in vivo experiments was reduced sig-
nificantly by the living cells or prodigiosin and VOCs produced by bacterium; however, we
cannot exclude the elicitation of defense mechanisms in fruits by digestion of the cell wall
and secret endogenous elicitors [51], in addition to the contribution of other components
such as siderophores, phytohormones and enzymes.

4. Materials and Methods
4.1. Bacterial and Fungal Strains and Plant Material

A sample of the sendophytic bacterium S. rubidaea Mar61-01 (GenBank accession no.
MK880635), originally isolated from the stem of Fragaria × ananassa cv. Paros [24], was
obtained from the culture collection of the University of Kurdistan in Iran and stored long-
term in nutrient broth (NB; Merck, Darmstadt, Germany) supplemented with 20% (v/v)
glycerol (Merck, Germany) at −20 ◦C. In the experiments, fresh bacterial cultures were
used and obtained by incubating bacterial cells in Nutrient Agar (NA; Merck, Germany)
for 24 h at 28 ± 2 ◦C.

Botrytis cinerea was acquired from the same culture collection and cultured on potato
dextrose agar (PDA; Merck, Darmstadt, Germany) for 4 days at 25 ± 2 ◦C. Mature and
healthy strawberry fruits (cv. Paros) having similar size (approximately 30 g) and age
(similar color) were obtained from untreated and symptomless plants maintained in the
greenhouse. In the biocontrol experiments the detached fruits were incubated in a growth
chamber under a 16/8 h light/dark cycle at 25 ± 2 ◦C under continuous illumination with
cool white fluorescent tubes at an intensity of 2000 lux.
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4.2. Antifungal Activity of Serratia rubidaea Mar61-01 against Mycelial Growth of Botrytis cinerea

Two types of experiments were carried out: dual-culture test and paper-disc test. For
the dual-culture test, S. rubidaea Mar61-01 was streaked on one side of a Petri plate (90 mm)
containing PDA and a 5-mm diameter disc of a 4-day-old B. cinerea culture was placed
at one side of the plate at approximately 2 cm from the S. rubidaea Mar61-01 culture line.
The control was represented by PDA inoculated only with fungal pathogen [52]. The Petri
plates were then incubated at 25 ± 2 ◦C for 5 days in the dark and the distance between the
fungal colony and bacterial culture (inhibition zone) was measured. Four replicates (Petri
plates) were used for each treatment.

For the paper-disc test, S. rubidaea Mar61-01 was incubated in LB broth (Merck, Darm-
stadt, Germany) at 28 ± 2 ◦C for 72 h and the final concentration of culture was adjusted to
(1 × 108 CFU/mL) with sterile LB. A 5-mm diameter disc of B. cinerea was obtained from a
4-day-culture and placed on the surface of a Petri plate containing PDA. Five-mm diameter
discs of sterile filter paper (Merck, Germany) were impregnated individually with 20 µL of
the S. rubidaea MarR61-01 culture broth with cells and placed at a distance of 2 cm from
the B. cinerea culture disc. The plates were incubated at 25 ± 2 ◦C for 4 days in the dark
and checked daily. Sterile filter-paper discs were impregnated with sterile 20 µL LB broth
and used as controls [41]. Four replicates (Petri plates) were used for each treatment. The
mycelial growth of fungal pathogen was assessed by AutoCAD software (San Francisco,
CA, USA, version 2018) and the biocontrol efficiency was calculated [35] as percentage (Im)
using the following formula:

Im (%) = [(Ac − At)/Ac] × 100

where Ac is area of colony of pathogen in control, At is area of colony of pathogen
in treatment.

4.3. Effects of Volatile Organic Compounds of Serratia rubidaea Mar61-01 on Botrytis cinerea
Mycelial Growth and Conidia Germination

To assess the effects of VOCs emitted by S. rubidaea MarR61-01, the double Petri plate
system was used [53]. Briefly, the bacterial strain was cultured for 24 h on NA and a 5-mm
disc of a 4-day-old culture of B. cinerea was placed at the center of a Petri plate containing
PDA. Afterwards, the plate containing the B. cinerea disc was placed inversely on the plate
containing S. rubidaea MarR61-01 and sealed with Parafilm. PDA plates containing only
B. cinerea and coupled with Petri plates containing sterile NA were used as controls. The
coupled Petri plates were incubated at 25 ± 2 ◦C for 5 days in the dark. Then, the growth
of mycelial of fungal pathogen was assessed and the biocontrol efficiency was calculated as
reported above.

The effects of VOCs emitted by S. rubidaea MarR61-01 on conidial germination of B. cinerea
were assessed by streaking 50 µL of a conidial suspension of B. cinerea (1 × 106 CFU/mL)
obtained from conidiating colonies on water agar (WA; Merck, Darmstadt, Germany). In
addition, 150 µL of S. rubidaea MarR61-01 cells suspension (1 × 108 CFU/mL) was streaked
on NA. The Petri plates containing B. cinerea were placed above the plates containing
S. rubidaea MarR61-01 and sealed using Parafilm. Petri plates containing B. cinerea combined
with plates without bacterial strain were used as controls. The plates were incubated at
25 ± 2 ◦C for 72 h in the dark [54]. The inhibition percentage of conidial germination (Ic)
was measured according to the following formula:

Ic (%) = [(Cc − Ct)/Cc] × 100

where Cc is number of germinated conidia in control, Ct is number of germinated conidia
in treatment. Three replications were considered for each treatment. In two tests, three
replications were considered for each treatment
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4.4. Extraction of Prodigiosin

Prodigiosin secreted by S. rubidaea MarR61-01 was extracted and determined using
the method described by [24]. Briefly, S. rubidaea MarR61-01 was inoculated in sterile NB
and incubated at 28 ± 2 ◦C on a rotary shaker (PIT10LO, Pol Ideal Pars Co., Tehran, Iran)
at 150 rpm for 72 h. The culture medium (100 mL) was centrifuged at 10,000× g for 20 min
(MIKRO 200R, Hettich, Kirchlengern, Germany), then mixed with acidified methanol
(Merck, Germany; Ph = 3) and centrifuged at 5000× g for 15 min. The resulting supernatant
was concentrated in a rotary evaporator (Z334898, Merck, Darmstadt, Germany) at 60 ◦C
and the pigment was purified by thin layer chromatography (TLC; Merck, Germany) by
silica gel (mesh size 80–100; Merck, Germany) as the solid matrix in a pre-saturated TLC
chamber with mobile phase (chloroform/methanol in the ratio of 9:1 v/v).

4.5. Effects of Prodigiosin on Mycelial Growth and Biomass of Botrytis cinerea

The extracted prodigiosin was dissolved in sterile distilled water (at a concentration
of 200 ppm) and then filtered using a 0.22 µm Millipore filter. The plates (90-mm diameter)
were filled with PDA and inoculated by a conidia suspension of B. cinerea (100 µL of spore
suspension with 1 × 106 CFU/mL concentration was mixed into 5 mL of PDA and poured
on the medium in the plates). In each plate, three 5-mm-diameter holes were created.
To each hole, 150 µL of filtered red pigment solution was loaded. In control plates, each
hole was filled with sterile distilled water. Plates were placed at 25 ± 2 ◦C for 72 h in the
dark [24,55]. The inhibition zone around of holes was observed.

The effects of prodigiosin produced by S. Rubidaea MarR61-01 were assayed on the
biomass of B. cinerea according to reported methods [56]. Briefly, the powder of prodigiosin
obtained with the extraction reported above was dissolved in sterile distilled water at
concentrations of 0, 20, 120, 220, 320, and 420 µg/mL and then filtered using a 0.22 µm
Millipore filter. The different concentrations were added to 100 mL of potato dextrose broth
(PDB; Merck, Darmstadt, Germany) in Erlenmeyer flask (BRAND, Wertheim am Main,
Germany) and then each Erlenmeyer flask was inoculated with one 5-mm-diameter plug of
mycelial of a 4-day-old culture of B. cinerea and incubated on a rotary shaker (150 rpm) at
25 ± 2 ◦C for 14 days in the dark. An Erlenmeyer flask with PDB without prodigiosin was
used as a control. Afterwards, the biomass in each treatment was separated by filtration on
filter paper (No 1. Whatman; Merck, Germany) and the constant weight was measured with
weighing scale (HR200, AND, Toshima-ku, Tokyo, Japan). Three replications (flasks) were
performed for each treatment. The inhibition percentage of biomass (Ib) was measured
according to the following formula:

Ib (%) = [(Bc − Bt)/Bc] × 100

where Bc is the biomass in control, Bt is biomass in treatment.

4.6. Protection of Strawberry Fruits against Botrytis cinerea by Serratia rubidaea MarR61-01 Cells

The effects of the application of S. rubidaea MarR61-01 living cells on fruit decay
development under in vivo conditions were evaluated. The strawberry fruits were rinsed
with tap water for 30 s and sterilized in 70% ethanol (Merck, Darmstadt, Germany) for
30 s and then washed three times with sterile distilled water. Disinfected fruits were then
dipped in the S. rubidaea MarR61-01 cells suspension (1 × 108 CFU/mL) for 5 min and then
allowed to dry on sterile filter paper for 30 min. Next, fruits were kept in covered plastic
boxes (4 × 5 cm) for 24 h and one 5-mm-diameter plug of mycelial of a 4-day-old culture of
B. cinerea was placed on the surface of each fruit. The fruits inoculated with sterile distilled
water and only a plug of the fungal pathogen was used as negative and positive controls,
respectively [57]. Nine replications (fruits) were performed for each treatment. The fruits
placed into covered plastic boxes were incubated at 25 ± 2 ◦C, 75–80% relative humidity
(RH) and checked daily until symptom expression.
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4.7. Protection of Strawberry Fruits against Botrytis cinerea by Volatile Organic Compounds
Emitted by Serratia rubidaea MarR61-01

Fruit protection test by S. rubidaea MarR61-01 VOCs was performed in closed glass
desiccators (24 × 18 cm, diameter × height; ~6 L in volume). For this purpose, S. rubidaea
MarR61-01 was cultured onto NA in Petri plates (diameter = 14 cm) and incubated at
28 ± 2 ◦C for 24 h. The uncovered plates containing bacterial cultures were placed at
the bottom of the desiccators (one plate per desiccator). Strawberry fruits disinfected as
described above were then inoculated with one 5-mm-diameter plug of mycelial of a 4-day-
old culture of B. cinerea. Afterward, the inoculated fruits were placed on the perforated
ceramic clapboard above the uncovered plates with the bacterial culture. Fruits inoculated
with sterile distilled water or B cinerea above uncovered plates with only NA were used as
negative and positive controls, respectively. All desiccators were covered with Parafilm
and kept at 25 ± 2 ◦C under a regime of 12:12 h (light: dark) for 5 d [54].

In both experiments, sunken necrotic lesions on strawberry fruits were assessed and
measured after 5 days (symptom appearance on the positive control); each strawberry fruit
was considered as a conical shape and the total infected area was calculated by considering
the radius and height of the fruit using AutoCAD software (San Francisco, CA, USA,
version 2018). Disease severity (DS) was estimated by using the following formula [58]:

DS = A/H × 2πr

where (A) is the infected area, (H) and (r) are height and the base radius of the fruit,
respectively.

4.8. Effects of Prodigiosin on Activities of Plant Defense-Related Enzymes

The fresh strawberry fruits were hand-picked from the greenhouse and transferred
to the laboratory within 30 min to be used in the experiments. Healthy strawberries were
selected and collected based on being 70–80% ripened, and with uniform size (30 g) and
shape. Strawberry fruits were surface-disinfected as described above. Four treatments
were considered including mock-treated control (C), +B. cinerea (P), +prodigiosin (B) and
+prodigiosin+B. cinerea (BP) at different sampling times (0, 24, 72 and 96 h after B. cinerea
inoculation). Fruits were wounded by a sterile needle to a 2-mm depth and 20 µL filtered
purified prodigiosin (at concentration of 200 ppm) was injected on the wound of each fruit
in the treatment group; 20 µL sterile distilled water was used as control. Fruits were kept
in covered plastic boxes (4 × 5 cm) at 25 ± 2 ◦C under 70–80% RH for 24 h. Afterward, one
5-mm-diameter plug of mycelial of a 4-day-old culture of B. cinerea was placed on each
wound of each fruit, which were kept under the same conditions [37]. After the mentioned
times, the samples were immediately frozen in liquid nitrogen and stored at −70 ◦C.

A small piece (1 g) of strawberry fruit tissue was taken from around the wound
(8 mm diameter and 5 mm deep) of the various treatments at the various sampling times
and homogenized in 5 mL of precooled phosphate buffer (4 ◦C, 100 mmol/L, pH 6.4)
containing 0.5% polyvinyl pyrrolidone (Merck, Germany). After that, the ground tissues
were centrifuged at 12,000× g for 20 min at 4 ◦C (MIKRO 200R, Hettich, Germany) and
the supernatant (extract) used for determining the activities of defense-related enzymes
namely, catalase (CAT), peroxidase (POD), polyphenol oxidase (PPO), superoxide dismu-
tase (SOD) and phenylalanine ammonia lyase (PAL) enzymes. For CAT extraction, the
tissues were macerated in precooled phosphate buffer (4 ◦C, 50 mmol/L, pH 7.0) [59]. All
enzyme activity data represent the average of three independent samples in each period of
time. The total soluble protein content was estimated for each treatment according to the
Bradford assay [60] with bovine serum albumin (Sigma) as standard. All absorbances in
this research were measured by Single Beam UV–Visible Spectrophotometer (SPECORD®

PC/210, Analytik Jena, Germany). To estimate CAT activity, the extract (500 µL) was
mixed with 2 mL of phosphate buffer (50 mM, pH7.0) and then 500 µL of H2O2 (40 mM)
added. The activity of CAT was determined by monitoring the absorbance at 240 nm
(A240) with a spectrophotometer (SPECORD® PC/210, Analytik Jena, Jena, Germany). The
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decomposition of H2O2 was evaluated as the change of A240 every 10 s for 3 min. The
specific enzyme activity was expressed in units/mg protein, where one unit of catalase
converts one µmol of H2O2/min [61].

To determine POD activity, the extract (500 µL) was poured into 2 mL of phosphate
buffer (100 mM, pH 6.4) containing guaiacol (8 mM) and kept at 30 ◦C for 5 min. Afterward,
1 mL of H2O2 solution (24 mM) was added to the mixture. The POD activity was estimated
by measuring the absorbance at 470 nm once every 30 s for 3 min, and the activity was
expressed as ∆OD470/min/mg protein [62].

The activity of PPO was evaluated by measuring the change in absorbance at 495 nm
for 3 min. Initially, the extract (200 µL) was added to 1.5 mL of sodium phosphate buffer
(100 mM, pH 6.4) containing catechol (0.01 M) and incubated at 30 ◦C for 5 min. A495 was
recorded once every 30 s for 3 min and the activity was expressed as ∆OD495/min/mg
protein [42].

To determine SOD activity, the extract (100 µL) was added to 3 mL phosphate buffer
(50 mM, pH 7.8) containing methionine (13 mM), nitro-blue tetrazolium (NBT) (75 µM),
Ethylenediaminetetraacetic acid (EDTA) (10 µM) and riboflavin (2 µM). The mixture was
incubated at 4000 lux for 10 min, and the absorbance was recorded at 560 nm. The specific
activity was expressed as units/mg protein with one unit of SOD defined as the amount of
enzyme that caused a 50% decrease in the SOD-inhabitable NBT reduction [63].

To determine PAL activity, strawberry fruit tissue (1 g) was macerated in acetone
(10 mL) and left for 15 min at room temperature, then filtered by Whatman paper and
the extract was dried in an oven (Cole Parmer, GZ-05012-41, Cambridgeshire, England)
at 40 ◦C. The resulting powder (0.1 g) was mixed with 1 mL sodium borate buffer (0.1 M,
pH 8.8) and kept at 4 ◦C for 45 min. The mixture was centrifuged at 10,000× g at 4 ◦C
for 45 min and the supernatant was precipitated by ammonium sulfate (27%). Afterward,
4.5 mL ammonium acetate buffer (0.1 M, pH 7.7) was poured onto the pellet and mixed
with 3.4 mL deionized water and 600 µL of L-phenylalanine solution (100 mM). Then, the
mixture was incubated in a water bath at 40 ◦C for 45 min. The PAL activity was evaluated
by measuring the absorbance at 290 nm and expressed as micromoles of cinnamic acid/mg
of protein [38].

For the total phenolic assessment, 0.5 g strawberry fruits from treated and control
groups were macerated in acidified methanol (HCl/methanol/water, 1:80:10, v/v), and
the centrifuged at 10,000× g for 20 min. Then, five mL sterile distilled water and 250 µL
Folin–Ciocalteu reagent were added to 1 mL supernatant. After mixing, extracts were kept
for 5 min at room temperature and then 1 mL sodium carbonate (7.5%) and 1 mL sterile
distilled water were added to each tube and incubated for 1 h at room temperature in the
dark [64]. Then, absorbance was measured at 725 nm. Total phenolic content in the fruits
were estimated as pyrogallol equivalents in mL/g frozen fruit.

4.9. Statistical Analysis

The completely randomized block design was used in all experiments except for the
effects of prodigiosin on activities of plant defense-related enzymes section, in which a
completely randomized factorial design with two treatments method was used. The experi-
ments were repeated and performed with at least three replications. One representative
experiment is presented in the results. After testing for homoscedasticity and normal
distribution, the tests were designed as a completely randomized design and data were
subjected to t-test and a one-way analysis of variance (ANOVA), and means separated
according to LSD test using SAS software (version 8.2; SAS Institute, Cary, NC 27513, USA).
All data are presented as mean values ± standard deviation (SD). Statistical significance
between different treatments was assessed using LSD test (α = 0.05) [25,33].

5. Conclusions

In the present study, S. rubidaea Mar61-01 succeeded in controlling B. cinerea, the causal
agent of strawberry gray mold. The results show not only that S. rubidaea Mar61-01 cells,
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VOCs, and the purified red pigment prodigiosin produced by it were able to decrease
mycelial growth, conidial germination and fruit decay development under in vitro and
in vivo experiments, but also that prodigiosin impacted the activity of some fruit enzymes
associated with the defense mechanism and resistance to gray mold infection. Our findings
demonstrate that prodigiosin affects the enzyme activity of strawberry fruits. However,
further research is needed to understand the interaction of S. rubidaea Mar61-01 with the
host and phytopathogen and its effects on the plant immune system.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants12010154/s1, Figures S1–S3. Figure S1: Effects of volatile
organic compounds of Serratia rubidaea Mar61-01 on Botrytis cinerea mycelial growth. Figure S2:
Effects of prodigiosin on mycelial growth of fungal pathogen. Figure S3: Disease severity on fruit.

Author Contributions: Z.A. and J.A. designed and performed the experiments. Z.A. and J.A. con-
tributed to data collection and sample preparation. Both Z.A. and J.A. authors contributed to the final
version of the manuscript. J.A., K.K. and I.P. assisted and supervised the project. All authors have
read and agreed to the published version of the manuscript..

Funding: This research was supported by the vice Chancellorship of Research and Technology,
University of Kurdistan (Grant No: 99/11/25567).

Data Availability Statement: The raw data supporting the conclusion of the results will be made
available on request.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References
1. Grimont, F.; Grimont, P.A. The genus serratia. In The Prokaryotes: Volume 6: Proteobacteria: Gamma Subclass; Dworkin, M., Falkow,

S., Rosenberg, E., Schleifer, K.H., Stackebrandt, E., Eds.; Springer: Berlin/Heidelberg, Germany, 2006; pp. 219–244.
2. Soenens, A.; Imperial, J. Biocontrol capabilities of the genus Serratia. Phytochem. Rev. 2020, 19, 577–587. [CrossRef]
3. Okamoto, H.; Sato, Z.; Sato, M.; Koiso, Y.; Iwasaki, S.; Isaka, M. Identification of antibiotic red pigments of Serratia marcescens

F-1-1 a biocontrol agent of damping off of cucumber and antimicrobial activity against other plant pathogens. JPN J. Phytopathol.
1998, 64, 294–298. [CrossRef]

4. Someya, N.; Kataoka, N.; Komagata, T.; Hirayae, K.; Hibi, T.; Akutsu, K. Biological control of cyclamen soilborne diseases by
Serratia marcescens strain B2. Plant Dis. 2000, 84, 334–340. [CrossRef] [PubMed]

5. Gutiérrez-Román, M.I.; Holguín-Meléndez, F.; Dunn, M.F.; Guillén-Navarro, K.; Huerta-Palacios, G. Antifungal activity of Serratia
marcescens CFFSUR-B2 purified chitinolytic enzymes and prodigioSin. against Mycosphaerella fijiensis, causal agent of black
Sigatoka in banana (Musa spp.). BioControl 2015, 60, 565–572. [CrossRef]

6. Gutiérrez-Román, M.I.; Holguín-Meléndez, F.; Bello-Mendoza, R.; Guillén-Navarro, K.; Dunn, M.F.; Huerta-Palacios, G. Produc-
tion of prodigioSin. and chitinases by tropical Serratia marcescens strains with potential to control plant pathogens. World J.
Microbiol. Biotechnol. 2012, 28, 145–153. [CrossRef]

7. Dean, R.; Van Kan, J.A.L.; Pretorius, Z.A.; Hammond-Kosack, K.E.; Di Pietro, A.; Spanu, P.D.; Rudd, J.J.; Dickman, M.; Kahmann,
R.; Ellis, J.; et al. The Top 10 fungal pathogens in molecular plant pathology. Mol. Plant Pathol. 2012, 13, 414–430. [CrossRef]

8. Fillinger, S.; Elad, Y. Botrytis—The Fungus, the Pathogen and Its Management in Agricultural Systems; Springer International
Publishing: Cham, Switzerland, 2016; 488p.

9. Saito, S.; Michailides, T.J.; Xiao, C.L. Fungicide-resistant phenotypes in Botrytis cinerea populations and their impact on control of
gray mold on stored table grapes in California. Eur. J. Plant Pathol. 2019, 154, 203–213. [CrossRef]

10. Abbey, J.A.; Percival, D.; Abbey, L.; Asiedu, S.K.; Prithiviraj, B.; Schilder, A. Biofungicides as alternative to synthetic fungicide
control of grey mould (u cinerea)–prospects and challenges. Biocontrol Sci. Technol. 2019, 29, 241–262. [CrossRef]

11. Singh, M.; Meenakshi, S.; Kumar, A.; Singh, A.K.; Pandey, K.D. Endophytic bacteria in plant disease management. In Microbial
Endophytes: Prospects for Sustainable Agriculture, Woodhead Publishing Series in Food Science; Kumar, A., Singh, V.K., Eds.; Technology
and Nutrition; Woodhead Publishing: Sawston, UK, 2020; pp. 61–89.

12. Yang, P.; Sun, Z.X.; Liu, S.Y.; Lu, H.X.; Zhou, Y.; Sun, M. Combining antagonistic bacteria in different growth stages of cotton for
control of Verticillium wilt. Crop Prot. 2013, 47, 17–23. [CrossRef]

13. Hidayati, U.; Chaniago, I.A.; Munif, A.; Santosa, D.A. Potency of plant growth promoting endophytic bacteria from rubber plants
(Hevea brasiliensis). J. Agron. 2014, 13, 147–152. [CrossRef]

14. Huang, H.; Wu, Z.; Tian, C.; Liang, Y.; You, C.; Chen, L. Identification and characterization of the endophytic bacterium Bacillus
atrophaeus XW2, antagonistic towards Colletotrichum gloeosporioides. Ann. Microbiol. 2015, 65, 1361–1371. [CrossRef]

https://www.mdpi.com/article/10.3390/plants12010154/s1
https://www.mdpi.com/article/10.3390/plants12010154/s1
http://doi.org/10.1007/s11101-019-09657-5
http://doi.org/10.3186/jjphytopath.64.294
http://doi.org/10.1094/PDIS.2000.84.3.334
http://www.ncbi.nlm.nih.gov/pubmed/30841252
http://doi.org/10.1007/s10526-015-9655-6
http://doi.org/10.1007/s11274-011-0803-6
http://doi.org/10.1111/j.1364-3703.2011.00783.x
http://doi.org/10.1007/s10658-018-01649-z
http://doi.org/10.1080/09583157.2018.1548574
http://doi.org/10.1016/j.cropro.2012.12.020
http://doi.org/10.3923/ja.2014.147.152
http://doi.org/10.1007/s13213-014-0974-0


Plants 2023, 12, 154 14 of 15

15. Ben Abdallah, R.A.; Mejdoub-Trabelsi, B.; Nefzi, A.; Jabnoun-Khiareddin, H.; Daami-Remadi, M. Isolation of endophytic bacteria
from Withania somnifera and assessment of their ability to suppress fusarium wilt disease in tomato and to promote plant growth.
J. Plant Pathol. Microbiol. 2016, 7, 352. [CrossRef]

16. Hallmann, J.; Quadt-Hallmann, A.; Mahaffee, W.F.; Kloepper, J.W. Bacterial endophytes in agricultural crops. Can. J. Microbiol.
1997, 43, 895–914. [CrossRef]

17. Berg, G.; Krechel, A.; Ditz, M.; Sikora, R.A.; Ulrich, A.; Hallmann, J. Endophytic and ectophytic potato-associated bacterial
communities differ in structure and antagonistic function against plant pathogenic fungi. FEMS Microbiol. Ecol. 2005, 51, 215–229.
[CrossRef] [PubMed]

18. Vacheron, J.; Desbrosses, G.; Bouffaud, M.L.; Touraine, B.; Moënne-Loccoz, Y.; Muller, D.; Legendre, L.; Wisniewski-Dyé, F.;
Prigent-Combaret, C. Plant growth-promoting rhizobacteria and root system functioning. Front. Plant Sci. 2013, 4, 356. [CrossRef]

19. Van Kan, J.A.L.; Shaw, M.W.; Grant-Downton, R.T. Botrytis species: Relentless necrotrophic thugs or endophytes gone rogue?
Mol. Plant Pathol. 2014, 15, 957–961. [CrossRef] [PubMed]

20. Compant, S.; Duffy, B.; Nowak, J.; Clement, C.; Barka, E.A. Use of plant growth-promoting bacteria for biocontrol of plant
diseases: Principles, mechanisms of action, and future prospects. Appl. Environ. Microbiol. 2005, 71, 4951–4959. [CrossRef]

21. Nair, D.N.; Padmavathy, S. Impact of endophytic microorganisms on plants, environment and humans. Sci. World J. 2014, 2014,
250693. [CrossRef]

22. Santoyo, G.; Moreno-Hagelsieb, G.; del Carmen Orozco-Mosqueda, M.; Glick, B.R. Plant growth-promoting bacterial endophytes.
Microbiol. Res. 2016, 183, 92–99. [CrossRef]

23. Kamou, N.N.; Dubey, M.; Tzelepis, G.; Menexes, G.; Papadakis, E.N.; Karlsson, M.; Lagopodi, A.L.; Jensen, D.F. Investigating the
compatibility of the biocontrol agent Clonostachys rosea IK726 with prodigiosin-producing Serratia rubidaea S55 and phenazine-
producing Pseudomonas chlororaphis ToZa7. Arch. Microbiol. 2016, 198, 369–377. [CrossRef]

24. Alijani, Z.; Amini, J.; Ashengroph, M.; Bahramnejad, B. Antifungal activity of Serratia rubidaea Mar61-01 purified prodigioSin.
against Colletotrichum nymphaeae, the causal agent of strawberry anthracnose. J. Plant Growth Regul. 2022, 41, 585–595. [CrossRef]

25. Tamandegani, P.R.; Sharifnabi, B.; Massah, A.; Zahravi, M. Induced reprogramming of oxidative stress responses in cucumber by
Trichoderma asperellum (Iran 3062C) enhances defense against cucumber mosaic virus. Biol. Control 2021, 164, 104779. [CrossRef]

26. Bhattacharyya, C.; Banerjee, S.; Acharya, U.; Mitra, A.; Mallick, I.; Haldar, A.; Haldar, S.; Ghosh, A.; Ghosh, A. Evaluation of plant
growth promotion properties and induction of antioxidative defense mechanism by tea rhizobacteria of Darjeeling, India. Sci.
Rep. 2020, 10, 15536. [CrossRef]

27. Pratap, S.S.; Keswani, C.; Sansinenea, E.; Xuan, T.H. Trichoderma spp. mediated induction of systemic defense response in brinjal
against Sclerotinia sclerotiorum. Curr. Res. Microbial. Sci. 2021, 2, 100051. [CrossRef]

28. Whipps, J.M. Microbial interactions and biocontrol in the rhizosphere. J. Exp. Bot. 2001, 52, 487–511. [CrossRef]
29. Kai, M.; Haustein, M.; Molina, F.; Petri, A.; Scholz, B.; Piechulla, B. Bacterial volatiles and their action potential. Appl. Microbiol.

Biotechnol. 2009, 81, 1001–1012. [CrossRef]
30. Terry, L.A.; Joyce, D.C. Elicitors of induced disease resistance in postharvest horticultural crops: A brief review. Postharvest Biol.

Technol. 2004, 32, 1–13. [CrossRef]
31. Dawoud, T.M.; Alharbi, N.S.; Theruvinthalakal, A.M.; Thekkangil, A.; Kadaikunnan, S.; Khaled, J.M.; Rajaram, S.K. Characteriza-

tion and antifungal activity of the yellow pigment produced by a Bacillus sp. DBS4 isolated from the lichen Dirinaria agealita.
Saudi J. Biol. Sci. 2020, 27, 1403–1411. [CrossRef]

32. Schmidt, R.; de Jager, V.; Zuhlke, V. Fungal volatile compounds induce production of the secondary metabolite Sodorifen in
Serratia plymuthica PRI-2C. Sci. Rep. 2017, 7, 862. [CrossRef]

33. Elad, Y. The use of antioxidants (free radical scavengers) to control grey mould (Botrytis cinerea) and white mold (Sclerotinia
sclerotiorum) in various crops. Plant Pathol. 1992, 41, 417–426. [CrossRef]

34. El-Korany, A.E.; Mohamed, R.A. The use of antioxidants to control grey mould and to enhance yield and quality of strawberry. J.
Agric. Environ. Sci. Alex Univ. Egypt 2008, 7, 1–30.

35. Amil-Ruiz, F.; Blanco-Portales, R.; Muñoz-Blanco, J.; Caballero, J.L. The strawberry plant defense mechanism: A molecular review.
Plant Cell Physiol. 2011, 52, 1873–1903. [CrossRef]

36. Cao, S.; Hu, Z.; Zheng, Y.; Yang, Z.; Lu, B. Effect of BTH on antioxidant enzymes, radical-scavenging activity and decay in
strawberry fruit. Food Chem. 2011, 125, 145–149. [CrossRef]

37. Vanti, G.L.; Leshem, Y.; Masaphy, S. Resistance response enhancement and reduction of Botrytis cinerea infection in strawberry
fruit by Morchella conica mycelial extract. Postharvest Biol. Technol. 2021, 175, 111470. [CrossRef]

38. Martinez-Tellez, C.; Montilet, J.L.; Bresson, E.; Agnel, J.J. Apoplastic peroxidase generates, superoxides anions in cells of cotton
cotyledons undergoing the hypersensitivite reaction to Xanthomonas campestris pv. malvacearum race 18. Mol. Plant Microbe Interact.
1998, 11, 1038–1047. [CrossRef]

39. Gill, S.; Tuteja, N. Reactive oxygen species and antioxidant machinery in abiotic stress tolerance in crop plants. Plant Physiol.
Biochem. 2010, 48, 909–930. [CrossRef]

40. Mathioudakis, M.M.; Veiga, S.R.L.; Canto, T.; Medina, V.; Mossialos, D.; Makris, A.M.; Livieratos, I. Pepino mosaic virus triple gene
block protein 1 (TGBp1) interacts with and increases tomato catalase 1 activity to enhance virus accumulation. Mol. Plant Pathol.
2013, 14, 589–601. [CrossRef]

http://doi.org/10.4172/2157-7471.1000352
http://doi.org/10.1139/m97-131
http://doi.org/10.1016/j.femsec.2004.08.006
http://www.ncbi.nlm.nih.gov/pubmed/16329870
http://doi.org/10.3389/fpls.2013.00356
http://doi.org/10.1111/mpp.12148
http://www.ncbi.nlm.nih.gov/pubmed/24754470
http://doi.org/10.1128/AEM.71.9.4951-4959.2005
http://doi.org/10.1155/2014/250693
http://doi.org/10.1016/j.micres.2015.11.008
http://doi.org/10.1007/s00203-016-1198-4
http://doi.org/10.1007/s00344-021-10323-4
http://doi.org/10.1016/j.biocontrol.2021.104779
http://doi.org/10.1038/s41598-020-72439-z
http://doi.org/10.1016/j.crmicr.2021.100051
http://doi.org/10.1093/jxb/52.suppl_1.487
http://doi.org/10.1007/s00253-008-1760-3
http://doi.org/10.1016/j.postharvbio.2003.09.016
http://doi.org/10.1016/j.sjbs.2019.11.031
http://doi.org/10.1038/s41598-017-00893-3
http://doi.org/10.1111/j.1365-3059.1992.tb02436.x
http://doi.org/10.1093/pcp/pcr136
http://doi.org/10.1016/j.foodchem.2010.08.051
http://doi.org/10.1016/j.postharvbio.2021.111470
http://doi.org/10.1094/MPMI.1998.11.11.1038
http://doi.org/10.1016/j.plaphy.2010.08.016
http://doi.org/10.1111/mpp.12034


Plants 2023, 12, 154 15 of 15

41. Ye, W.Q.; Sun, Y.F.; Tang, Y.J.; Zhou, W.W. Biocontrol potential of a broad-spectrum antifungal strain Bacillus amyloliquefaciens B4
for postharvest loquat fruit storage. Postharvest. Biol. Technol. 2021, 174, 111439. [CrossRef]

42. Zhang, X.; Wu, F.; Gu, N.; Yan, X.; Wang, K.; Dhanasekaran, S.; Gu, X.; Zhao, L.; Zhang, H. Postharvest biological control of
Rhizopus rot and the mechanisms involved in induced disease resistance of peaches by Pichia membranefaciens. Postharvest Biol.
Technol. 2020, 163, 111146. [CrossRef]

43. Rais, A.; Jabeen, Z.; Shair, F.; Hafeez, F.Y.; Hassan, M.N. Bacillus spp., a bio-control agent enhances the activity of antioxidant
defense enzymes in rice against Pyricularia oryzae. PloS ONE 2017, 12, e0187412. [CrossRef]

44. Alamri, S.A. Enhancing the efficiency of the bioagent Bacillus subtilis JF419701 against soil-borne phytopathogens by increasing
the productivity of fungal cell wall degrading enzymes. Arch. Phytopathol. Plant Prot. 2015, 48, 159–170. [CrossRef]

45. Jangir, M.; Sharma, S.; Sharma, S. Development of next-generation formulation against Fusarium oxysporum and unraveling
bioactive antifungal metabolites of biocontrol agents. Sci. Rep. 2021, 11, 22895. [CrossRef]

46. Devi, K.A.; Pandey, P.; Sharma, G.D. Plant growth-promoting endophyte Serratia marcescens AL2-16 enhances the growth of
Achyranthes aspera L., a medicinal plant. Hayati J. Biosci. 2016, 23, 173–180. [CrossRef]

47. Eisendle, M.; Oberegger, H.; Buttinger, R.; Illmer, P.; Haas, H. Biosynthesis and, uptake of siderophoRes. is controlled by the PacC-
mediated ambient-pH regulatory system in Aspergillus nidulans. Eukaryot. Cell 2004, 3, 561–563. [CrossRef]

48. Tanimoto, E. Regulation of root growth by plant hormones-roles for auxin and gibberellin. CRC Crit. Rev. Plant Sci. 2005, 24,
249–265. [CrossRef]

49. Bhattacharyya, P.N.; Jha, D.K. Plant growth-promoting rhizobacteria (PGPR): Emergence in agriculture. World J. Microbiol.
Biotechnol. 2012, 4, 1327–1350. [CrossRef]

50. Peralta, K.D.; Araya, T.; Valenzuela, S.; Sossa, K.; Martínez, M.; Peña-Cortés, H.; Sanfuentes, E. Production of phytohormones,
siderophoRes. and population fluctuation of two root-promoting rhizobacteria in Eucalyptus globulus cuttings. World J. Microbiol.
Biotechnol. 2012, 28, 2003–2014. [CrossRef]

51. Mates, A.D.P.K.; de Carvalho Pontes, N.; de Almeida Halfeld-Vieira, B. Bacillus velezensis GF267 as a multi-site antagonist for the
control of tomato bacterial spot. Biol. Control 2019, 137, 104–113.

52. Moreira, R.R.; Nesi, C.N.; De Mio, L.L.M. Bacillus spp. and pseudomonas putida as inhibitors of the Colletotrichum acutatum group
and potential to control Glomerella leaf spot. Biol. Control 2014, 72, 30–37. [CrossRef]

53. Dennis, C.; Webbster, J. Antagonistic properties of species-groups of Trichoderma. Trans. Br. Mycol. Soc. 1971, 57, 41–48. [CrossRef]
54. Huang, R.; Li, G.Q.; Zhang, J.; Yang, L.; Che, H.J.; Jiang, D.H.; Huang, H.C. Control of postharvest Botrytis fruit rot of strawberry

by volatile organic compounds of Candida intermedia. Phytopathology 2011, 101, 859–869. [CrossRef]
55. Jangir, M.; Pathak, R.; Sharma, S.; Sharma, S. Biocontrol mechanisms of Bacillus sp., isolated from tomato rhizosphere, against

Fusarium oxysporum f. sp. lycopersici. Biol. Control 2018, 123, 60–70. [CrossRef]
56. Kim, J.D. Antifungal Activity of Lactic Acid Bacteria Isolated from Kimchi against Aspergillus Fumigatus. Mycobiology 2005, 33,

210–214. [CrossRef]
57. Essghaier, B.; Fardeau, M.C.; Cayol, J.L.; Hajlaoui, M.R.; Boudabous, A.; Jijakli, H.; Sadfi-Zouaoui, N. Biological control of grey

mold in strawberry fruits by halophilic bacteria. J. Appl. Microbiol. 2009, 106, 833–846. [CrossRef]
58. Alijani, Z.; Amini, J.; Ashengroph, M.; Bahramnejad, B. Antifungal activity of volatile compounds produced by Staphylococcus

sciuri strain MarR44 and its potential for the biocontrol of Colletotrichum nymphaeae, causal agent strawberry anthracnose. Int. J.
Food Microbiol. 2019, 307, 108276. [CrossRef]

59. Naeem-Abadi, T.; Keshavarzi, M. Involvement of protective enzymes and phenols in decay (Penicillium expansum) resistance in
apple. J. Crop Prot. 2016, 5, 349–357. [CrossRef]

60. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal Biochem. 1976, 72, 248–254. [CrossRef]

61. Beers, R.F.J.; Sizer, I.W. A spectrophotometric method for measuring the breakdown of hydrogen peroxide by catalase. J. Biol.
Chem. 1952, 195, 133–140. [CrossRef]

62. Jiang, M.; Zhang, J. Involvement of plasma-membrane NADPH oxidase in abscisic acid- and water stress-induced antioxidant
defense in leaves of maize seedlings. Planta 2002, 215, 1022–1030. [CrossRef]

63. Wang, S.H.; Yang, Z.M.; Yang, H.; Lu, B.; Li, S.Q.; Lu, Y.P. Copper-induced stress and antioxidative responses in roots of Brassica
juncea L. Bot. Bull. Acad. Sin. 2004, 45, 203–212.

64. Liu, C.; Zheng, H.; Sheng, K.; Liu, W.; Zheng, L. Effects of melatonin treatment on the postharvest quality of strawberry fruit.
Postharvest Biol. Technol. 2018, 139, 47–55. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.postharvbio.2020.111439
http://doi.org/10.1016/j.postharvbio.2020.111146
http://doi.org/10.1371/journal.pone.0187412
http://doi.org/10.1080/03235408.2014.884671
http://doi.org/10.1038/s41598-021-02284-1
http://doi.org/10.1016/j.hjb.2016.12.006
http://doi.org/10.1128/EC.3.2.561-563.2004
http://doi.org/10.1080/07352680500196108
http://doi.org/10.1007/s11274-011-0979-9
http://doi.org/10.1007/s11274-012-1003-8
http://doi.org/10.1016/j.biocontrol.2014.02.001
http://doi.org/10.1016/S0007-1536(71)80078-5
http://doi.org/10.1094/PHYTO-09-10-0255
http://doi.org/10.1016/j.biocontrol.2018.04.018
http://doi.org/10.4489/MYCO.2005.33.4.210
http://doi.org/10.1111/j.1365-2672.2008.04053.x
http://doi.org/10.1016/j.ijfoodmicro.2019.108276
http://doi.org/10.18869/modares.jcp.5.3.349
http://doi.org/10.1016/0003-2697(76)90527-3
http://doi.org/10.1016/S0021-9258(19)50881-X
http://doi.org/10.1007/s00425-002-0829-y
http://doi.org/10.1016/j.postharvbio.2018.01.016

	Introduction 
	Results 
	Antifungal Activity of Serratia rubidaea Mar61-01 against Mycelial Growth of Botrytis cinerea 
	Effects of Volatile Organic Compounds of Serratia rubidaea Mar61-01 on Botrytis cinerea Mycelial Growth and Conidia Germination 
	Effects of Prodigiosin on Mycelial Growth and Biomass of Botrytis cinerea 
	Protection of Strawberry Fruits against Botrytis cinerea by Serratia rubidaea MarR61-01 Cells 
	Effects of Prodigiosin Pigment on Activities of Defense-Related Enzymes 

	Discussion 
	Materials and Methods 
	Bacterial and Fungal Strains and Plant Material 
	Antifungal Activity of Serratia rubidaea Mar61-01 against Mycelial Growth of Botrytis cinerea 
	Effects of Volatile Organic Compounds of Serratia rubidaea Mar61-01 on Botrytis cinerea Mycelial Growth and Conidia Germination 
	Extraction of Prodigiosin 
	Effects of Prodigiosin on Mycelial Growth and Biomass of Botrytis cinerea 
	Protection of Strawberry Fruits against Botrytis cinerea by Serratia rubidaea MarR61-01 Cells 
	Protection of Strawberry Fruits against Botrytis cinerea by Volatile Organic Compounds Emitted by Serratia rubidaea MarR61-01 
	Effects of Prodigiosin on Activities of Plant Defense-Related Enzymes 
	Statistical Analysis 

	Conclusions 
	References

