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Abstract

Background: Fusarium sp. and Rhizoctonia sp. fungi have been always threats to short-term crops. In Vietnam, corn and soybean
suffer serious losses annually. Therefore, it is necessary to utilize an environmentally friendly antifungal compound that is highly
effective against phytopathogenic fungi. Pseudomonas sp. is a popular soil bacterial strain and well known for its high antifungal
activity.

Objectives: This study was carried out to evaluate and assess the antifungal activity of a local bacterial strain namely DA3.1 that was
later identified as Pseudomonas aeruginosa. This would be strong scientific evidence to develop an environmentally friendly biocide
from a local microorganism strain for commercial use.

Methods: The antifungal compound was purified from ethyl acetate extraction of deproteinized cell culture broth by a silica gel
column (CH,Cl,/MeOH (0% -10% MeOH)). The purity of the isolated compound was determined by HPLC, and its molecular structure
was elucidated using spectroscopic experiments including one-dimensional (1D) ("H NMR, *C NMR, DEPT) and two-dimensional (2D)
(HMBC and HSQC) spectra. The activity of the purified compound against Fusarium sp. and Rhizoctonia sp. fungi was measured using
the PDA-disk diffusion method, and its growth-promoting ability was evaluated using the seed germination test of corn and soybean.
Results: The results showed that the antifungal compound produced by Pseudomonas aeruginosa DA3.1 had a retention factor (Rf) of
0.86 on thin layer chromatography (TLC). Based on the evidence of spectral data including proton nuclear magnetic resonance (‘"H
NMR), carbon nuclear magnetic resonance (*C NMR), distortionless enhancement by polarization transfer (DEPT), heteronuclear
multiple bond correlation (HMBC), and heteronuclear single quantum coherence (HSQC), the chemical structure was elucidated
as phenazine-1-carboxylic. The purified compound showed inhibitory activity against F. oxysporum and R. solani and exhibited the
ability of the germination of corn and soybean seeds. The results revealed the benefit of native P. aeruginosa DA3.1 and phenazine-1-
carboxylic acid for use as a biocontrol agent, as well as a plant growth promoter.

Conclusions: The antifungal compound isolated from local Pseudomonas DA3.1 was identified as phenazine-1-carboxylic acid that
posed high antifungal activity and was a plant germination booster.
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1. Background

The past decades have witnessed a huge effort of
mankind shifting from traditional agriculture to a sustain-
able model. The dramatic movement aims to protect the
environment, expand natural resource bases, and main-
tain and improve soil fertility. Biological control is con-
sidered the most important method for sustainable cul-
tivation by utilizing the advantages of biocides. It cuts
down the dependence on synthetic pesticides, lessens the
adverse environmental impacts, and enhances farmers’

safety, along with preserving the economic viability of crop
production (1, 2). In the latter half of the seventies, Pseu-
domonas spp. were recognized as biocontrol and plant
growth promoters (3, 4). Documents have emphasized sev-
eral antibiotics developed by the strains of Pseudomonas
such as phenazine (5, 6), 2,4-diacetylphloroglucinol (7),
pyrrolnitrin (8), pyoluteorin (9), and siderophore (10) and
their main functions are to control a variety of plant
infection-causing fungi (11).
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2. Objectives

In this study, we investigated a newly isolated microor-
ganism, DA3.1, from Vietnam soil. The secondary metabo-
lites were purified, identified, and evaluated for growth
promotion and antifungal activity against R. solani and F.
oxysporum through the ability of the germination of corn
and soybean seeds.

3. Methods

3.1. Microorganisms

R. solani and F. oxysporum strains were provided by the
Plant Diseases Division of the Institute of Plant Protection,
Tu Liem, Hanoi, Vietnam. Besides, DA3.1was isolated from a
soil sample in Vietnam. The isolation method was adopted
from a previous study (12). Accordingly, a mycelial plug
aged four days of F. oxysporum and R. solani was put in the
center of a PDA plate. At the same time, the microorgan-
isms were streaked in one line separately at different cor-
ners of the plate and incubated for five days. The strain
had antifungal activity and showed no growth of fungal
mycelia near the microorganism colonies. In the next step,
the microorganism was identified as Pseudomonas aerugi-
nosa by the partial sequencing of 16S rRNA (GenBank code
no.: JN592444.1).

3.2. Culture Conditions

Pseudomonas aeruginosa DA3.1 was grown in a1000 mL
flask with 250 ml BDT medium at pH = 7.5 containing 10 g
soybean extract, 10 g glucose, 0.5 g MgsO,, 0.5 g KH,PO,,
and 5 g NaCl. The inoculated flasks were incubated on a ro-
tary shaker at 150 rpm for five days at 30°C.

3.3. Determination of Antifungal Activity of Extracellular Ex-
tracts

Various ratios of cultured broth were applied to the
PDA plates at 55°C, mixed well, and poured into Petri dishes
(90 mm x 15 mm). The crude supernatants’ final concen-
trations were 5, 10, 20, and 50%. Finally, a mycelial plug
(0.5 cm diameter) aged four days of R. solani or F. oxyspo-
rum was placed in the center of each PDA plate and incu-
bated for five days at 30°C. The PDA plates without extra-
cellular extracts served as negative controls. The growth
of R. solani and F. oxysporum was determined by measur-
ing the mycelium diameter. The inhibitory activity was
calculated using the following formula: 1(%) = [(Scontrol -
Ssamples)/Scontrol] X 100, where Swas the area occupied by
the mycelium on PDA plates with and without supplement-
ing crude extract of samples and control, respectively.

3.4. Purification of the Antifungal Compound

For this purpose, 100 mL of cell culture broth was cen-
trifuged at 12,000 rpm for 15 min. The supernatant was ex-
amined by HPLC and acidified with phosphoric acid adjust-
ing to pH=2.5. Next, the precipitated protein was removed
by centrifugation at 12,500 rpm for After the sample was
dried in vacuo by vaporation. The residue was dissolved in
absolute methanol in a ratio of 1:10 (w/vl). 4 ml of this sam-
ple was loaded to a silica gel column for purification. Next,
20 fractions of 1 mL each were collected at 20 min intervals.
The antifungal compounds were detected by TLC. To this
end, 10 L of samples were chromatographed on TLC plates
(Merck, Germany) with a solvent (chloroform:methanol;
7:3 (vljvl)). Then, they were sprayed with iodine. After pu-
rification, the fractions were mixed and evaporated at 40°C
in vacuo and crystallized.

3.5. Purity Determination of the Isolated Compound

For this purpose, HPLC was performed with an Agilent
Technologies 1200 series system with DAD-G1315D, Zorbax
extend C18 column (5 pum, 4.6 mm X 250 mm), linear-
gradient [2% - 98% (v/v)] of methanol in water, a sample
size of 5 1L, column temperature of 40°C, a flow rate of 0.5
mL/min, maximum UV absorption at 254 nm in methanol,
and running time of 80 min.

3.6. Identification of the Purified Compound

Spectroscopic experiments were carried out to eluci-
date the structure of the putative compound. The NMR
spectra were recorded by a Bruker Advance 500 MHz in-
strument (Bruker, Germany) using TMS as the internal
standard. The one-dimensional (1D) ("H NMR, 3C NMR,
DEPT) and two-dimensional (2D) (HMBC and HSQC) spectra
were used for the completed assignment.

3.7. Determination of Antifungal Activity of the Purified Com-
pound

The antifungal activity of the purified compound was
measured using the agar-disk diffusion method. First, a
mycelial plug from aged days of R. solani or F. oxysporum
was placed in the center of each PDA plate embedded with
0.1% ampicillin. Next, 15 pL of the purified compound was
dropped on a sterilized filter paper with 0.5 cm diameter
(Whatman paper no.: 3) and put onto the plate surface.
Negative control disks were soaked in absolute methanol.
These agar plates were then incubated for 3 - 5 days at 30°C
(Incubator, Sanyo, Japan), and then, the diameters of inhi-
bition zones around the disk thrice were measured.
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3.8. Evaluation of the Effects of the Purified Compound on Ger-
mination of Corn and Soybean Seeds

Good-quality seeds were sterilized with 5% NaOCI for
four minutes and washed with distilled water four times.
The effects of the purified compound on the germination
of corn and soybean seeds were evaluated at varying con-
centrations (5,10,15,20, and 25 pg/mL) and different treat-
ment times (15, 30, 45, 60, and 75 min). Seeds were trans-
ferred to a moisture paper (Whatman paper no.: 2) at 25°C
after they had been soaked with the purified compound
and positive control-PCA (Fluka) solutions. The germina-
tion rate, amount of roots, and length of sprouts were de-
termined. Controls were normal-dry seeds without PCA
treatment.

3.9. Statistical Analysis

All measurements were carried out in triplicate and
analyzed by IRRISTAT 4.0 software. The value that we pre-
sented in our figure is the mean of 3 replicated experi-
ments with standard deviation calculated by IRRISTAT 4.0
software.

4. Results

4.1. Antifungal Activity of the Extracellular Extracts of Pseu-
domonas aeruginosa DA3.1

Four different concentrations of P. aeruginosa DA3.1 ex-
tracellular extracts (5%, 10%, 20%, and 50%) were examined
for their antifungal activities against R. solani and F. oxys-
porum. The results (Figure 1) showed that the extracellu-
lar extracts of P. aeruginosa DA3.1 suppressed both fungal
pathogens. At the culture broth concentration of 50%, the
growth inhibition reached 51.2% and 94.1% for F. oxysporum
andR. solani, respectively. The crude supernatant exhibited
antifungal activity against the growth of phytopathogenic
fungi, which was the evidence of putative phenazine com-
pounds. This antifungal activity of the extracellular ex-
tracts of P. aeruginosa DA3.1 was confirmed by monitoring
the germination and growth of R. solani sclerotia. When R.
solani sclerotia were grown on the PDA medium contain-
ing 5% or10% crude supernatant, it was still able to induce
germination. However, the growth of sclerotia was inhib-
ited by more than 30% by 10% crude supernatant and over
97% by a concentration of 20%. It was almost completely
inhibited by a concentration of 50% (Figure 1).
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4.2. Purification and Identification of the Chemical Structure of
the Antifungal Compound

The antifungal compound was purified from extracel-
lular extracts of P. aeruginosa DA3.1 using the silica gel col-
umn as described above. The collected fractions confined
a single band on TLC, suggesting the uniformity of the
putative compounds with an Rf of about 0.86 (Figure 2).
The purified fractions were collected and elucidated to de-
termine the chemical formula. The putative compound
was obtained in the form of yellow crystals with a melting
point of 237°C - 239°C. The chemical structure of this com-
pound was further elucidated by 'H NMR and BC NMR spec-
troscopy, DEPT experiments, and various two-dimensional
NMR spectral studies, including HMBC and HSQC. In the
"H NMR spectrum, seven peaks in the region of 7.93 - 8.95
ppm were shown, indicating the presence of seven aro-
matic protons. The chemical shift of the carboxyl group ap-
peared at ¢ 15.41 ppm. There were 13 signals in the *C NMR
in the DEPT spectrum, including 12 peaks between 124.92
and 144.02 ppm, indicating the presence of 12 aromatic car-
bons. Among them, four carbon signals at § 139.8, 140.1,
143.4, and 144.1 ppm suggested that they were attached to
nitrogen atoms. The carboxylic acid carbon was observed
at 4 165.80 ppm.

The HSQC spectrum gave a correlation between the
carbons and their attached protons: H(2)/C(2), H(3)/C(3),
H(4)/C(4), H(6)/C(6), H(7)/C(7), H(8)/C(8),and H(9)/C(9). The
HMBC correlations are illustrated in Figure 3: from H-2 [0y
8.50 (dd, 7.0 Hz, 1.5 Hz)] to C-11 [0 165.9]/ C-3 (6¢ 137.4]/C-
4 [0¢ 135.1]; from H-3 [0y (8.22 - 8.49, m)] to C-2 [0 130.1]/
C-4 [6¢c 135.1] C-4a [dc 139.1]; from H-4 [6y 8.95 (dd, 8.7 Hz,
1.5 Hz)] to C-4a (0¢ 139.8)] C-2 [d¢ 130.1]; from H-9 [dy (7.93
- 8.02, m)| to C-9a [Jc 143.4]] C-8 [dc 130.2]] C-7 [d¢ 128.0];
and from H-6 [0y (7.93 - 8.02, m)] to C-5a [ 140.1]| C-8 [
130.2]. From the evidence mentioned above, the antifungal
compound was identified as phenazine-1-carboxylic acid
(Ci3HgN,0,). The signals of the putative antifungal com-
pound were matched with P. aeruginosa GC-B26 strain iso-
lated in Korea (Table 1) (13). All of the spectra had similar
values to those of PCA. The next experiments were carried
out to assess the antifungal activity of the antifungal com-
pound extracted from P. aeruginosa DA3.1.

The concentration of putative PCA in the supernatant
and the purity of isolated PCA were determined by the
HPLC method. Accordingly, a standard calibration was es-
tablished using different concentrations of PCA (Fluka): y
=90926.58349x + 30.65723 (Figure 4A), in which, y is the
area under peak, and x is the concentration of putative
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Figure 1. Inhibitory activity of extracellular extracts from Pseudomonas aeruginosa DA3.1 on the growth of Fusarium oxysporum (A) and Rhizoctonia solani (B)

Table 1. 'H NMR and >C NMR Data of the Purified Compound®

.

Atom Position dc dc On Su

1 124.9 125.2

2 130.1 130.5 8.50 (dd, 7.0,1.5) 8.57(dd, 7.0,1.5)
3 137.4 137.6 8.22-8.49 (m) 831-8.39 (m)
4 135.1 1353 8.95(dd, 8.7,1.5) 9.01(dd, 8.7,1.5)
4a 139.8 140.1

5a 140.1 140.3

6 1317 131.9 7.93-8.02 (m) 7.99-8.08 (m)
7 128.0 1282 8.22-8.49 (m) 8.31-8.39 (m)
8 130.2 130.3 8.22-8.49 (m) 8.31-8.39 (m)
9 1332 133.4 7.93-8.02 (m) 7.99-8.08 (m)
9a 143.4 143.6

10a 144.1 1443

11(-COOH) 165.9 166.1 15.41 15.61(m)

A'H NMR was recorded in CDCls, 500 MHz; >C NMR was recorded in CDCl;, 125 MHz; § ¢, 8 1;: >C NMR and 'H NMR data of PCA in CDCl; (13).

phenazine. The PCA concentration was calculated as 31
pgluL (Figure 4B), and the purity of PCA was verified as
93.8% (Figure 4C). From 100 mL of the initial supernatant,
the total PCA amount was calculated as 3.1 mg, followed by
purified PCA reaching 0.72 mg after flowing through the
chromatography column, making the purification efficacy
of PCA about 23.2%. The active antifungal component was
examined using the agar disk diffusion method. The re-
sults revealed that purified PCA suppressed the prolifera-
tion of both fungi. However, the inhibitory activity was
slightly higher against R. solani than against F. oxysporum
(Figure 5).

4.3. Effects of PCA on the Germination of Corn and Soybean
Seeds

To evaluate the effects of purified PCA on the germina-
tion of soybean and corn, the experiments were carried out
by soaking seeds in a solution of PCA at different concen-
trations for 30 min, as described earlier. Next, seeds were
placed on a moisture paper at room temperature and eval-
uated for the germination rate, length of sprouts, and ex-
tent of roots. The results showed that the germination ca-
pacity of corn seeds in all PCA-treated groups was higher
than that of the control group. The germination rates were
from 91.4% to 97.5% in the purified PCA treatment group,
while that of the control group was 88.9%.

The extent of roots and the length of sprouts were also
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Figure 2. TLC analysis of the extracellular extract and purified fraction of Pseu-
domonas aeruginosa DA3.1: Lane 1, purified fraction; lane 2, extracellular extract

significantly higher in the treatment group than in the
control group (Table 2, Figure 6). Similarly, the germina-
tion capacity of soybean seeds after treatment with puri-
fied PCA and PCA (Fluka) was significantly different from
that of controls. The germination rate of the control group
reached 53.1%, and the average length of sprouts was 0.3
cm, while in the PCA-treated groups, the germination rate
reached 66.7% to 85.2%, and the length of sprouts was 0.4 to
1.2 cm (Table 2). To investigate the effect of treatment time
on the germination rate, seeds were soaked in a solution
of 20 pug/mL PCA for 15, 30, 45, 60, and 75 min. The results
showed that the highest response was observed in the 30
min treatment groups of soybean and corn seeds by 68.1
and 96.4%, respectively, while that was the lowest in the 75
min treatment groups (Table 3). This evidence suggested
that the treatment of seeds with PCA promoted the germi-
nation of soybean and corn seeds.

5. Discussion

R. solani and F. oxysporum are two widespread
pathogenic fungi that cause several plant diseases. They

Jundishapur ] Microbiol. 2020;13(10):e103792.

both live in soil and are transmitted to many plants, in-
cluding leguminous, solanaceous, cucurbits, and cotton
plants (14, 15). To find out which biocontrol agent is effi-
cientand economic, the antifungal activity of P. aeruginosa
DA3.1 (JN592444.1) was examined and elucidated. The
purified band was constrained on the TLC layer at an Rf of
0.86. This suggested further proof of the diversity of anti-
fungal compounds produced by different Pseudomonas sp.
strains. Putative antifungal compounds from P. fluorescens
strains were observed on TLC at Rf of 0.22, 0.35, 0.42, and
0.51. The antifungal component with Rf of 0.35 completely
inhibited the mycelial growth of all fungal pathogens at
0.5%, while another antifungal compound at Rf of 0.22
showed a 71% - 89% inhibition (16). In another report, P.
fluorescens strains produced various types of antibiotics
including diacetylphloroglucinol, phenazine, and pyolu-
teorin. The bands were confined at TLC at the Rf values of
0.88, 0.57,and 0.05, respectively (17).

Otherresearch revealed that the most commonly iden-
tified derivatives produced by Pseudomonas sp. are py-
ocyanin (18), phenazine-1-carboxylic acid (19), phenazine-
1-carboxamide (20), and several hydroxy phenazines with
broad-spectrum antibiotic activity (21). Among them, PCA
was reported to possess strong antifungal activity (22), es-
pecially from P. fluorescens (5) and P. aureofaciens (23). Be-
sides, another report suggested that PCA seems to be a
potent agent in ecological fitness (24). Corn and soy are
the most economically important crops damaged by the
above-mentioned fungal diseases. Seed-borne pathogenic
fungi can obviate germination, deteriorate seedlings, and
hinder plant growth by damaging the roots and vascular
system.

Consequently, the disease impedes the transport of
water and nutrients (25, 26). In addition, seed-borne
pathogenic fungi can cause losses of mass and grade of
common crops worldwide, including Alternaria alternata
(Fr.) Keissler, Aspergillus niger Van Tiegh, F. moniliforme Shel-
don, Fusarium sp., Penicillium sp., and Ustilago zeae Unger
(27). Therefore, seed treatments have been shown to pre-
vent the epidemics of plant diseases caused by seed-borne
fungal pathogens. In addition, seed treatments can be
used in reducing the quantities of pesticides required for
managing diseases, and eliminate the need for foliar appli-
cation (28). In this study, we also witnessed an alternative
benefit of PCA in promoting the growth of corn seeds, fol-
lowed by the increase in the number and length of roots.
This trait is not only possessed in P. aeruginosa but also in
relative species of Pseudomonas spp. (29).



Trung NTet al.

COOH
N
10
8 SIS 2

7 o L///4a 3

N

NI

Sa SN/4a

6 4 6
Figure 3. Structure of the antifungal compound (A) PCA and (B) HMBC correlations
Table 2. Effects of PCA on the Germination of Corn and Soybean Seeds®
Treatment Corn Seeds (After Six Days) Soybean Seeds (After Six Days)
Dose, yig/mL Germination Duration of Amount of Length of Germination Duration of Amount of Length of
Rate, % germination, Roots Sprouts, cm Rate, % germination, Roots Sprouts, cm
d d
PCA5 ug 92.6" 3 11¢ 1.4 66.7° 3 0.4 0.4
PCA10 g 914" 3 178 16 69.1° 3 0.6° 0.6°
PCA15 j1g 923" 3 27t 16 70.7¢ 3 0.7 08"
PCA 20 g 93.8%% 3 29" 17" 73.28 3 0.9* 1t
PCA25 ug 94.6" 3 3t 18" 74.4° 3 1.0 124
PCA(Fluka) 10 97.5" 3 3.2 1.9 85.2" 3 1.0% 14%
1223
Control 88.9° 3 1.0 13¢ 531 3 0.4¢ 03¢
o, % 3.7 5.1 72 4.0 6.4 8.5
*Different uppercase superscripts within the same column indicate significant differences.
PV, Uniformity of the test between the replicates.
Table 3. Effects of PCA Treatment Time on the Germination of Corn and Soybean Seeds®
Corn Seeds (After Six Days) Soybean Seeds (After Six Days)
Treatment time
Germination Rate, Amount of Roots, Length of Sprouts, Germination Rate, Amount of Roots, Length of Sprouts,
% Roots cam % Roots cam
15 min 921" 228 14" 611" 11® 0.9*
30 min 96.4" 31t 17 68.1 14% 124
45min 95.7* 2.9 1.8 64.7" 15" 13*
60 min 91.4% 11° 0.6° 53.6" 0.7 0.6
75 min 85.4" 0.5° 03" 513° 03° 0.4"
Control 89.7*% 1.0¢ 116 58.4"% 0.9%¢ 0.7°
o, % 97 6.8 5.7 93 7.4 63

*Different uppercase superscripts within the same column indicate significant differences.
bV, The uniformity of the test between the replicates.
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Figure 4. Determination of PCA concentration from extracellular extracts by HPLC method: A, Standard calibration of PCA (Fluka); B, sample from extracellular extracts; C,
the purity of purified PCA.
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Figure 5. Antifungal activity of the purified PCA against F. oxysporum (A) and R. solani (B) D/C-: Negative control (15 uL of absolute methanol); D/C +: Positive control (15 p1L of
standard PCA (Fluka) at a concentration of 5 11g); 1- 4:15 L of purified PCA at concentrations of 2, 5,10, and 12 ug, respectively.

-./\ d
N A . Y

PCA[FIakaIT0 g /mi ’ g/n “Control

Figure 6. Effects of PCA (Fluka) and different concentrations of purified PCA on the germination of corn seeds
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5.1. Conclusions

In conclusion, we successfully purified and identified
the chemical structure of an antifungal compound from
native P. aeruginosa DA3.1 and evaluated its effects on the
germination of corn and soybean seeds. The significant in-
hibitory activity of P. aeruginosa DA3.1 against R. solani and
F. oxysporum and the positive effects of its metabolite con-
stitute, PCA, on the germination of corn and soybean seed
suggest its potential utility as an alternative to chemical
pesticides for preventing fungal plant diseases.

Supplementary Material

Supplementary material(s) is available here [To read
supplementary materials, please refer to the journal web-
site and open PDF/HTML].
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