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Abstract: Phaseolus vulgaris is the most legume cultivated in the world; in Mexico, it is considered the
second most important crop after corn. The aim of this research was to determine the characteristics
of Xanthomonas campestris strain “Xcf1-APJR” isolated from the leaves of bean crops, and determine
the antimicrobial activity of cinnabarin on this strain. Bacterial cultures were obtained from leaves
with necrotic leaf spot symptoms of bean plant variety “Flor de Mayo M38” in Puebla, Mexico. The
antimicrobial activity of cinnabarin was tested at 7, 14 and 21 days on X. campestris pv. campestris.
The Xcf1-APJR strain showed 100% identity with X. campestris pv. campestris as a causal agent of
necrotic leaf spot. Treatment with a potato dextrose medium with a dehydrated sugar cane (PDA+C)
showed a higher orange pigmentation than the other treatments after 7, 14 and 21 days of incubation
and a higher concentration of cinnabarin (54.33 InU/g) with in vitro antimicrobial activity against X.
campestris pv. campestris.
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1. Introduction

Beans (Phaseolus vulgaris L.) are the most important legume harvested around the
world [1]. The global production of beans in 2019 was 28,974,968 tons, with Myanmar being
the main producer, with 5,849,622 tons, followed by India with 5,310,000 tons and Brazil
with 2,906,508 tons. Mexico occupies the eighth place, with a production of 879,404 tons [2].
Within Mexico, Puebla State contributes 28,300 tons over 44,541 hectares [3].

Bacterial blight is the most common disease affecting bean crops. This disease is caused
by Xanthomonas and causes significant losses globally [4]. X. campestris pv. phaseoli (Smith),
has a high incidence in bean crops and is the fourth most important phytopathogen of this
crop. The losses caused by this bacterium vary between 10% and 40% of yield according to
the cultivation cycle, climatic conditions, bean variety and bacterial proliferation [5].

In Mexico, bacterial blight can be controlled using chemicals and biological alterna-
tives [6,7]. Agrochemicals help to obtain a higher production, but their excessive use is
not recommended because of known side effects. Therefore, the use of new alternatives
for disease management may be contemplated [8]. In this context, biological control is
considered one of most efficient and ecologically acceptable practices for the development
of agroecology [9].

Fungi possess a broad spectrum of antibiotics, enzymes and dyes. Genus Pycnoporus
is representative of homobasidiomycetes, which has a great lignocellulosic potential. The
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species of the genus Pycnoporus produce pigments and have biotechnological potential
because of their lignocellulytic capacity and because they produce laccases, tyrosinases,
cellobiose dehydrogenases, quinases, invertases and xylases. There is a growing search for
antiviral, antioxidant, antifungal and antibacterial compounds in secondary metabolites
of this fungus. The red-orange pigments of basidiomata are principally derived from
oxidation of 3-hydroxyanthranilic, such as cinnabarinic acid and cinnabarin [10].

Cinnabarin is an orange pigment, which belongs to the phenoxazine group, with
chemical formula 2-amino-9-formylphenoxazone-1-carboxylic acid (CH,OH-COOH-NHo).
It can be produced in vitro in solid or liquid media or in vivo with the production of ba-
sidiocarps [10]. This anthraquinone exhibits antimicrobial activity against Bacillus cereus,
Enterococcus faecalis, Enteroccocus faecium, Escherichia coli, Klebsiela pneumoniae, Lissteria
measureneroides, Lactobacillus plantarum, Pseudomonas aeruginosa, Salmonella sp. and Staphylo-
coccus aureus [11]. The production of this antibiotic occurs at days 18-22 of fungal growth.
Synthesis of cinnabarin is increased at a slightly alkaline pH (6.0) and 28 °C [12].

In the summer of 2019, necrotic V-shaped lesions and necrotic leaf spots were observed
on margins of the leaves, surrounded by yellowing, in bean crop var. “Flor de Mayo M38”
from San Diego Ecatepec-Amozoc, Puebla, Mexico. These symptoms were observed in
40% of the crops. Therefore, the objectives of this work were to identify the causal agent of
this disease and to determine the in vitro antimicrobial activity of cinnabarin on the causal
agent found.

2. Materials and Methods
2.1. Isolation of Causal Agent of Bacterial Blight

The sampling was carried out on 50 plants of Phaseolus vulgaris (var. “Flor de Mayo
M38”) showing symptoms of Xanthomonas sp. (bacterial blight) in San Diego Ecatepec,
Amozoc, Puebla, Mexico (19°02/46.6” N 98°05'15.6” W). Necrotic leaves with irregular leaf
spots, surrounded by yellowing and chlorosis, were collected during the months of May
to September 2019. The geographical area in which the samples were obtained presented
weather (cwb) with an average annual rainfall of 1500 mm and an altitude of 2320 masl [13].
The samples were kept in plastic bags and transported at 4 °C to the laboratory.

Small pieces of tissue (1 cm?) were disinfected with 1% sodium hypochlorite for 3 min
and washed with sterile distilled water. The isolation was done by means of direct seeding
of the affected tissue in innutritious agar (peptone 5 g/L, meat extract 4 g/L, agar 15 g/L),
seeding four pieces per Petri dish (90 x 15 mm). These were sealed and incubated to 36 °C
for 72 h. Subsequently, bacterial transfers were made to obtain pure colonies and were
subjected to Gram staining [6]. Only the Gram (-) isolates were purified in YDC medium
(agar, yeast extract, dextrose and calcium carbonate) and BK (Middlebrook) at 36 °C for
48 h. Preliminary identification was carried out using the morphological characteristics
of the colonies and biochemical characterization [14]. The samples were preserved in
20% glycerol.

2.2. Molecular Identification

The most common bacterial strain was designated as Xcf1-APJR. The extraction of
DNA was performed with the Zymocleantm Gel-DNA Recovery Kit (Zymo Research, Irvine,
CA, USA) following the manufacturer’s instructions. The DNA was resuspended in 100 pL
HPLC water, to be immediately quantified by spectrophotometry (Nanodrop 2000 C, Thermo
Scientific, Waltham, MA, USA) at Ajgo/280 and Apzg 260 Nm. Afterward, the genetic material
was diluted to a final concentration of 20 ng mL~! and used as a template for PCR reactions.
The sequence used the universal primers 518F (5 CCAGCAGCCGCGGTAATACG3') and
800R (5 TACCAGGGTATCTAATCC-3') to amplify the gen 16S rDNA partial [15].

The PCR test was prepared for a volume of 25 uL !, using 5 uL~! of buffer 5x,
2.5 uL.=! of DNTPs, 2.0 uL.~! of Primers 518F, 2.0 uL.~! of Primers 800R, 0.5 uL.~! of Taq
polymerase (5U), 3 uL~! of DNA and 10 uL~! of sterile deionized water. Amplification
was carried out in a Peltier DNA thermos (PTC-200, BIO-RAD). The PCR conditions were
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as follows: initial denaturation at 95 °C for 2 min, followed by 35 cycles at 95 °C for 2 min,
59 °C for 1 min, and 72 °C for 1.5 min. Final elongation was at 72 °C for 5 min. The PCR
products were verified on 2% agarose gel electrophoresis (Seakem, Invitrogen, Carlsbad,
CA, USA) and stained with 10,000 x Gel-Red (Biotium, Fremont, CA, USA). Finally, PCR
products were cleaned with ExoSAP-IT (Affymetrix, Santa Clara, CA, USA). The fraction
was individually sequenced using the BigDye Terminator v3.1 Cycle Sequencing Kit (Ap-
pliedBiosystems, Carlsbad, CA, USA) on a 3130 Genetic Analyzer Sequencer (Applied
Biosystems, Carlsbad, CA, USA) in facilities at the Mexico Postgraduate College. Sequences
were assembled and edited using SeqMan (DNAStar, Madison, WI, USA) and compared
with nonredundant sequences in GenBank™ using the Blast algorithm.

The identification of the pathovar of the Xcf1-APJR strain was carried out using
serological characteristics, through a complete commercial kit (LOEWE Biochemica GmbH,
Sauerlach, Germany). Double sandwich enzyme-linked immunosorbent assays (DAS-
ELISA) of antibodies specific for X. campestris pv. campestris were carried out in triplicate
according to the manufacturer’s instructions. Absorbance results at 405 nm were read
4 h after addition of the substrate, using an automatic ELISA reader for serological plates
(Universal Microplate Reader ELx800 BioTek Instruments, Winooski, VT, USA). Readings
were normalized to R-values (OD-sample/OD-negative control). R = 2.0 was used as a
threshold to distinguish a positive response from a negative response for the three samples
tested, with an average of two replicates (two wells) for this study [16].

2.3. In Vitro Pathogenicity Tests

The pathogenicity test was carried out on 50 healthy bean plants of “Flor de Mayo
M38” variety. Bacterial growth of 48 h in YDC medium was used at 28 °C to prepare the
bacterial suspension (108 CFU mL ). The first two lower leaves of 30-day-old plants were
inoculated by sprinkling. Ten plants sprayed with sterile distilled water were used as a
negative control; they were kept for 20 days in a greenhouse at 18-26 °C and a relative
humidity of 60%.

After 14 days post-inoculation, the plants showing symptoms of disease were used
to the re-isolate the causal agent of bacterial blight. The morphology, partial sequence,
and polyclonal-specific identification of Xcf1-APJR strain were carried out as described in
Section 2.2 in order to complete Koch’s postulates [17].

2.4. Production and Synthesis of Cinnabarin from Pycnoporus sanguineus

To produce cinnabarin, the CP-MaPs strain was grown in potato dextrose agar medium
with dehydrated papaya (PDA+P), potato dextrose agar medium with glucose (PDA+G)
and potato dextrose agar medium with dehydrated sugar cane (PDA+C). These culture
media were prepared in a ratio of 3:1 (v/v). In addition, potato dextrose agar (PDA)
culture medium was established as a control group. Sterile cellophane membranes (4.25 cm
diameter) were placed on top of each culture medium. Later, 5 mm agar fragments were
inoculated with 10-day-old P. sanguineus mycelium and incubated in the dark at 28 + 2 °C
for 7, 14 and 21 days. Radial growth was measured every 12 h to estimate growth velocity
(cm), which was calculated as previously reported (cm d 1) [18]. The experiments were
carried out in triplicate.

After the incubation times, the cellophane membranes containing mycelium were
removed to calculate the fungal biomass by weight difference, using a convection air oven
at 105 °C for 2 h. The dry weight was expressed in mg box ! [19]. The dried mycelium was
triturated with 10 mL of ethyl acetate to extract cinnabarin in a 500 mL Erlenmeyer flask to
a final volume of 50 mL. Subsequently, the flask was placed under continuous shaking at
1000 rpm for 24 h. The ethyl acetate fraction was filtered using Whatman No. 4 paper and
subsequently concentrated on a Biichi rotary evaporator (461) at 75 °C [20]. Finally, the
crude extract was weighed and stored in amber bottles.
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2.5. Purification of Cinnabarin

The quantification of cinnabarin in the crude extract was carried out using the agar
diffusion method described by Smania et al. [21]. In addition, the dissolved biomass of
each treatment was calculated based on Equation (1) [22], as follows:

Biomass Dissolved (mg mL 1) = Initial weight — Final weight )
To determine the efficiency of the extracts, Equation (2) was used:
Efficiency (%) = (BD/Initial sample weight (mg mL™1)) x 100 2)

Finally, cinnabarin synthesis was indirectly determined by the agar diffusion method,
where in cinnabarin concentration in each treatment was estimated by the formula Y = AX + B;
where (Y) corresponds to the diameter of the zone of inhibition (mm), (AX) is equivalent to
the logarithm of the amount of cinnabarin concentrate (InU/g) in ethyl acetate extract that
produced an inhibition equivalent to 1 mg of cinnabarin [20] and (B) represents different
treatments. The experiments were carried out in triplicate.

2.6. Antimicrobial Activity

For the antimicrobial activity test, the agar disc diffusion technique was used, with
7 mm diameter discs of sterilized filter paper [23]. These discs were impregnated with a
5 pL aliquot of previously prepared cinnabarin. The impregnated discs were air dried in a
sterile environment.

The inoculum of X. campestris pv campestris strain Xcf1-APJR was prepared in 10 mL
sterile yeast broth (YS) incubated at 36 & 2 °C for 24 h. Subsequently the inoculum was
adjusted using the McFarland scale (1.5 x 108 CFU mL™1!) [24].

Finally, 0.1 mL of the inoculum was spread at a concentration of 1 x 108 CFU mL~! in
Petri dishes containing Mueller Hinton Agar (20 g of MH and 17 g of agar) in triplicate.
The cinnabarin-impregnated discs were placed inside Petri dishes, and a negative control
disc (sterile water solution) and a positive control disc (streptomycin 225 mg L) were
included and incubated at 36 £ 2 °C for 48 h.

The diameter of the inhibition zone was measured with a digital Vernier (CD-6 Mi-
tutoyo) and expressed in millimeters. The percentage of inhibition caused by cinnabarin
was analyzed using Equations (3) and (4) [25], classifying the pure extract of cinnabarin
according to Cormican and Pfaller [26] (Equations (3) and (4)):

Growth (%) = (Inhibition Zone (mm)/Negative Control (mm)) x 100 3)
Inhibition of Growth (%) = 100 — Growth (%) 4)

2.7. Statistical Analysis

A randomized experimental design was used in triplicate with a 4 x 3 x 1 factorial
arrangement, where the variable factors were culture medium with four levels (PDA,
PDA+G, PDA+C, PDA+P), incubation time (7, 14 and 21 days) and a the Xcf1-APJR strain.
The data were subjected to the Bartlett homogeneity test. The inhibition of bacterial growth
and the efficiency of the extract were expressed as percentages and were transformed
with /x + 1 angular arccosine. The growth speed, dissolved biomass, area of inhibition
and synthesis of cinnabarin were analyzed by ANOVA and the Tukey-Kramer-HSD mean
comparison test with a significance level of 0.05, using the software SPSS Statistics version
17 for Windows.
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3. Results
3.1. Isolation, Characterization and Identification of the Causative Agent of Bacterial Blight

Ten representative isolates of 50 different plants developed yellow bacterial colonies in
YDC medium, with convex elevations containing whole edges and mucoid appearance; the
isolated “Xcf1-APJR” was the most representative of all the samples analyzed (Figure 1a).

10 pum

Figure 1. Characterization of the Xcf1-APJR strain: (a) Morphology of yellow colonies, with a smooth,
luminous and butyrous appearance in medium culture YDC with 10 days of growth; (b) negative
gram bacilli (60x).

Xcf1-APJR strain grew at 36 £ 2 °C, and the production of oxygen after inoculation
with hydrogen peroxide clearly indicated a catalase-positive result, whereas the Kovac’s
oxidase test was negative. Furthermore, the bacterium did not reduce nitrates to nitrite and
was unable to grow in casamino acid-peptone-glucose (CPG) medium with 0.1% tetrazol
trifenyl chloride. The KOH solubility test and gram staining confirmed its gram-negative
condition (Figure 1b).

The amplification of 165 rDNA gene region showed a product of 1,418 bp, which
presented 100% identity with X. campestris pv. campestris (ID: NZ_AP019684.1) in the Gen
Bank nucleotide database of the National Center for Biotechnology Information. This
sequence was deposited in the same database, with the accession number MT645246; it is
attached as supplementary information (Supplementary Sequence S1).

Finally, the indirect DAS-ELISA test, performed on a microtiter plate, confirmed the
identity of the Xcf1-APJR strain by positively reacting with the specific antibodies for X.
campestris pv campestris. Absorbance values for OD (n = 6) of Ag 429 were obtained, while
absorbance of OD-negative control (n = 6) was Ag172. The result for normalization of
R =2.44 £ 1.02 for a bacterial suspension of 2.5 x 10” CFU/mL.

3.2. Pathogenicity Tests

Koch’s postulates confirmed that Xcf1-APJR strain produced typical symptoms of
bacterial blight at five days after inoculation. In addition, hypersensitivity was observed
at 24 h. Necrotic spots 10 mm in diameter surrounded by a chlorotic halo were observed
(Figure 2a). Brown lesions on young leaves with watery appearance and evidence of
necrosis were also recorded. Wilted seedlings showed necrosis at 14 days after post-
inoculation, as shown in Figure 2b. No symptoms were observed in the control group.



Appl. Sci. 2021, 11, 5391

6 of 13

Figure 2. Pathogenicity tests with strain Xcf1-APJR: (a) Leaf of P. vulgaris with necrotic foliar stain
and chlorotic halo at 7 days after inoculation; (b) wilting and total necrosis of foliar tissue at 14 days;
(c) control group without symptoms.

Koch’s postulates were confirmed by the re-insulation of the Xcf2-APJR strain, which
presented the same colony morphology described above. Using PCR of repetitive sequence
and with the access number (MT645261) in the gene bank, it was possible to confirm the
identity of re-isolation of the original strain (Supplementary Sequence S1).

3.3. Evaluation of Synthesis of Cinnabarin from Pycnoporus sanguineus

In all treatments, the hyphal growth of the CP-MaPs strain covered Petri dishes at
7 days after sowing. The texture of the colonies varied from cotton to velvety, presenting
aerial mycelium in Figure 3(al). The color of the strain changed from white to an intense
orange at 7, 14 and 21 days after sowing (Figure 3). Interestingly, the diameter of the
colonies had statistically significant differences (p < 0.001). PDA+C treatment presented
the best growth rate of 0.4666 + 1.33 cm d ! and the highest pigmentation at 21 days (see
Figure 3(d3)) as well as the greatest amount of fungal biomass (54.60 + 10.2 mg box ).
PDA+P presented a growth rate of 0.4333 + 0.43 cm d ! and a biomass of 49.45 4 11.9 mg
box 1, while PDA treatment was the least effective (Table 1).

Figure 3. Development of strain CP-MaPs (P. sanguineus) and production of biomass: (al-a3) = Control; (b1-b3) = PDA+C;
(c1-c3) = PDA+G; (d1-d3) = PDA+P; (al,b1,c1,d1) = incubation at 7 days; (a2,b2,c2,d2) = incubation at 14 days; (a3,b3,c3,d3)

= incubation at 21 days.
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Table 1. Radial growth, specific growth rate and biomass obtained at 7 days of incubation for
P. sanguineus.

Strain Treatment Growth Growth Speed Biomass
(mm) * (cmd-1)* (mg box~1) *
PDA (Control) 60.90 + 0.82 d 0.3625 +1.20 ¢ 4412+ 754
P, sanguineus PDA+C 78.41 + 1.452 0.4666 + 1.33 2 54.60 + 1022
PDA+P 72.85 + 0.75b 0.4333 + 043P 4945 +119¢
PDA+G 68.67 +1.25¢ 0.4083 +1.52P 51.72 + 8.6b

* Media followed by the same letter does not present statistically significant differences (p < 0.05) according to
Tukey’s test.

After the evaluation period (7, 14 and 21 days), it was found that the production of
cinnabarin showed statistically significant differences (p < 0.001) among culture media
(Table 2). The efficiency of the extract, understood as the relationship between the dry
weight of the extract and the dry weight of the biomass, was not the same for the different
treatments (PDA+G had a better performance, with 8.54% and the largest amount of
dissolved biomass (0.013179 g)). However, fungal growth was not related to the increase of
cinnabarin.

Table 2. Biomass dissolved, efficiency of the extract and zone of inhibition of effect of cinnabarin on X. campestris
pv. campestris.

. Biomass Dissolved Efficiency of the Inhibition Area
Strain Treatment (Days) (g * Extract (%) * (mm) *
7d 0.001080 £ 0.07 g © 2.45 4+ 0.15% 8.13+0.11 mm
PDA 14d 0.001654 + 0.01 g © 3.03 £ 0.19% ¢ 9.51 + 1.04 mm &hi
(Control) 21d 0001357 £0.09g°¢  274+017%9 1114+ 1.02mm'®
7d 0.001484 + 0.01 g © 2.87 +0.18% ¢ 11.74 + 0.22 mm ©f
PDA+P 14d 0.005344 £+ 0.03 g ¢ 5.44 +0.35%© 13.33 4 2.68 mm 9¢
21d 0.009181 +0.06bg ¢  7.13 + 0.46% 2b¢ 15.62 + 0.91 mm b¢
7d 0.006735 + 0.04 g «d 6.11 4 0.39% Pc 13.03 4 1.28 mm ¢
PDA+C 14d 0.007481 £ 0.05g 4 6.44 £ 0.41% 1431 + 0.38 mm <
CP-MaP *
: 21d 0.007493 + 0.05 g °d 6.44 + 0.41% bc 16.58 + 1.26 mm P
(P. sanguineus)
7d 0.013179 + 0.00 g 8.54 + 0.55% 2 9.16 £ 1.38 mm "
PDA+G 14d 0.008639 +0.06bg ¢  6.92 +0.45% 2> 10.24 4 0.15 mm f8hi
21d 0.010635 + 0.07 g P 7.68 + 0.49% 2P 11.02 + 1.72 mm f8
7d
Co(rlt)r ol 14d - - 0.00 mm J
21d
7d
Control 14d - - 25.02 + 0.91mm
) 21d

* Means with different letter indicate statistically significant differences (p < 0.05) by Tukey’s test.

The Medium PDA+C presented the largest inhibition area in 21 days, with
16.58 & 1.26 mm, followed by the medium PDA+P (15.62 & 0.91 mm). The PDA treatment
presented the lowest area of inhibition at 7, 14 and 21 days.

According to ANOVA, the addition of dehydrated papaya, dehydrated sugarcane
and glucose to the culture medium PDA (3:1 v/v) affected the synthesis of cinnabarin
(F=79.07; p < 0.001). In this context, the mycelium of P. sanguineus from the PDA+C
treatment showed an orange coloration that was clearly stronger than the other treatments
at 21 days of growth.

The PDA+C treatment had the highest yield of cinnabarin (54.33 InU/g), with statisti-
cally significant differences (p < 0.0001), followed by the PDA+P treatment at 51.13 (InU/g).
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The PDA (Control) treatment presented the lowest cinnabarin yield at 7, 14 and 21 days,
with 26.10, 30.51 and 36.15 InU/g, respectively (Figure 4).

B 7 d (PDA-Control)
B 7 d (PDA+P)
17 d (PDA+C)
7 d (PDA+G)
M 14 d (PDA-Control)
M 14 d (PDA+P)
W 14 d (PDA+C)
N 14 d (PDA+G)
M 21 d (PDA-Control)
W21 d (PDA+P)
W 21 d (PDA+C)
M 21 d (PDA+G)

T T
7d 14d 21d
Treatments

Figure 4. Synthesis of cinnabarin from P. sanguineus in different media at 7, 14 and 21 days. InU = G Inhibitory unit =
Quantity (mg) that gives an inhibition equivalent to 1 mg of cinnabarin by diffusion assay (Smania et al., 1997). Media
followed by the same letter does not present statistically significant differences (p < 0.05) by Tukey’s test.

3.4. Antimicrobial Activity In Vitro

Antimicrobial activity of cinnabarin in different media assayed is shown in Table 2
and Figure 5. Statistically significant differences (p < 0.001) were found among inhibition
zones for the growth of X. campestris pv. campestris. The medium PDA+C produced
16.58 + 1.26 mm, whereas the PDA Control generated 8.13 £ 0.11 mm after 48 h.

Figure 5. (A) Inhibition zone (mm) of X. campestris pv. campestris by the effect of cinnabarin in PDA+C
at7 (a), 14 (b) and 21 (c) days; (B) negative controls (d and e) and PDA+P at 21 days (f); (C) negative
controls (g and h) and positive control (i) at 48 h.

The results of ANOVA revealed that the cinnabarin produced by P. sanguineus gener-
ated a statistically significant inhibition on the growth of X. campestris pv. campestris. The
medium PDA+C presented the highest percentage of inhibition (73.69%) at 48 h (Figure 6),
followed by PDA+P treatment with 69.43%, and PDA treatment with 36.14%, at day 7.
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Control positive

Control negative
21 d (PDA+G)

14 d (PDA+G)

7 d (PDA+G)

21 d (PDA+C)
14 d (PDA+C)

Treatments

7 d (PDA+C)
21 d (PDA+P)
14 d (PDA+P)

7 d (PDA+P)

21 d (PDA)

Inhibition area
- 30 to 79%
Slightly toxic
(OILB-USA)[26]

14 d (PDA)

7d (PDA)

=

A

E
-
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HHH

20 40 60 80 100
Inhibition of growth (%)

Figure 6. Percentage of inhibition for the growth of X. campestris pv. campestris due to the effect of cinnabarin from P.
sanguineus in different media at 7, 14 and 21 days.

4. Discussion

According to the morphological characteristics corresponding to the genus Xan-
thomona, it was confirmed that Xcf1-APJR strain is within this bacterial genus. [27]. Schaad
et al. [27] indicated that Xanthomona, is represented by mocoid colonies, which are convex
and bright in NGA. The growth of the isolate in YDC confirmed the presence of the yellow
colonies of Xanthomonas. [28]

The sequence of rDNA 16S gene region of the Xcf1-APJR strain showed 100% identity
with X. campestris pv. campestris (ID: NZ_AP019684) [29,30]. Likewise, the serological
method endorsed the identification of strain Xcf1-APJR as X. campestris pv. campestris, [27].
The pathogenicity test revealed similar results to those already reported by Duveiller
et al. [28] for X. campestris. The typical symptoms emerged five days post-inoculation, and
hypersensitivity was observed 24 h after inoculation.

The wet necrotic spots surrounded by a chlorotic halo in the leaves showed the
beginning of necrosis at the tissue level, which presented in the same incubation period
reported by Botero et al. [31]. The necrotic foliar stain with chlorotic halo, on the margins
of the leaf, was also reported by Pinto et al. [32], who observed this symptom on mature
leaves of Passiflora edulis at five days post-inoculation.

After the assessment of pathogenicity tests with the re-isolated Xcf2-APJR strain,
Koch’s confirmed this bacterium as the causal agent of bacterial blight. Popovi¢ et al. [33]
first reported on X. campestris pv. campestris as the causal agent of black rot in rapeseed
(Brassica napus) in Serbia. As far as we know, this is the first report of this pathogen causing
black leaf rot in P. vulgaris in variety “Flor de Mayo M38” in Puebla, Mexico.

The growth of the CP-MaPs strain was completed at day 7 in all the treatments. This
result differed from that reported by Baumer et al. [34]. The morphology of the colonies
coincided with that reported by Papinutti [35] for P. sanguineus, which showed aerated and
velvety orange mycelium at 29 days post-inoculation.

Baumer et al. [34] reported growth rates of 5.6 and 7.14 mm/day for wild strains of
P. sanguineus (MIP20001 and MIP95002, respectively) isolated from Santa Catarina, Brazil.
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Acosta and Villegas [36] reported a growth rate of 9.9 mm/day, which was greater than
that reported in the present investigation.

It has been shown that the production of biomass is not related to the production of sec-
ondary metabolites with antimicrobial activity [34]. The secondary metabolites produced
by the genus Pycnoporus depend on the species and culture conditions assayed [10,34]. Af-
ter the evaluation period (21 days), it was observed that dissolved biomass, efficiency of the
extract and zone of inhibition were important to evaluate the concentration of cinnabarin
in the different media.

The production of natural pigments by fungi has recently gained ground in the field of
biotechnology. The variety of secondary metabolites produced by fungi could be associated
with their incapacity to synthesize macromolecules from carbon dioxide or light energy,
since they do not contain chlorophyll. Therefore, their survival depends on environmental
conditions and the substrate where they develop [37]. Cruz-Muiios [38] obtained 0.8501 g
of dissolved biomass, which was higher than reported herein.

The results did not show a clear tendency, since the best conditions for the CP-MaPs
strain of P. sanguineus were media enriched with dehydrated papaya, dehydrated sugarcane
and glucose. According to Smania et al. [22], the strain of P. sanguineus MIP 89007 had a
higher concentration of pigments at 20 days of incubation.

The addition of dehydrated papaya, dehydrated sugar cane and glucose (3:1 v/v) to
the culture medium affected the synthesis of cinnabarin. The resulting mycelium of the
PDA+C treatment showed an orange coloration that was clearly more prominent than
observed in other treatments. This in vitro production of cinnabarin may be a response to
the pressure of abiotic factors such as nutrient availability, temperature and space. The
variation of nutrients and incubation conditions are used as a strategy to enhance the
synthesis of secondary metabolites. It has been reported that the best growth conditions
are not directly related to the production of cinnabarin [39].

The evaluation of the antimicrobial activity of cinnabarin from P. sanguineus on
X. campestris (Xcf1-AP]R strain) represents a new source for the obtainment of new molecules
able to control bacterial blight [40]. Little is known about the antimicrobial activity of P. san-
guineus extracts against phytopathogenic bacteria. However, Toillier et al. [41] reported
that the extract of P. sanguineus exerted around 20% growth inhibition on X. axonopodis pv.
phaseoli. This result was less effective than that obtained in the present investigation.

The antimicrobial activity of P. sanguineus was documented by Bose [42], who isolated
polyporine, an active compound against Gram negative bacteria. Studies performed by
Smania et al. [22] demonstrated that cinnabarin produced by P. sanguineus had activity
against Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, Salmonella typhi and
Staphylococcus aureus. According to this work, cinnabarin was more effective for the control
of Gram (+) than for Gram (-). According to Rosa et al. [43] extracts from P. sanguineus
strain CCB277 inhibited the growth of C. krusei, L. monocytogenes and S. aureus.

Obtaining, isolating and purifying compounds with antimicrobial activity from the
fermentation of filamentous fungi is a widely used methodology under various conditions
and objectives. Likewise, antimicrobial activity tests reflect the genetic capacity and
vulnerability of the tested organism; however, they are considered to evaluate the activity
of the compound under field conditions [44]. Leon [45] reported a reduction in the severity
of the angular spots in beans after spraying the foliar surface with filtrates of P. sanguineus.
In addition, there is an advantage when cultivating P. sanguineus in Petri dishes, since the
time of obtaining cinnabarin varies between 7 and 21 days, compared to the fungus growth
cycle in solid substrate, which lasts 242 days [46].

5. Conclusions

X. campestris pv. campestris (ID: MT645246 and MT645261) was identified as the causal
agent of bacterial blight in bean crop variety “Flor de Mayo M38” from San Diego Ecatepec,
Amozoc, Puebla, Mexico. The growth of P. sanguineus in different media showed that
the treatments enriched with dehydrated papaya, dehydrated sugarcane and glucose (3:1
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v/v) presented a better production of cinnabarin after 7, 14 and 21 days of incubation.
Cinnabarin had antibacterial activity against X. campestris pv. campestris in vitro.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/app11125391/s1, Sequence S1: Gen 165 rDNA partial sequencing, using universals primers
518F and 800R for Xanthomonas campestris pv. campestris (Xcf1-APJR and Xcf2-APJR strains) previously
deposited at nucleotide databank of National Center for Biotechnology Information (ID: MT645246
and MT645261).
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