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Abstract: Fusarium are considered as the major plant pathogen fungi, that cause the majority of
soil-borne diseases to more than 100 plant species in the world, including maize. Thus, there are
emerging demands of biocontrol reagents, and Crotalaria longirostrata showed fungicidal activity. The C.
longirostrata branch extract was phytochemically characterized and evaluated for efficacy for the control
of Fusarium wilt in maize. The application of the extract reduced the percentage of disease incidence
significantly caused by Fusarium verticillioides from 70.4% to 40.12% as compared to non-treated
plants, and evenly the disease severity was reduced from 40.15% to 29.46%. The phytochemical
components of the extract were cinnamic acids (caffeic acid and ferulic acid) and phenolic acid (gallic
acid). Furthermore, multiple structures were detected through mass spectrometry such as: phenols,
alkaloids, esters, terpene, ketones, and amides. The bioautography assay showed that to separate the
compounds of C. longirostrata branch extract causes it’s the loss of fungicidal activity. This is due to
the synergy or additive interactions of secondary metabolites present in the raw extract. Our results
suggest that the application of C. longirostrata branch extract is a promising strategy to be applied to
the soil as a preventive treatment.
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1. Introduction

Fusarium is considered in economic and scientific terms to be one of the most important pathogenic
fungi. This genus causes serious problems since their species produce toxic metabolites, such as
enniatins and fusaric acid, which are phytotoxins, that is, they are toxic to plants and they produce
trichothecenes and fumonisins, which are toxic to animals [1]. These are, in fact, carcinogenic,
mutagenic, teratogenic, cytotoxic, neurotoxic, nephrotoxic and even immuno-suppressive and
estrogenic, presenting therefore serious risks to the public health [2]. In addition, these fungi
cause the majority of soil-borne diseases in more than 100 plant species in the world, including maize
(one of the most important food crops in the world).

Fusarium verticillioides (synonym, Fusarium moniliforme) is the most commonly reported fungal
species infecting maize [3]. This fungus develops inside the young plant, moving from the roots to
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the stalk and finally to the cob and kernels [4]. This pathogen causes decay on the plant organs (for
instance, the leaves, stem and root), stalk rot, ear rot and mycotoxin contamination. It is difficult to
control due to its ability to survive on the ground for long periods with or without a receiving plant
(it even survives in crop residues as stalk fragments or roots), and there is also the fact that most
species are saprophytes [5-7]. Because of this, early detection of disease in crops caused by pathogen
fungi is crucial in order to be able to choose appropriate protective measures. In addition to this,
identifying the infestation level can help to reduce economic loss. Traditionally, the most commonly
used control methods have been crop rotation, soil pH manipulation, seed treatment, and the use of
resistant cultivars [8,9]. However, excessive use of these has affected both soil and water quality. So, it
is important to achieve implementation strategies that are environmentally-friendly and less damaging
to soil and water resources.

In recent years a great deal of attention has been focused on the application of alternative methods
in the management of plant diseases, emphasizing the use of natural compounds derived from plants
obtained in the form of extracts and essential oils, since they are rich in a wide range of secondary
metabolites such as tannins, terpenoids, alkaloids, flavonoids, etc., that have been effective in tests
in vitro for the control of various pathogens [10,11].

Fungal disease treatment with aqueous and organic extracts have reduced diseases caused by
pathogens like Fusarium due to metabolic changes in the plants because of prompted systemic resistance
through induction of phenol biosynthesis enzymes, anti-oxidant defensive enzymes, accumulation
of phenolic compounds [12-14] and pathogenesis-related proteins, that increase plant resistance [15].
Akanmu et al. [16] reported on the phytofungicidal potentials of aqueous extracts of Mangifera indica
(mango) and Jatropha curcas (physic nut) on the Fusarium pathogens of millet seedlings. ]. curcas
at 0.15, 0.30 and 0.45 mg/mL concentrations significantly (p < 0.05) suppressed F. anthophilum, F.
verticillioides and F. oxysporum. Similarly, M. indica at 0.30 and 0.45 mg/mL concentrations was observed
to show significant (p < 0.05) effect on F. verticillioides and F. scirpi. Crude extracts of pomegranate
peel significantly reduced F. oxysporum population and wilt severity in naturally infected soils [17].
On the other hand, Crotalaria longirostrata is a species rich in secondary metabolites, whose leaf
extract has demonstrated antibacterial activity [18] while its root, stem and branch extracts have
shown antifungal properties, inhibiting mycelial growth and sporulation in vitro, without statistically
significant difference in the results against Fusarium strains using the diffusion method in agar wells
and the diffusion plate [19]. C. longirostrata leaves are consumed in various foods and the branches are
discarded as waste facilitating their use, unlike the stem or roots. For this reason, this study aimed
to evaluate the phytochemical characterization and efficacy of C. longirostrata branch extract for the
control of Fusarium wilt in maize.

2. Materials and Methods

2.1. Chemicals

Methanol (>99.8%) and formic acid (99%) were purchased from ].T. Baker, Thermo Fisher
Scientific Inc, Madrid, Spain and FLUKA, Honeywell International Inc., Seelze, Germany respectively.
The standards: gallic acid (97.5%-102.5%), protocatechuic acid (>97.0%), chlorogenic acid (>95.0%),
caffeic acid (>98.0%), p-coumaric acid (>98.0%), trans-3-hydroxycinnamic acid (99.0%), ferulic acid
(99.0%), rosmarinic acid (96.0%), rutin (>=94.0%), naringenin (99.0%), quercetine (>95%), hesperetin
(95.0%), genistein (>98%), and scopoletin (>99.0%) from Sigma-Aldrich-Merck, Darnstadt, Germany;
vanillic acid (297%), hesperidin (>97.0%), from Honeywell International Inc., Seelze, Germany;
myricetin (97%), luteolin (>99.0%), kaempferol (>99%), chrysine (98.0%), galangin (99.0%), and
acacetin (>90.0%) from INDOFINE Chemical Company, Hillsborough, NJ, USA; apigenin (>97.0%),
pinobanksin 3-acetate (isolated from propolis: >95.0%), caffeic acid phenethyl ester (CAPE), was
synthesized according to the procedure of Grunberger [20].
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2.2. Plant Material

Fresh samples of C. longirostrata branches were collected in the municipality of Suchiapa, Chiapas,
Mexico, geographic location: latitude 16°37’5” N and longitude 93°5’39” W. The plant material was
shade-dried for three days and ground into powder.

2.3. Preparation of Extract

The methanolic extract was prepared with 10 g of dried powder in 100 mL of methanol; the
mixture was shaken for 24 h. Afterwards, it was filtered through Whatman No. 1 filter paper and
evaporated under vacuum in a rotary evaporator (Biichi Labortechnik AG, Flawil, Switzerland) at
45 °C. The residue was suspended in 10 mL of methanol, was next dissolved in water at a concentration
of 20 mg/mL and was then stored at 4 °C until used.

2.4. Fungal Strains

FE. wverticillioides strain was characterized and molecularly identified (Genbank accession no.
GU982311.1) by Figueroa—Ldpez et al. [21] from a monoconidial culture from Fusarium stalk, ear and
root rot (SERR) of maize symptomatic tissue.

2.5. In Vivo Greenhouse Experiment

Pathogen inoculum was prepared by culturing F. verticillioides for seven days at 28 + 2 °C on potato
dextrose agar (PDA). Conidia were harvested by adding to the plates 10 mL of sterile distilled water
and crystal pearls that were shaken slowly to detach spores of the mycelium with the collected conidia.
Subsequently, a suspension was prepared with a concentration of 1 x 10° spores/mL. Maize seeds were
sown in pots containing 70 g of sterilized peat moss and after 12 days the plants were transplanted
to pots containing 500 g of the same substrate. Eight days before the transplantation, the soil was
infested by the inoculum (50 mL of suspension) [22]. Treatments were evaluated: (1) distilled water
(control), (2) F. verticillioides + C. longirostrata branch extract (Fv + EC), (3) C. longirostrata branch
extract (EC) and (4) F. verticillioides (Fv). The C. longirostrata branch extract (20 mg/mL) was applied
to the soil in each experimental unit of treatments 2 and 3, every 5 days until the experiment ended.
After transplantation symptom development was assessed using six plants for each sampling per
treatment; the observations were at seven-day intervals until termination after 42 days. The experiment
was done twice. The variables evaluated were plant height (cm), root length (cm), dry root weight (g),
dry leaf weight (g), disease incidence (%), and disease severity (%).

The percentage of disease incidence (PDI) in roots was determined using the following formula:

PDI (%) = % x 100, 1)

where n is the number of plants showing diseased symptoms with at least one diseased root and N is
the total number of samples used.

The disease severity was calculated by the formula below [23]: whereas, scoring of symptom
severity was based on the disease severity rating [16] (Figure 1).

Y. (nxv)x100
DS (%) = ———F— 2
S (%) = S @
where n is the number of assessed plants in each score of disease symptoms, v is the specific symptom

score, N is the sum of all plants observed, and V the highest score of disease symptoms.
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*When the root, mesocotyl or crown tissue appeared healthy.

sWhen < 25 % of tissue with symptoms of rot disease.

*When 25 - 49 % of tissue rotted.

*When 50 - 74 % of tissue rotted.

*When 75 % or greater of roots rotted.

*When wilted or with dead seedlings/completely rotted mesocotyl or crown tissue.

€& €<

Figure 1. The disease severity rating.

The PDI and DSS were used to evaluate the progress of the disease. The area under the disease
progress curve (AUDPC) was determined using the equation reported by Palaniyandi et al. [24].

AUDPC = nz: >

1

| (tiy1 - ti)(Yi + Y1+1)} 3)
-1

where n is the number of assessment times; y is the disease incidence (%) or severity (%) in different
evaluations; i and I + 1 represent observations from 1 to n, and t is the days after disease initiation at
different dates.

2.6. High Performance Liquid Chromatography (HPLC) Analysis

The dried extracts were dissolved in methanol and filtered through a nylon membrane (MNYL,
0.2 pm; Whatman; Kent, England). The analysis of chemical constituents from C. longirostrata branch
extract was performed on a Varian ProStar 320 polaris (Walnut Creek, CA, USA) equipped with a
LiChrospher 100 RP-18 (150 x 4.6 mm) column and diode array detector (DAD). The temperature
was maintained at 30 °C during the analysis employing a Meta Term column heater. The column was
eluted using a formic acid/methanol gradient at a flow rate of 1 mL/min. The mobile phase consisted
of 5% formic acid in water (A) and methanol (B). The gradient program was 30% B (0-15 min), 40%
B (1520 min), 45% B (20-30 min), 60% B (30-50 min), 80% B (50-65 min) and 100% B (65-75 min).
Eluting compounds were monitored at 280 and 340 nm and UV spectra recorded from 200 to 600 nm.
A comparison of the retention times and the absorption spectra of an authentic standard were carried
out in order to identify the compounds present in the samples.

2.7. Gas Chromatography-Mass Spectrometry (GC-MS) Analysis

The compounds presentin C. longirostrata branch extract were identified using a gas chromatograph
(Agilent Technologies 7890) coupled to a mass spectrometry detector (MSD VL 5975 C Wilmington,
Santa Clara, USA), and using the method 8270D [25], equipped with a PE-XLB capillary column,
30 m x 0.25 mm (di) X 0.25 pm. The carrier gas was helium with a flow of 1.4 mL/min. The injector
and detector temperatures were 110 °C and 150 °C, respectively. The initial temperature was
110 °C x 0.5 min, with a program of temperature ramps from 110 °C to 300 °C increasing 15 °C per
minute and 300 °C to 320 °C, raising the temperature by 5 °C per min. Compounds in each sample were
identified by comparing with mass spectra from the National Institute of Standards and Technology
Library (NIST05).
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2.8. Bioautography

The inhibition assay on thin-layer chromatography (TLC) plates was realized to test fungitoxicity
of the of C. longirostrata branch extract, and C. longirostrata root extract as reported by Masoko and
Eloff [26]. In two repetitions of the experiment, the 20 pL aliquots were spotted on duplicated silica-gel
TLC plates (Silica Gel 60 F-254, Sigma-Aldrich-Merck, Darnstadt, Germany); one plate was developed
with chloroform: methanol: ammonium hydroxide (8.5:1.4:0.1) and the other plate was a reference
without use of the mobile system. Afterwards, the developed plates were dried for 1 to 2 h, and both
plates were covered with a conidial suspension (1 x 10° spores/mL) of F. verticillioides into Czapek
broth. The plates were incubated in a humid chamber for 48 to 72 h at 28 °C. Finally, inhibition of
growth was determined by the presence of clear zones on chromatograms.

2.9. Experimental Design and Statistical Analysis

A randomized complete design was utilized of four treatments with six replicates monitored
seven times; the total number of runs was 148. Arcsine square root transformations were performed
for the data of disease incidence and severity per week due to a slight departure of the residuals from
normality. For statistical analyses, one-way analysis of variance (ANOVA) at 5% level of significance
using the STATGRAPHICS CENTURION XVI,(StatPoint Technologies, Inc., Warrenton, VA, USA)
program was used [27].

3. Results

3.1. Effects on Plant Growth Parameters

The application of C. longirostrata branch extract has a beneficial effect on root system development
compared to untreated plants (Table 1). Root length is the most sensitive variable, because the pathogen
starts infection in that area of the plant. When we analyzed the average values of the growth variables,
we did not obtain a statistically significant difference between treatments 1 and 3, which indicates that C.
longirostrata branch extract does not affect the normal development of the plant (Figure 2). Meanwhile,
treatments 2 and 4 that were inoculated with the pathogen presented a statistically significant difference
for the variables root length, dry root weight and vegetative dry weight, showing higher averages
with treatment 2 which received periodic doses of C. longirostrata branch extract, thus producing the
reduction of symptoms in the plants due to the presence of the pathogen.

Table 1. Effect of C. longirostrata branch extract on growth parameters of maize plants after 42 days.

Plant Height Root Length Vegetative Dry Root Dry

No. Treatment (cm) (cm) Weight (g) Weight (g)
1 Control 54.0 £5.66a 823 +3.32a 89+1.13a 32+093a
2 Fv + EC 437 +3.21b 752 +287Db 78 +1.78Db 31+112a
3 EC 46.0 + 4.08 ab 83.7+431a 85+297a 32+1.04a
4 Fv 403 +4.04b 703+225¢ 75097 c 2.8 +£0.98b

Fv: F. verticillioides; EC: C. longirostrata branches extract. Values are means of five replicates. Values with the same
letter are not significantly different according to the Tukey’s multiple range test (p < 0.05).
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control

Figure 2. Effect of the application of C. longirostrata branch extract (EC) on maize plants infected with F.
verticillioides (Fv).

3.2. Disease Assessment

The percentage of disease incidence (PDI) in roots and the level of disease severity (DS) were
observed during the experiment under greenhouse conditions. The plant’s control and Ec treatment
showed light symptoms because this test was performed with seeds that were not sterilized and
infected grains are the second most common route of infection of maize and usually, only a small
percentage of them become symptomatic. When the treatments with F. verticillioides (Fv) had high
incidence, we observed root rot and wilting in the diseased tissues. Our results showed that the plants
treated with doses of 50 mL (20 mg/mL) of C. longirostrata branch extract every 5 days significantly
reduced the PDI in the roots of 70.4% of plants infected by F. verticillioides (Fv) to 40.12% (Fv + Ec),
(Figure 3A), and the DS in plants treated with C. longirostrata branch extract (Fv + Ec) was also reduced
from 42.15% to 29.46% (Figure 3B).

100 50
—e— Control A B
—0— Fv+Ec
80 1 —— Ec 40 A
—&— Fv
60 20
o
p =
g 8
40 4 20 |
20 - 10 4
&l W N
7 14 21 28 % 7] 42 g 14 21 28 35 42
Days after infection Days after infection

Figure 3. Effects of application of C. longirostrata branches extract (doses of 50 mL (20 mg/mL) every
5 days in plants infected by F. verticillioides on the percentage of disease incidence (PDI) (A) and
disease severity (DS) (B). The observations were every 7 days. Fv: F. verticillioides; Ec: C. longirostrata
branch extract.
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Soil application of C. longirostrata branch extract significantly reduced disease progress in plants
infected by F. verticillioides under greenhouse conditions. The analysis of AUDPC values indicated a
statistically significant difference p < 0.05) in the incidence and severity disease between the plants
infected with F. verticillioides (Fv) and plants treated with C. longirostrata branch extract (Fv + EC);
plants infected (Fv) exhibited severe wilt symptom in leaves. Mild disease symptoms were observed
in the control plants (Table 2).

Table 2. Disease incidence of maize plants infected with F. verticillioides under greenhouse conditions.

AUDPC Percent/Days
Treatment
Incidence in Roots  Severity of Leaves
Control 8344 a 870.8 b
Fv + EC 12109 b 8759b
EC 875.1a 679.3 a
Fv 2057.8 ¢ 1180.9 ¢

Fv: F. verticillioides; EC: C. longirostrata branch extract. Means within a column for each treatment followed by the
same letter are not significantly different at p < 0.05, Tukey test.

3.3. Phytochemical Analysis of C. longirostrata Branch Extract

The qualitative HPLC analysis of C. longirostrata branch extract showed three phenolic acids in
the sample: gallic, caffeic and ferulic acid. While the results pertaining to GC-MS analysis lead to the
identification of components of a different nature like hydrocarbons, diterpenes, ester, phenols, amides,
alkaloids and aromatic dicarboxylic acids, the components in major abundance were monocrotaline
(20.7%), phthalic acid (16.47%), phytane (2,6,10,14-tetramethylhexadecane)(12.39%), vinyl crotonate
(8.76%), hexadecanoic acid, methyl ester (8.03%), cyclopropanecarboxylic acid, 2-isopropoxyphenyl
ester (6.94%), chlorocresol (6.64%), 2-methyl-2-propenoic acid, ethenyl ester (5.32%) and adogen 73
(9-octadecenamide) (1.18%).

3.4. Fungitoxicity Assay

In direct bioautography, we used C. longirostrata branch extract (EC) and C longirostrata root extract
(ECR), to compare its reported antifungal activity [18]. The antifungal activity of the crude extracts EC
and ECR (Figure 4A) was evidenced on silica gel plates. After the incubation period, clear zones of
inhibition of the growth of F. verticillioides were observed with both extracts. After performing TLC
and inoculating the plate with the spore suspension of the pathogen, it was observed that in the EC
lane there was uniform growth of the fungus, while in the ECR lane there was the presence of zones
of inhibition (Figure 4B), which indicates that certain compounds in ECR in isolation maintain their
fungi-toxic effect.
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Figure 4. Bioautography. Zones of fungitoxicity using C. longirostrata branch extract (EC) and C.
longirostrata root extract (ECR) on F. verticillioides. (A). Raw extract, (B) thin-layer chromatography
(TLC).

4. Discussion

Different studies [16,22,28,29] have been conducted with the purpose of evaluating the use of plant
extracts and essential oils as sustainable, environmentally friendly and non-phytotoxic alternative
methods to protect crops against pathogens such as Fusarium, Aspergillus, Magnaporthe, and Alternaria.
For instance, Akila et al. [30] reported that the leaf extract of Datura metel (10%) completely inhibited
the mycelial growth of Fusarium oxysporum f. sp. cubense (Foc) (which causes bananas to wilt); it
was also found that when mixing the extract with a botanical formulation and biocontrol agents,
a significant reduction in disease incidence and growth promotion are achieved. The mechanism
of disease suppression found in plant products and biocontrol agents has suggested that the active
principles present may either act on pathogens directly or induce systemic resistance in host plants
resulting in a reduction of disease development [12,31]. Oren et al. [4] suggest that the amount of
fungal inoculum in the soil affects the level of plant colonization, which is more pronounced in roots in
the early growth stages. Lagopodi et al. [32] indicated that the pathogen first attaches to the lateral
roots and root hairs and then penetrates directly through the cuticle and epidermis of these tissues as a
common mode of plant colonization. This is due to the fact that F. verticillioides caused root necrosis,
thus reducing the absorption of nutrients and water, which then negatively affected the vegetative
development of plants. Studies of several plant species have revealed that defense enzyme activities
are increased by environmental factors such as fungal infection [33,34]. Based on our results, the
suppression of root necrosis and wilt development in the greenhouse corresponds with the ability of C.
longirostrata branch extract to reduce populations of Fusarium in soil. The mode of action could be
related to a mixture of natural, volatile and aromatic compounds it contains and that can affect the
integrity of the pathogen’s cell membrane; thus an option for improving the effect against Fusarium may
be to add C. longirostrata branch extract into soil before sowing to reduce the pathogen population at a
concentration of 0.2 mg/mL. We observed a reduction in disease symptoms of plants in the greenhouse,
possibly because of enhanced defence enzyme production.

Phenolic acids are derivatives of hydrocinnamic, hydrobenzoic, phenylacetic, and phenylpropionic
acids. Phenolic acids commonly exist as esters, glycosides or amides in nature, but not in their free form.
The hydrocinnamic acids found in the Crotalaria extract (caffeic acid and ferulic acid) are compounds
belonging to the phenylpropanoid family, its structures award that they have biological properties such
as antioxidant, antimicrobial [35], anticancer, anti-inflammatory and antithrombotic among others.
Phenylpropanoid acids are precursors of C6-C1 aromatic compounds such as gallic acid, which induces
apoptosis [36], and possesses antifungal properties [37] as well as caffeic acid [38].
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The different compounds found in C. longirostrata branches extract contain mostly aromatic nuclei,
and hydroxyl groups (-OH), which are known to be reactive and can form hydrogen bonds with
sulfhydryl groups (SH) at active enzyme sites [39,40], resulting in their deactivation in fungi, which
could be the mechanism of antifungal action of these compounds, however, it requires further studies
are required to define the mode of action and its use in field conditions.

The bioautography is a simple and rapid method for the chemical and biological screening of
plant extracts, its major applications are fast screening for bioactivity namely antibacterial, antifungal,
antioxidant, enzyme inhibition etc. and in the target-directed isolation of active compounds. A silica
plate covered with the broth medium becomes a source of nutrients that enables the growth of
the microorganisms directly on it. In the place where an antimicrobial agent is detected, the
inhibition zone of the microorganism growth is formed [41]. The absence of bioactivity of C.
longirostrata branch extract in TLC could be due to photo-oxidation or to a very little amount of
the active compound [26]. It is also possible that it is due to synergism or additive interactions of
extract phytocompounds [42]. The different of bioactivity with C. longirostrata root extract (ECR)
is that with its separated compounds antifungal activity could take place because of the presence
of compound(s) such as phenolic acids, cyclopropane-carboxylic acid, 2-isopropoxyphenyl ester,
1-bromo-2.3,3-trifluorocyclopropene, vanillin [43] and acetophenone that inhibit the growth of fungi.

5. Conclusions

The application of C. longirostrata branch extract showed a positive effect in reducing the progress
of the disease caused by F. verticillioides in maize, mainly on incidence in the root. Its activity can be
attributed to the aromatic compounds containing radicals OH and SH, these could act in synergy or
additive interactions to inhibit pathogen enzymes or activate defense mechanisms in plants.
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