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Abstract

Using microorganisms as biocontrol agents of phytopathogens has been an alternative to synthetic
fungicides. Actinomycetes isolated from soil and plants have reduced diseases caused by phytopathogens;
however, microorganisms from marine environments may be an option as biocontrol agents. The tomato crop
possesses an important economic impact worldwide, being Mexico the main exporter. Several species of
Fusarium cause damage to tomato crops and are controlled with synthetic fungicides. The objective of this
work was to determine the effect of marine actinomycetes as biocontrol on Fusarium solani in tomato plants.
Four strains of marine actinomycetes (A20, A19, A18,and A15) and one terrestrial actinomycete (ED48) were
used. The actinomycetes strains used, produced siderophores. The greatest inhibition of mycelial growth of F.
solani due to iron competition was obtained by strain A19 with 74.28%. Only two actinomycetes showed
antifungal activity by VOCs (A19 and A18), strain A19 showed the highest antagonistic activity with PICR of
76.75%. Actinomycetes treatments showed significant differences with synthetic fungicide application in
growth, disease severity (SE), and disease incidence (DI) variables. The application of marine actinomycete
(A19) on plants infested with F. solani increased the levels of enzyme activity (SOD, POD, CAT, and PAL)
versus plants in that only F. so/ani and distilled water (control) were applied. Actinomycetes of marine origin

are an option as biocontrol agents for F. solani.

Keywords: antioxidant enzymes; siderophores; Solanum lycopersicum L.; Streptomyces; volatile organic

compounds

Introduction

Tomato (Solanum lycopersicum L.) crop possesses an important economic impact worldwide (Campos

et al., 2022; Garcfa-Estrada ez al., 2022), however, there are economic losses caused by fungal diseases,
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highlighting the vascular root wilt discase caused by Fusarium spp. (Li et al., 2023), causing 80% crop losses
(Akbar ez 4l., 2016). Moreover, it is adapted to survive in the soil in the absence of a host plant, making it
difficult to control (Cruz et 4l., 2018).

Currently, the application of agrochemicals is the main control method for Fusarium spp. (Ismaila ez al.,
2022). However, the use of synthetic fungicides causes resistance in phytopathogens and negative effects on the
environment, and human, and animal health (Torres-Rodriguez ez al., 2022a; Cech ez al., 2023). Therefore,
the search for alternatives to reduce the application of synthetic fungicides is a priority worldwide (Maluin ez
al., 2020; Torres-Rodriguez ez al., 2022a).

Biocontrol offers advantages over synthetic fungicides and phytopathogen control. Biocontrol agents
can control a specific group of microorganisms, present long-term sustainability, lower risk to human and
animal health, suppress phytopathogens, and induce plant defense responses, causing less ecosystem damage
than synthetic fungicides (He ez al., 2021). In recent years, actinomycetes application as biocontrol agents
against phytopathogens has been an option to reduce in the crops the application of synthetic fungicides
(Boukaew ez al., 2022; Wang et al., 2023). Various species of Streptomyces have been used to control
phytopathogenic fungi, such as Botrytis sp., Pyricularia sp., Penicillium sp., Alternaria sp., Fusarium sp.,
Colletotrichum sp., among others (Allali ez al., 2019; Alblooshi ez al., 2022; Qi et al., 2022; Torres-rodriguez ez
al., 2022b).

Among the main antagonistic mechanisms of actinomycetes towards phytopathogens are the
production of volatile organic compounds (VOCs) and siderophores. VOCs are low molecular weight
compounds that at normal temperatures and pressure volatilize easily, giving them the ability to disperse
through the atmosphere and soil (Li e 4/, 2020). VOCs have been shown to increase plant growth, induce
systemic resistance (ISR) in the host, and exhibit antifungal activity towards phytopathogenic fungi (Gong ez
al., 2022; Salwan et al., 2023). Siderophores are iron-chelating molecules synthesized by microorganisms and
are important in positive and negative interactions between them (Puja ez 4/, 2023). Siderophores are
important in the growth and virulence of phytopathogens, as well as in plant-phytopathogen interactions by
limiting iron availability (Herndndez Montiel ez al., 2018; Meena et al., 2022). In addition, actinomycetes also
exhibit antagonistic activity towards phytopathogens through competition for space and nutrients (Fadhilah
et al., 2021) antibiotic production (Xia e# 4/., 2022), lytic enzymes (Gebily ez al., 2021), and induction of host
resistance (Kaari et al., 2022).

Marine actinomycetes are poorly analyzed microorganisms that may be an option as biocontrol agents
(Ameen ez al., 2021; Torres-Rodriguez ez al., 2022b). The objective of this work was to determine the effect of

marine actinomycetes biocontrol on Fusarium solani in tomato plants.

Materials and Methods

Fusarium solani

The fungus was previously isolated from discased tomato plants with Fusarium wild disease (Torres-
Rodriguez et al., 2022a) and was donated to the phytopathology laboratory of the Centro de Investigaciones
Biolégicas del Noroeste (CIBNOR), La Paz, Baja California Sur, México.

Antagonistic actinomycetes

Marine actinomycetes were previously isolated from marine mangrove sediment (Torres-Rodriguez e#
al., 2022a) and were donated to the phytopathology laboratory of the CIBNOR. Four strains of marine
actinomycetes (Nocardiopsis lucentensis -A20 and A15-, Streptomyces sp. -A19-, and Streptomyces griseoflavus -
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A18-) were used. A reference strain of terrestrial origin (ED48) of Strepromyces sp. was used as a control.
Actinomycetes were stored in ISP-2 at 4 °C and in 20% glycerol at -80 °C for further analysis.

Siderophore production by marine actinomycetes

The chrome azurol S (CAS) agar medium assay was used to determine siderophore production (Schwyn
and Neilands, 1987). Each marine actinomycete was grown in ISP2 medium (composed of malt extract 10 g,
yeast extract 4 g, dextrose 4 g, agar 20 g, marine water 1 L, and pH 7.2) at 28 °C for 15 days. Subsequently,
equidistantly four plugs of each strain were placed into CAS agar plate (composed of CAS 0.0605 g, C1yH4BrN
0.0729 g, FeClI5-6H,O 0.0027 g, NaH,PO4+2H,0 0.2953 g, Na,HPO.12H,O 1.2135 g, NH4Cl 0.1250 g,
KH,-PO40.0375 g, NaCl 0.0625 g, agar 15 g, distillate water 1 L, and pH 6.8), and were incubated at 28 °C for
15 days. Five replicates were used by actinomycete. The experiment was replicated three times. Siderophore
production was evaluated according to whether yellow or orange halos formed around the colonies.

Effect of ivon on the antifungal activity of marine actinomycetes

The antifungal activity of marine actinomycetes against F. solani was evaluated on potato dextrose agar
(PDA-Fe) Petri dishes supplemented with FeCl;-6H,O (0.05%) or EDTA-Na2 (0.05%) (Qi ez al., 2022). F.
solani was inoculated on PDA at 28 °C for 7 days and all actinomycetes were grown in ISP2 medium at 28 °C
for 15 days. A plug of target fungus was placed in the center of PDA-Fe Petri dishes and two plugs of each
actinomycete were inoculated at the symmetric points of the F. solani disc. PDA without FeCl;-6H,O or
EDTA-Na, were used as controls. After incubation at 28 °C for 7 days, the growth diameter of F. solani was
measured. The percent of radial growth inhibition (PICR, %) of F. so/ani was determined. The mycelial growth
inhibition percentage (PICR, %) of the phytopathogen was determined with the formula: [(R1-R2) /R1] x
100%, where R1 = radial growth of F. solani on the control plate and R2 = growth of F. so/ani in the direction
toward the actinomycete colonies. Five replicates per treatment were used and the experiment was repeated
three times.

VOCs production by marine actinomycetes

PDA Petri dishes were centrally inoculated with a plug of . solani from a 7-day-old PDA culture. At
the same time, another Petri plate with ISP2 medium was inoculated with each actinomycete, covering the
entire surface of the plate (Djebaili ez 4/., 2021). The lids of both plates were removed, and the two inoculated
bases were brought into contact so that the fungus remained below. The junction of the two bases was sealed
with Parafilm and incubated at 28 °C for 7 days. PDA plates with F. so/ani with one base containing only the
ISP2 medium were used as a control. The percentage of radial growth inhibition (PICR, %) of F. solani was

determined. Five replicates per treatment were used, and the experiment was repeated three times.

Biocontrol of marine actinomycetes against F. solani in tomato

Microorganism growth conditions

Marine actinomycete Strepromyces sp. A19 strain was selected for the experiments 7 vivo conditions
because that showed high antifungal activity against F. solani in the in vitro assays. Terrestrial origin
Streptomyces sp. ED48 strain was used as a control. Both actinomycetes were grown in ISP2 broth at 28 °C for
7 days and 150 rpm. Each actinomycete strain was adjusted to 1 x 10* CFU mL" (Dfaz-Diaz ez al., 2022). F.
solani was grown on PDA at 28 °C for 7 days. Then 5 mL of sterile water was added, and spores were collected
and adjusted to 1 x 10° conidia mL".



Torres-Rodriguez JA et al. (2024). Not Bot Horti Agrobo 52(2):13562

Treatments and growing conditions
Tomato plants cv. ‘Saladettes” were grown in 200-cavity germination trays using COSMOPEAT

substrate at 25 °C, 80% RH (relative humidity), and 12 h of light intensity in a plant growth chamber. After
25 days, the plants had one-third of their roots trimmed and were immersed in the F. so/ani conidia suspension
for 15 min before transplanting,

After (24 h) inoculation of F. solani the following treatments were applied in the root’s plants: (1) A19
+ F. solani (A19+F); (2) ED48+F; (3) Synthetic fungicide (Carbendazim) + F. solani; (4) F. solani, and (5)
Control (without treatment -sterile distiller water-). 1 mL of the actinomycete inoculum was inoculated near
the root collar of tomato plants. Synthetic fungicide Carbendazim (methyl benzimidazol-2-ylcarbamate) was
used at 6 mg. mL™". Plants were maintained at 28 °C, 80% RH, and 12 h light in a plant growth chamber for
28 days. Six replicates per treatment were used, and the experiment was repeated three times.

Effect of actinomycetes on growth of tomato plants inoculated with F. solani

Growth variables in the plants inoculated with marine actinomycetes and F. solani such as plant height,
stem diameter, dry weight, and root length were quantified at 28 days after the treatment’s application. Leaf
samples were taken and stored at -80 °C for enzymatic quantification.

Evaluation of the severity and incidence of the disease

Discase severity (DS) was determined 28 days after application of treatments using the scale of Marlatt
et al.(1996); 1 = Plants without symptoms; 2 = Slight chlorosis and wilting or stunting; 3 = Moderate chlorosis
and wilting or stunting; 4 = Severe chlorosis and wilting or stunting; 5 = Dead plants. Subsequently, a DS index
was estimated using the following formula:

DS (%)= [Xi= ni(sti) /(N x K)] x 100

where ni = number of plants in the DS stage of development, sti= DS stage value (1-5), N = total number
of plants evaluated and K = highest scale level (5).

The percentage disease incidence (% DI) (Saravanakumar ez a/., 2016) was determined by the following
formula:

%DI = (Pi/ TP) x 100%

where Pi = the number of infected plants and TP = the total number of plants. The experimental design
was completely randomized with six replicates per treatment and the experiment was repeated twice.

Antioxidant enzyme activity in tomato plants

Leaf samples frozen at -80 °C from the treatments described above were homogenized with glass beads
and mechanical agitation, followed by a homogenizer to disintegrate the tissue. To each Eppendorf tube with
the sample, 1 mL of phosphate buffer (100mM pH 7.0) was added. The samples were centrifuged at 3800 rpm
for 20 min at 4 °C, the supernatant was subjected to enzymatic assays. Protein content was determined using
the bicinchoninic acid (BCA) technique. Catalase (CAT) enzyme activity was determined according to the
methodology described by Johansson and Borg (1988). One unit of CAT activity is defined as the amount of
enzyme that reacts with 1 nmol of formaldehyde per minute and is expressed as U mg™ of protein. Peroxidase
(POD) enzyme activity was determined according to the methodology of Srivastava and Dwivedi (1988). One
unit of POD activity is defined as the amount of enzyme that causes tetraguaiacol formation in the presence of
H,O; per minute and is expressed in U mg” of protein. Superoxide dismutase (SOD) enzyme activity was
determined according to the methodology of Paoletti ez a/. (1986). One unit of SOD activity is defined as the
amount of enzyme required to inhibit 50% of the O, reaction in the presence of nitro-blue tetrazolium (NBT)
reagent and is expressed as U mg™" of protein. Phenylalanine ammonia lyase (PAL) enzyme activity was
determined according to the methodology of Yamada ez 4/. (1981). One unit of PAL activity is defined as pmol

of cinnamic acid formed per minute per milligram of protein (min mg™ of protein).
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Statistical analysis

Data were analyzed by one-way analysis of variance (ANOVA) using STATISTICA 10.0 software
(StatSoft software, Tulsa, OK) and Fisher LSD test (p < 0.05) was used for the separation of means. Data were
tested for normality using the Shapiro-Wilk test and homogeneity of variances using Bartlett's test before
analysis of variance (ANOVA). For percentage inhibition of VOCs, disease severity (DS), and disease incidence
(DI) from iz vivo experiments, data were analyzed separately using the nonparametric Kruskal-Wallis test
because the assumptions of normality and homogeneity of variances were not met even though they were log,
arcsine, or square root transformed. Mean values were compared using Dunn's comparison test at p < 0.05.

Results

Antagonistic activity of marine actinomycetes towards F. solani

All strains of actinomycetes (A20, A19, A18, A15, and ED48) produced siderophores. The results of
co-culture of the actinomycetes and F. solani under iron-deficient (EDTA-Na,) or iron-rich (FeCl; 6H,O)
conditions showed that the FeCl; 6H,O-enriched culture medium had a negative effect on the antagonism of
the actinomycetes towards the phytopathogen (Figure 1). However, the antagonistic activity of actinomycetes
was increased in the presence of EDTA-Na,. These results show that competition for iron through siderophore
production by actinomycetes is involved in the inhibition of F. solani.

Figure 1. A: Siderophore production by actinomycetes. B: Inhibition of radial growth of F. solani by

siderophores
ED48: terrestrial Streptomyces sp; A20: marine N. lucentensis; A19: marine Streptomyces sp.; Al8: marine .
griseoflavus; A15: marine N. lucentensis. + Standard deviation. Columns with the same letters do not differ significantly

according to Fisher (p < 0.05).

Only two actinomycetes showed antifungal activity by VOCs (A19 and A18) towards F. solani. Strain
A19 showed the highest antagonistic activity with PICR of 76.75%, which presented significant differences
with the rest of the actinomycetes. The marine actinomycete strain A18 showed a PICR of 63.62% (Figure 2).
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Figure 2. Percentage inhibition of actinomycete VOCs towards F. solani
ED48: terrestrial Streptomyces sp.; A20: marine N. lucentensis; A19: marine Streptomyces sp.; A18: marine .
griseoflavus; A15: marine N. lucentensis. + Standard deviation. Columns with the same letters do not differ significantly

according to Dunn (p < 0.05).

Biocontrol of Actinomycetes towards F. solani in tomato

The marine actinomycete A19 was used for the in vivo tests, which showed the best results in the in vitro
tests. The actinomycete treatments (A19 and ED48) showed a greater protection effect on tomato plants
against F. so/ani than the application of the synthetic fungicide (Carbendazim). The greatest protection effect
on tomato plants against F. solani was obtained with the treatment (A19+F) in the variables plant height
(355.80 mm), root dry weight (72.04 mg), and root length (51.13 mm), which showed significant differences
with the rest of the applied treatments; however, it did not show significant differences between the treatment
ED48+F and the control in the variable stem diameter. The lowest results in the growth variables of tomato
plants were obtained with the application of the phytopathogen (Table 1).

Table 1. Morphometric variables of tomato plants inoculated with marine actinomycetes and F. solani

Treatment Plant height Stem diameter Root dry weight Root length
(mm) (mm) (mg) (mm)

A19+F 335.80+1.07 a 428+0.12a 72.04 £0.96 a 51.13+1.21a

ED48+F 307.78 £0.52b 4.25+0.15a 6727 +0.81b 45.25+0.49b

F. solani 165.90 £0.46 ¢ 2.03 +0.16b 32.14+1.34c 18.48 +£0.92 ¢

SynFun+F 301.48 +1.11d 3.99+0.11 ¢ 59.32+0.78 d 39.24 £0.53d

Control 359.82 +0.96 ¢ 4.40 £0.09d 74.70 £2.18 ¢ 56.08 +0.92 ¢

*A19+F: marine Streptomyces sp.+F. solani; ED48+F: terrestrial Streptomyces sp.+F. solani; SynFun+F: synthetic
fungicide+F. solani; Control: sterile distilled water. + Standard deviation. Columns with the same letters do not differ

significantly according to Fisher (p < 0.05).

The treatment of marine actinomycete (A19+F) on tomato plants inoculated with F. solani showed the
lowest result in disease severity (20%) compared to the application of the synthetic fungicide. Actinomycete
treatments showed significant differences in disease reduction compared to plants treated with the
phytopathogen (F. solani). Marine actinomycete (A19+F) and terrestrial actinomycete (ED48+F) treatments
were superior to the synthetic fungicide application (Figure 3).
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Figure 3. Discase severity (DS) caused by F. solani on tomato plants treated with actinomycetes
A19+F: marine Streptomyces sp.+F. solani; ED48+F: terrestrial Streptomyces sp.+F. solani; Synthetic fungicide:

Carbendazim+F. solani; Control: sterile distilled water. + Standard deviation. Columns with the same letters do not

differ significantly according to Dunn (p < 0.05).

Disease incidence (DI) was lower in tomato plants treated with actinomycete treatments, surpassing the
control treatment. The marine actinomycete treatment (A19+F) and the terrestrial actinomycete (ED48+F)
presented the lowest DI values (50%), showing significant differences with the rest of the treatments, however
they did not show significant differences with the synthetic fungicide. The control treatment (. solani)

presented 100% DI in tomato plants (Figure 4).
120
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Figure 4. Incidence of disease caused by F. solani in tomato plants treated with actinomycetes
A19+F: marine Streptomyces sp.+F. solani; ED48+F: terrestrial Streptomyces sp.+F. solani; Synthetic fungicide:
Carbendazim+F. solani; Control: sterile distilled water. + Standard deviation. Columns with the same letters do not

differ significantly according to Dunn (p < 0.05).
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The activity of antioxidant enzymes SOD, CAT, POD, and PAL increased when actinomycetes or
phytopathogen were applied compared to the control treatment (dis-tilled water). SOD activity increased
significantly when marine actinomycete and F. solani (A19+F) treatment was applied. CAT activity increased
with the treatment (A19+F), which presented significant differences with the rest of the remaining treatments.
POD activity increased with the application of the actinomycetes and phytopathogen treatments. The highest
result was obtained with the marine actinomycete and phytopathogen treatment (A19+F). PAL activity was
increased with the actinomycete and F. solani treatments compared to the control treatment. The maximum
result was reached with the A19+F treatment, showing significant differences compared to the rest of the
remaining treatments (Table 2).

Table 2. Effect of marine actinomycetes and F. so/ani on antioxidant enzyme activity in tomato plants

SOD activity (U CAT activity (U POD activity (U PAL activity (min
Treatment i . ) . 1 . -1 .
mg™' protein) mg™' protein) mg™’ protein) mg ™’ protein)
Al19+F 1.83£0.23 a 5.89£0.20a 4.61+0.20a 2.58 £0.14a
ED48+F 1.45 £0.18 b 5.27 £0.15b 4.07 £0.43 b 2.314+0.20b
F. solani 1.00 +0.42 ¢ 4294059 ¢ 3.1140.36¢ 1.73£0.24 c
Control 0.61+0.19d 1.59 £0.29d 1.81 +0.26d 0.91+0.13d

*A19+F: marine Streptomyces sp.+F. solani; ED48+F: terrestrial Streptomyces sp.+F. solani; Control: sterile distilled
water; SOD: superoxide dismutase activity; CAT: catalase activity; POD: peroxidase activity; PAL: phenylalanine

ammonia lyase activity. + Standard deviation. Columns with the same letters do not differ significantly according to
Fisher (p < 0.05).

Discussion

Antagonistic activity of marine actinomycetes towards F. solani

The excessive use of synthetic fungicides to control phytopathogenic fungi such as F. solani leads to
resistance development by phytopathogens, and soil and water contamination (Fangez 4/., 2016), therefore the
use of new environmentally friendly alternatives will reduce their application. The main studies of
actinomycetes as biocontrol agents have focused on isolates from terrestrial environments (Torres-Rodriguez
et al., 2022b). However, the study of actinomycetes from marine environments will allow the characterization
of new biocontrol agents for agriculture (Liu ¢# al., 2020).

The antagonistic activity of actinomycetes against phytopathogens depends on their capacity to produce
diverse antagonistic mechanisms such as the production of lytic enzymes, antifungal metabolites, competition
for nutrients, siderophores, volatile compounds, among others (Igarashi ez 4l., 2021).

In the absence of iron, microorganisms release high-affinity ferric iron-chelating compounds called
siderophores into the environment. These siderophores transport Fe* into the microbial cell (Ghosh ez 4/.,
2020). Iron is important for microorganisms to perform processes such as nucleic acid synthesis and repair,
respiration, photosynthetic transport, and nitrate reduction or free radical detoxification, therefore, the
limitation of this element reduces the growth and infection process of phytopathogens (Herndndez Montiel ez
4l,2018).

In our study, all actinomycetes produced siderophores, showing yellow halos around the strain colonies.
The siderophores produced by the actinomycetes mediated the antifungal activity toward F. solani and it
decreased after adding iron to the culture medium. The antagonistic activity of the actinomycetes increased
with the application of EDTA-Na to the culture medium. This could be because the actinomycetes competed
for iron with the phytopathogen by secreting siderophores to suppress its growth. Similar results, under iron-
deficient or iron-rich conditions, showed that the application of FeCl; 6H,O to the culture medium had a
negative effect on the antagonism of F. oxysporum f. sp. cubense by the actinomycete strain Sarracenia
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sichuanensis, on the contrary, the antagonistic activity of S. sichuanensis was enhanced along with increasing
EDTA-Na; concentrations and its extracts induced apoptosis of the phytopathogen cells (Qi ez 4/., 2022).

Streptomyces species have been shown to produce siderophores which are important in the
phytopathogens biocontrol (Zhou ez 4l., 2022). Allali ez al. (2019) demonstrated that Nepenthes dassonvillei
species inhibited the growth of the phytopathogens Rhizoctonia solani, F. graminearum, and F. oxysporum
under 7 vitro conditions. This effect may be related to the production of siderophores by an antagonist. In
another work, S. rameus presented antifungal activity towards R. bataticola, this antifungal activity was related
to the production of siderophores, since iron competition is a mechanism to inhibit the growth of
phytopathogens (Meena ef al., 2022). Similar results have been reported by Al-Dhabi ez al. (2019) where
Streptomyces species produced siderophores, showing the potential to inhibit the growth of phytopathogens
like F. oxysporum, Aspergillus niger, A. flavus, and F. solani.

The production of antifungal VOCs by actinomycetes is a complex process influenced by a variety of
genetic, metabolic, and environmental factors, which may explain why only two of the four actinomycetes
evaluated in the study showed this activity (Zhao ez al., 2022). The capacity of actinomycetes to produce VOCs
that exhibit antifungal activity by causing structural alterations in the cells of the phytopathogens has been
demonstrated (Gonger al., 2022). Some VOCs, such as dimethyl disulfide (DMDS) and 2-methyl-pentanoate,
are highly toxic to phytopathogens in plants, moreover, VOCs such as acetoin, 2,3-butanediol, and tridecane,
induce systemic host resistance (Ossowicki ez /., 2017). Only actinomycetes (A19 and A18) of marine origin
produced VOCs with antifungal activity towards F. solani, actinomycete ED48 of terrestrial origin did not
produce VOCs. Similar results to those reported in this work, regarding the inhibition of F. solani growth by
VOCs, were obtained by Yang ez al. (2021), showing that VOCs from S. aurcoverticillatus inhibited the
mycelial growth of F. oxysporum by 63.11%; the VOCs identified with the greatest antifungal activity were
acridine and 9-methyl.

Also, Streptomyces sp. VOCs inhibited mycelial growth of R. solani by 95%, F. solani by 69% and F.
oxysporum by 20%, and in iz vivo assays, VOCs inhibited the development of gray mold disease caused by
Botrytis cinerea on strawberry (Fragaria ananassa) fruits by 87% compared to the control treatment (not
inoculated with B. cinerea) (Ayed et al., 2021). Also, Streptomyces sp. VOCs have been shown to reduce mycelial
growth of C. acutatum by 77% (Jepsen ez al., 2022). VOCs produced by S. lavendulae inhibited mycelial growth
and sporulation of Ceratocystis fimbriata under in vitro conditions, inducing morphological changes in hyphae
(Li et al., 2020).

Biocontrol of Actinomycetes Towards F. solani in Tomato

Actinomycetes A19 and ED48 presented the lowest SE and DI towards F. solani, showing significant
differences with the synthetic fungicide. The least damage to tomato plants caused by F. solani was reported
when the marine actinomycete (A19+F) was applied, demonstrating its potential as a biocontrol agent.
Actinomycetes can present a greater protective effect on plants than synthetic fungicides, due to the wide range
of bioactive compounds they produce such as antibiotics, siderophores, enzymes, and VOCs, which have
multiple mechanisms of action against phytopathogens. In addition, they induce defense responses in the plant,
making them more resistant to infections by phytopathogens (Gong ez al., 2022; Torres-Rodriguez ez al.,
2022b; Salwan et al., 2023).

Similar results were reported by Qi et 4/. (2022), who demonstrated in an in vivo experiment that the S.
sichuanensis strain significantly reduced the infection of F. oxysporum f. sp. cubense in the roots and bulbs of
banana (Musa paradisiaca L.) seedlings, regarding the control treatment (without application of
actinomycetes), reducing the disease index by 25.83%. Similarly, in a pot experiment with rice seedlings, strains
of 8. chilikensis reduced the severity of the disease caused by F. oxysporum. Plant growth parameters (root length,
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root fresh weight, and root dry weight) were also increased by 53-91, 62-5, and 73-46%, respectively, in the .
chilikensis-treated plant groups compared to those infected with F. oxysporum (Behera et al., 2022).

Korayem ez al. (2020) demonstrated the biocontrol activity of S. parvulus towards R. solani in green
beans, plants treated with S. parvulus presented the highest survival, showing significant differences with plants
treated with synthetic fungicides, in addition, growth variables such as plant height, number of leaves and dry
weight of plants, increased with the . parvulus treatment, regarding the control and synthetic fungicide.

It has been demonstrated in chickpea (Cicer arietinum L.) plants that Streptomyces sp. from terrestrial
environments significantly decreased the incidence of disease caused by B. cinerea by 47% compared to the
control treatment. In addition, they induce resistance mechanisms in plants, such as antioxidant enzymes and
phenolic compounds (Vijayabharathi er al, 2018). The application of Streptomyces sp. from marine
environments significantly decreased the disease index of F. oxysporum in banana crops, the secondary
metabolites of Strepromyces sp. caused cell membrane rupture and leakage of intracellular components of the
phytopathogen (Li ez /., 2021).

Similar results to those reported in this work were obtained by Yandigeri ez al. (2015), who
demonstrated that the application of S. vinaceusdrappus from marine environments in tomato plants reduced
root rot disease caused by R. solani by 71%. Application of S. punicens from wetland environments decreased
carly blight disease caused by A. solani on tomato leaves relative to the control treatment (Hao ez 4/., 2019).

Plants treated with actinomycetes and the phytopathogen presented the highest levels of enzymatic
activity (SOD, POD, CAT, and PAL) compared to plants treated with only F. solani and distilled water
(control). The first defense response of plants towards phytopathogens is the oxidative burst, causing high levels
of reactive oxygen species (ROS). Low ROS concentrations intervene as a signal molecule in cell proliferation,
differentiation, apoptosis, and stress adaptation (Li et 4/., 2020). However, the imbalance of ROS production
and the defense system can destroy biological functional molecules, causing cellular damage. Antioxidant
enzymes like SOD, POD, and CAT can reduce ROS and decrease cell damage. PAL products are modified into
secondary metabolites (lignin, flavonoids, and phytoalexins), which are involved in plant resistance to
phytopathogens (Morrison and Buxton, 1993). The application of VOCs from S. lavandulae on sweet potato
(Solanum tuberosum L.) increased SOD, POD, and CAT antioxidant enzymes regarding the control treatment,
results that correspond to those reported in this work (Li ez /., 2020). The application of Streptomyces sp. on
banana crop infested with Fusarium oxysporum f. sp. cubense tropical race 4 (TR4) increased the activities of
defense-related enzymes (PPO, POD, and SOD) compared to plants treated alone with F. oxysporum TR4 or
the control treatment (distilled water), results in correspondence to those obtained in this work (Zhang ez 4/.,
2021).

Research on marine actinomycetes has focused on i vitro conditions, therefore, there are few works on
the study of marine actinomycetes iz vivo conditions. The application of marine actinomycete is an option as

a biocontrol agent for F. solani in tomato crops.

Conclusions

The four strains of marine actinomycetes produced siderophores and inhibited the mycelial growth of
F. solani by iron competition in the culture media. Strain A19 showed the highest inhibition of F. solani by
iron competition with a PICR of 74.28%. Only two strains of marine actinomycetes inhibited the
phytopathogen by VOCs production, A19 presented the highest PICR with 76.75%. The actinomycete of
marine origin (A19) and the terrestrial actinomycete (ED48) showed the greatest reduction of the disease
caused by F. solani, compared to the synthetic fungicide. In the growth variables evaluated, the marine
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actinomycete (A19) had the greatest protective effect on tomato plants against F. solani. The actinomycetes
presented lower DI than the synthetic fungicide treatment. The marine actinomycete with the phytopathogen
treatment (A19+F) presented the highest activity of the enzymes evaluated (SOD, CAT, POD, and PAL)
showing significant differences with the rest of the treatments. The application of marine actinomycetes
reduced plant damage caused by F. solani. Marine environments are a source of microorganisms that can act as

biocontrol agents against phytopathogens.
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