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Abstract

Pseudomonas sp. 4B isolated from the effluent pond of a bovine abattoir was investigated as antifungal against toxigenic
fungi. The complete genome of Pseudomonas 4B was sequenced using the [llumina MiSeq platform. Phylogenetic analysis
and genome comparisons indicated that the strain belongs to the Pseudomonas aeruginosa group. In silico investigation
revealed gene clusters associated with the biosynthesis of several antifungals, including pyocyanin, thizomide, thanamycin,
and pyochelin. This bacterium was investigated through antifungal assays, showing an inhibitory effect against all toxigenic
fungi tested. Bacterial cells reduced the diameter of fungal colonies, colony growth rate, and sporulation of each indicator
fungi in 10-day simultaneous growing tests. The co-incubation of bacterial suspension and fungal spores in yeast extract—
sucrose broth for 48 h resulted in reduced spore germination. During simultaneous growth, decreased production of aflatoxin
B1 and ochratoxin A by Aspergillus flavus and Aspergillus carbonarius, respectively, was observed. Genome analysis and
in vitro studies showed the ability of P. aeruginosa 4B to reduce fungal growth parameters and mycotoxin levels, indicating
the potential of this bacterium to control toxigenic fungi. The broad antifungal activity of this strain may represent a sustain-
able alternative for the exploration and subsequent use of its possible metabolites in order to control mycotoxin-producing
fungi.
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Introduction

Mycotoxins are extremely toxic secondary metabolites
produced by certain filamentous fungi and represent a
huge impact for food safety since ingestion of products
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contaminated with these compounds may induce to acute
and/or chronic diseases [1, 2]. Among more than 400
mycotoxins, identified up to now, aflatoxin B1 (AFB1) and
ochratoxin A (OTA) have received particular attention due
to their toxic properties [3, 4]. These toxins were classified
by the International Agency for Research on Cancer accord-
ing to carcinogenicity: AFB1 is recognized as carcinogen
to humans (group 1) [5] and OTA belongs to group 2B as
possible carcinogenic agent to humans [6].
Fungi-producing mycotoxins are widely distributed in
nature, mainly representatives of the genera Aspergillus,
Penicillium, and Fusarium [7]. Several studies report the
presence of these fungi in various agricultural commodities,
and when conditions are appropriate, mycotoxin production
and subsequent contamination of food and feedstuffs may
occur [8, 9]. These facts are worrying because most of these
fungal compounds exert toxic effects at ng/mL concentration
[10] and have cumulative effects on health [11]. Besides
that, the presence of certain mycotoxins can also enhance
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the action of other ones, such as the synergism of OTA and
the emerging mycotoxin citrinin [10, 12].

Several methods have been proposed to inactivate or
detoxify the mycotoxins in food. However, the high cost,
efficacy, and safety of many detoxification procedures are
often questioned, as well as nutritional quality losses of the
food [13, 14]. Biological control strategies have received
great attention because of the possibility of replacing the use
of fungicides, which present risks to health and environment,
and may induce development of fungicide-resistant fungi
and/or increase mycotoxins synthesis [15-17].

Many strains of the genus Pseudomonas produce a range
of substances with antimicrobial activity. Suppressive effect
against certain filamentous fungi by pseudomonads isolated
from different environments has been investigated [18-20].
The ability of these bacteria to inhibit toxigenic fungi growth
has also been explored [21, 22]. Some antifungal substances
produced by Pseudomonas species have been reported as
phenazines [23] and lipopeptides [24]. Therefore, research
on new strains showing broad inhibitory spectrum can pro-
vide valuable data for biocontrol of phytopathogenic and
toxigenic fungi.

In a previous study, a bacterial strain characterized as
Pseudomonas sp. 4B was isolated from the effluent pond of a
bovine abattoir, showing inhibitory effect against pathogenic
and spoilage bacteria as well as a few yeasts [25]. How-
ever, this strain has not yet been investigated with regard the
control of filamentous fungi, more specifically producers of
mycotoxins. Furthermore, no detailed study on its genetic
characteristics has been performed. Based on that, this study
aimed to investigate the Pseudomonas sp. 4B genome by
searching for gene clusters associated with production of
antimicrobial substances, and evaluating the antagonistic
activity of this strain against toxigenic fungi by address-
ing its effect on fungal growth parameters and mycotoxins
production.

Materials and methods
Microorganisms

The strain Pseudomonas sp. 4B, belonging to the culture
collection of the Laboratério de Bioquimica e Microbio-
logia Aplicada (Universidade Federal do Rio Grande do
Sul, Porto Alegre, RS, Brazil), was used in the study. This
bacterium was isolated from the effluent pond of a bovine
abattoir localized at southern Brazil [25]. Stock culture was
maintained at — 20 °C in Brain Heart Infusion (BHI; Oxoid,
Basingstoke, UK) broth containing 20% (v/v) glycerol, or
stored at 4 °C in BHI agar plates. Before use, the bacterial
cells were propagated twice in the same medium at 37 °C
for 24 h.
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Toxigenic fungi (Table S1) used as indicator microor-
ganisms for antagonism assays were maintained on potato
dextrose agar (PDA; Acumedia, Lansing, MI, USA) slants
covered with 20% glycerol at 4 °C and routinely grown on
PDA agar at 25 °C.

Genome sequencing and annotation

The total DNA of Pseudomonas sp. 4B was obtained using
the standard phenol-chloroform procedure, followed by a
purification step with a Genomic DNA Clean & Concen-
trator (Zymo Research, Irvine, CA, USA). DNA fragment
libraries were further prepared with 1 ng of DNA using a
Nextera XT DNA sample preparation kit and sequenced
using an [llumina® MiSeq System (2 X 250 paired-end reads
with the [llumina v2 reagent kit) (Illumina, San Diego, CA,
USA). The FastQC tool was used to check the quality of gen-
erated sequences. The sequences with bases having a Phred
quality score <20 were trimmed with the aid of Geneious
software (version 10.1.3). The paired-end sequence reads
were assembled into contigs with SPAdes 3.9.0 [26], fol-
lowing confirmation by mapping reads of contigs generated
by SPAdes using the Geneious software. NCBI Prokaryotic
Genome Annotation Pipeline (PGAAP) was employed to
identify coding sequences (CDS) based on the best-placed
reference protein set. Similarly, to aid the gene prediction
and annotation, the genome was analyzed by using Patho-
systems Resource Integration Center (PATRIC) webservice
through RASTtk. Genes of interest had their annotation
refined manually. The genome sequence is available at the
NCBI database under de accession number VCSJ00000000.

Phylogenetic analysis and genome comparisons

The multi locus sequence analysis (MLSA) and in silico
genome-genome comparisons were carried for the Pseu-
domonas 4B species definition. The following genomes of
Pseudomonas strains were selected for comparison con-
sidering their high complete genome similarity revealed
by BLAST (GenBank accession numbers under parenthe-
sis): P. aeruginosa DSM50071 (NC_002696), P. prote-
gens CHAO (NZ_CP007509), P. mendocina NCTC10897
(NC_016830), P. chlororaphis subsp. chlororaphis
DSM50083 (NC_002947), P. chlororaphis subsp. auran-
tiaca DSM 19603 (NC_008027), P. entomophila 1.48
(NC_007005), and P. oryzae KCTC32247 (NZ_LS999205).
Moreover, genomes of some reference species such as P.
aeruginosa PAO1 (NC_002516), P. putida KT2440 (NZ_
CP013124), P. fluorescens F113 (CP_012001), P. stutzeri
19SMN4 (LR_134290), and P. syringae pv. syringae B728a
(NZ_HG322950) were included in the genome comparison
for a better understanding of the Pseudomonas subgroup
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containing our query species sequence. The sequence of
Escherichia coli O157:H7 was included as an outgroup [27].

The MLSA was performed using 4 different housekeeping
genes: 16S rDNA, gyrB (gyrase B subunit), rpoB (B subunit
of RNA polymerase), and rpoD (D subunit of RNA poly-
merase), which are considered adequate for this analysis in
the Pseudomonas group [28]. All the chosen gene sequences
were retrieved from the NCBI database using PATRIC
RASTtk-enabled Genome Annotation Service [29]. MUIti-
ple Sequence Comparison by Log-Expectation (MUSCLE)
was used for gene alignment. The phylogenetic tree was built
employing MEGA 11 software with the Maximum Likeli-
hood model using GTR + G +1 substitution model [30].

The genome of Pseudomonas 4B and those of the above-
mentioned strains were subjected to in silico DNA-DNA
hybridization (DDH), using the Genome-to-Genome Dis-
tance Calculator (GGDC) version 2.1 online to calculate
DDH values. DDH values <70% were considered an indica-
tion for differentiating species [31]. The Average Nucleotide
Identity (ANI) was calculated from pairwise comparisons
of all sequences shared between Pseudomonas 4B genome
and each of the reference bacteria. ANI value above 95%
includes genome allocated in the same bacterial species
[32]. For an efficient genome comparison representation,
the BLAST ring image generation (BRIG) software [33] and
Circoletto tool with 1E — 10 e-value [34] were employed.
Additionally, the virulence factor database (VFDB) was used
to search gene sequences similar to those already reported
as virulent [35].

Secondary metabolite gene clusters were identified by
the online antibiotics and Secondary Metabolite Analysis
Shell (antiSMASH) tool [36] using the complete nucleo-
tide sequence of Pseudomonas 4B genome in order to
compare with biosynthetic gene clusters from the gene
sequence—based MIBiG database.

Antagonistic activity against toxigenic fungi

The antagonistic activity of Pseudomonas 4B against toxi-
genic fungi was evaluated as described previously [37] with
minor modification. Pseudomonas 4B liquid culture and
the cell-free culture supernatant were obtained from freshly
grown colonies in BHI medium at 37 °C for 24 h followed
by bacterial cultivation on BHI broth at 37 °C and 125 rpm
for 48 h. Fifteen milliliters of sterile molten PDA at 45 °C
containing 1 x 10° spores/mL of a fungal spore suspension
was transferred to Petri dishes and allowed to solidify. The
PDA plates were then inoculated with 20 pL spot of the bac-
terial liquid culture (1 x 10’ CFU/mL) or the cell-free culture
supernatant. Inoculation points were placed equidistantly on
the medium surface. After incubation for 5 days at 25 °C,
the antagonism was indicated by the formation of inhibition
zones whose width was measured using a digital caliper.

Bacterial effect on fungal growth and sporulation

The effect on fungal growth, colony characteristics, and spor-
ulation of two representative producers of AFB1, OTA, or
citrinin was assessed as described previously [21, 38]. After
incubation at 25 °C for 10 days, diameter of fungal colonies
was measured and percentage inhibition of mycelial growth
calculated according the following equation:

Inhibition of growth (%)= [(Dc — Dt) / Dc] % 100.

where Dc represents the diameter of fungal colony in con-
trol plate and Dt the diameter of fungal colony in the plate
containing the antagonist bacterium.

After growth evaluation, samples were analyzed for bacte-
rial influence on fungal spore production. The spores were
washed by 15 mL Tween 80 solution (0.05%, v/v) and the
assessment of conidial concentration (spores/cm? of colony)
was performed using a Neubauer chamber. The following for-
mula was employed to calculate the percent of sporulation
inhibition:

Inhibitionofsporulation(%) = [(Nc — Nt)/Nc] x 100

The number of fungal spores produced in control and
treated plates containing the antagonist bacterium is repre-
sented by Nc and Mt, respectively.

Spore germination inhibition test

The inhibitory activity of Pseudomonas 4B on the fungal spore
germination was evaluated by in vitro procedures [39]. Fungal
spore suspensions (100 L, 10° spores/mL) were transferred
to sterile glass tubes containing 800 puL of YES broth (2 g/L.
yeast extract, 20 g/L sucrose, pH 6.5). Then, 100 pL of Pseu-
domonas 4B cells (10’ CFU/mL) were added into the same
tubes. Control treatment consisted of 100 pL sterile saline
solution (8.5 g/L. NaCl) instead of bacterial cells and used for
comparison.

After 24 h at 25 °C, conidia germination was evaluated
by using a light microscope. Spores were regarded to have
germinated when the length of germination tube was equal or
longer than the diameter of its own spore. Four counts of 100
conidia per repetition were performed and the percent spore
germination was determined as follows:

Inhibition of spore germination (%)=[(Gc — Gt) /
Gc]x100.

In this equation, Gc represents the percentage of spore ger-
minated in the control tube and Gt is the percentage of spore
germinated in treated tube containing the test bacterium.

Mycotoxin production assays
The bacterial influence on the production of AFB1 and

OTA was evaluated as described elsewhere [21]. PDA
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plates containing bacterial cells and test fungi were pre-
pared as described above. The mycotoxins were extracted
after 10 days of incubation by removing PDA agar pieces
(1x1 cm), including microbial biomass, from the fungal
colonies and transferred to a 2-mL tube. A 500-pL aliquot of
chloroform was added in the same tube and then this mixture
was shaken at 100 rpm for 30 min. The chloroform extract
was filtered through 0.22-um PTFE syringe filter (Milli-
pore, Bedford, MA, USA) and poured into a glass vial to
dry under nitrogen gas. The residue was dissolved in 250 pL
of the mobile phase (acetonitrile/water/acetic acid, 99:99:2,
v/v/v) for HPLC analysis. The extraction procedure was car-
ried out twice for the same piece of agar medium.

Mycotoxin determination was performed using an HPLC
instrument (model E2695, Waters Corporation, Milford,
MA, USA) equipped with a fluorescence detector (Waters,
model FL-2475). Standard methods were used for separa-
tion, identification, and quantification of AFB1 [40] and
OTA [41]. Confirmation of AFB1 and OTA identity was
performed using HPLC coupled to mass spectrometer
with an electrospray ionization source (Bruker Daltonics,
micrOTOF-Q III model, Bremen, Germany). Operational
conditions are detailed in Table S2.

Curves were done under the same conditions with dif-
ferent levels of each mycotoxin standard (Sigma-Aldrich,
Darmstadt, Germany), ranging from 0.5 to 20 pg/L
(*>0.99). The retention time of AFB1 and OTA was 3.9
and 6.5 min, respectively. Quantification was performed
by correlating peak area of sample extracts and those of
standard curves. Average recovery values were 98.9 + 1.0
and 99.0 £ 1.2% for AFB1 and OTA, respectively. Lim-
its of detection (LOD) and quantification (LOQ) were
60 and 180 ng/L for AFB1, and 50 and 80 ng/L to OTA,
respectively.

Data analysis

All results were expressed as the means + SD (standard
deviation) of three biological replicates. Analysis of vari-
ance (ANOVA) was performed for the data obtained using
SAS for Windows 9.0 (SAS Institute Inc., Cary, NC). Dif-
ferences were reported at a significance level of 95% by the
Tukey test.

Results
Genome properties and phylogenetic analysis
The draft genome sequence of Pseudomonas strain 4B

comprises 6.3 Mb, with an overall G + C content of about
66.5%. The PATRIC webservice analysis predicted 5948
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coding sequences. Pseudomonas 4B genome presented
242 genes associated with virulence, 98 associated with
antibiotic resistance (Table S3).

The phylogenetic tree (Fig. 1), made through MLSA
analysis and employing the selected four housekeeping
genes, allowed to include the Pseudomonas 4B inside
the Pseudomonas aeruginosa group, specifically among
P. aeruginosa PAO1 and P. aeruginosa DSM 50071. For
confirmation, the virtually based DNA-DNA hybridization
analysis was performed. This analysis resulted in DNA-
DNA hybridization (DDH) values > 79% for the reference
strains PAO1 and DSM 50071, revealing the correct inclu-
sion of the Pseudomonas 4B strain into the P. aeruginosa
group. In contrast, all the other genomes were considered
as different bacterial groups, because of DDH < 70%.
Moreover, the Pseudomonas 4B sequence comparison with
P. aeruginosa PAO1 and P. aeruginosa DSM 50071 was
the only showing ANI values over 95%. The detailed data
from these analyses are provided in Table S4.

The level of BLAST genome similarities was graphi-
cally shown through the construction of the BLAST ring
image generation (BRIG) (Fig. 2). The genomes consid-
ered for the phylogenetic analysis were incorporated from
the most similar to the dissimilar one, which is represented
by the external species group, in this case the gram-nega-
tive bacterium Escherichia coli. Notably, the absence and
the lowest number of clear gaps in the figure rings indicate
a high degree of sequence identity when comparing the
Pseudomonas 4B genome with those belonging to the P.
aeruginosa PAO1 and DSM 50071 strains, respectively.
Moreover, the sequence alignment of P. aeruginosa refer-
ence strains (PAO1 and DSM 50071) had a higher level
of similarity than their comparative analysis with the P.
aeruginosa 4B genome (Fig. 3).

Gene clusters for antimicrobial compounds

The presence of gene clusters related with biosynthesis
of antimicrobial compounds was evaluated employing
the antiSMASH online tool. It was possible to identify 15
gene clusters, and those with similarity at nucleotide level
(>20%) obtained by using the KnownClusterBlast algo-
rithm with known compounds were emphasized (Table 1);
these latter were found inside 11 different contigs of the
genome. Some of the compounds were allocated inside
other clusters; this occurs because the genes present on a
contig occasionally do not match the antiSMASH criteria
for gene cluster revelation [36]. Therefore, the presence
of numerous gene clusters associated with biosynthesis of
antifungal compounds encouraged to confirm the antago-
nistic capability of this strain against toxigenic fungi.



Brazilian Journal of Microbiology (2024) 55:269-280

273

Fig. 1 Phylogenetic analysis of
Pseudomonas 4B based on the
MLSA of the selected house-
keeping genes. The General
Time Reversible (GTR+G+1)
model was used for the defini-
tion of the evolutionary history
and the distances were com-
puted with the Maximum Com-
posite Likelihood approach.
Next to the branches were allo-
cated the percentage of replicate
trees in which the associated
taxa clustered together in the

P. chlororaphis subsp. aurantiaca DSM 19603

P. chlororaphis subsp. chlororaphis DMS50083

P. protegens CHAO

P. fluorescens F113

P. syringae pv. syringae B728a

P. putida KT2440

100 P. entomophila L48

bootstrap test (1000 replicates).
Branches are measured by the
number of substitutions per site
on the tree, which is drawn to
scale. The evolutionary tree was
based on the alignment of the
four concatenated housekeeping
genes

P. stutzeni strain 19SMN4

P. mendocina NCTC10897
98

P, oryzae strain KCTC 32247

Pseudomonas 4B

P. aeruginosa PAO1
100
P aeruginosa DSM 50071

E. coli strain O157H7

In vitro antagonism

The antagonistic activity was preliminarily evaluated
against toxigenic fungi after 5 days on PDA plates. In gen-
eral, strains of the genus Penicillium were more sensitive as
compared to the other fungi (Fig. 4), although the formation
of inhibition zones was observed against all fungal isolates
tested (Table S1). The best results were observed against
Penicillium citrinum ITAL197 and P. chrysogenum IFL2
since the strain 4B produced inhibition zones of 15.7 and
14.0 mm, respectively, during fungal growth (Fig. 4). The
strains from genus Aspergillus were the most resistant, with
inhibition zones ranging from 1.3 to 2.3 mm of diameter.
However, the same fungi were not inhibited by the cell-free
culture supernatant of strain 4B.

Growth and sporulation inhibition

The effect of Pseudomonas 4B on fungal growth param-
eters was evaluated, and results are detailed in Table S5.
The bacterium caused a significant reduction (P <0.05)
of mycelial growth when compared with the diameter of
fungal colonies in control treatments. Particularly, Pseu-
domonas 4B had greater influence on Aspergillus sp.

UCO2A in which the fungal colony diameter was reduced
by 86.1%. Besides that, the colony growth rate decreased
from 3.2 to 0.25 mm/day when this fungus was co-inocu-
lated with the strain 4B. Despite these results, the effect of
bacteria on sporulation was not satisfactory, as the num-
ber of fungal spores per square centimeter produced was
reduced to only about 32%.

Representative results were also observed on the
growth of M. purpureus since the bacteria reduced the
colony growth rate (0.06 mm/day) thereby influencing on
the diameter of fungal colony, which decreased by 85.4%.
Although there was a slight growth of the colony, sporula-
tion was completely inhibited (Table S5) since it was not
possible to view reproduction structures.

The same pattern was observed for A. parasiticus and
P. citrinum: about 67% reduction in the colony diameter,
a very slow mycelial growth when compared to control
and 100% inhibition of conidia production (Table S5).
Finally, A. flavus was the fungal isolate more resistant to
Pseudomonas 4B, as only 43.3% reduction in growth was
recorded. Even so, this bacterium was capable to decrease
the colony growth rate (from 4.12 to 2.15 mm/day) and
reduce the sporulation by almost 80%.
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Fig.2 Genome sequence
comparisons of Pseudomonas
4B and the other bacteria,
respectively, from the internal to
the external ring: P. aeruginosa
DSM 50071, P. aeruginosa
PAOL1, P. oryzae KCTC32247,
P. chlororaphis subsp.
chlororaphis DSM50083, P.
entomophila 148, P. mendocina
NCTC10897, P. chlororaphis
subsp. aurantiaca DSM 19603, y
P. protegens CHAO, P. putida y
KT2440, P. fluorescens F113, .
P. stutzeri 19SMN4, P. syringae [
pv. syringae B728a, E. coli 1
O157H7. Pseudomonas 4B s
genome is represented by the ‘
innermost red circle, followed )

by its GC content (black circle)

Inhibition of spore germination

Spores of toxigenic fungi were exposed to Pseudomonas 4B
cells for assessing bacterial influence on their germination.
A strong reduction in the number of germinated conidia was
observed for all tested fungi after 24-h incubation (Fig. 5).
The spore germination rate in the presence of antagonistic
bacterium was significantly lower (P <0.05) when com-
pared with control (without bacterial cells), achieving values
below 10%. Spores of P. citrinum were the most sensitive
since the bacterium completely inhibited the conidial ger-
mination. Besides, spore inhibition rate for the other fungal
isolates ranged from 84.1 to 98.5% and no abnormalities
were observed in spores and germ tubes by microscope
examination.

Effect on mycotoxin production
The influence of Pseudomonas 4B on mycotoxin produc-
tion was also investigated. The maximum level of AFB1

produced by the A. flavus isolate growing under control
conditions (without bacterial cells) was 27.7 +5.82 pg/g
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Pseudomonas 4B
5756722 bp

(Table 2). The AFB1 production reached values of only
1.58 +0.60 pg/g when the fungus was co-cultured with
Pseudomonas cells, representing a drastic reduction of over
94%. Pseudomonas 4B also caused a significant effect on
OTA synthesis by A. carbonarius since the OTA production
was 13.7+2.52 and 4.97 +0.78 pg/g in the control condi-
tions and when co-cultivated with this bacterium, respec-
tively (63.8% reduction). It could be observed that Pseu-
domonas 4B had a reducing effect on ratio of mycotoxins
per colony diameter.

Discussion

The genome analysis allowed to classify the bacterium at
species level. The multi locus sequence analysis (MLSA)
using selected housekeeping genes included the strain 4B
inside the P. aeruginosa cluster. This was confirmed by
further comparative analyses with genomes of reference P.
aeruginosa strains, as DNA-DNA hybridization (DDH) and
average nucleotide identity (ANI) values were higher than



Brazilian Journal of Microbiology (2024) 55:269-280

275

Fig.3 Circos plots using the Circoletto program for visualization »

of sequence similarity between A Pseudomonas aeruginosa PAO1
and Pseudomonas aeruginosa DSM5007, B P. aeruginosa PAO1
and Pseudomonas 4B, and C P. aeruginosa DSM50071 and Pseu-
domonas 4B. Each band represents an individual genome. Local
alignments produced by BLAST are presented using ribbons whose
colors indicate the similarity percentages of the sequences, specifi-
cally blue <50%, green <75%, orange <99.9%, and red the maximum
score of 100%. Red bands indicate the best alignment between the
query sequence and the two reference strains (P. aeruginosa PAO1
and P. aeruginosa DSM5007)

79% and 95%, respectively, which are proposed as criteria
for defining bacterial strains of the same species [32].

The examination of P. aeruginosa 4B genome permit-
ted to detect several clusters related with the biosynthesis
of antifungal compounds. In this regard, the antibacterial
activity of strain 4B was previously investigated [25], and
the antifungal compounds pyoverdin and pyocyanin were
confirmed for other P. aeruginosa strains [42]. P. aeruginosa
typically produces pyocyanin, which was already observed
for strain 4B [25]. This pigment is capable to arrest the
electron transport chain of fungi [43] and therefore shows a
broad spectrum of antifungal activity [44, 45]. Additionally,
pyocyanin has been considered an alternative source in the
manufacture of broad-spectrum eco-friendly agrochemicals
and natural textile dyes with strong stability [46].

Moreover, many other antifungal compounds were pre-
dicted by genome-wide identification, annotation, and analy-
sis through antiSMASH, and those with higher percentage
of similarity include thanamycin [47], rhizomide [48], and
pyochelin [49]. Other gene clusters were reported by the
analysis, but showing reduced similarity and bioactivities
other than antifungal. The presence of several gene clusters
associated with biosynthesis of antifungal compounds indi-
cated that strain 4B has great potential for synthesizing novel
or structurally related metabolites for control of filamentous
fungi. This fact was confirmed by the broad antagonistic
activity against different strains of toxigenic fungi.

However, antifungal activity was not observed for the
cell-free culture supernatant of strain 4B, suggesting that the
cultivation condition used may not be suitable for the bacte-
rium to produce antifungal compounds or at sufficient levels
to inhibit the fungi under the assay conditions. Moreover, the
inhibition of fungal growth was not observed in preliminary
tests using lyophilized culture supernatants. Whereas this
study focused on the P. aeruginosa 4B genome description,
the various gene clusters found may direct more specific
studies about the optimization of culture conditions for pro-
ducing antifungal substances, as well as the development
of suitable protocols for the extraction and identification of
these compounds. In this regard, when different cultivation
conditions of P. aeruginosa RS1 were evaluated to control
the phytopathogen Phytophthora palmivora, the culture
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Table 1 AntiSMASH results of the Pseudomonas 4B genome by using the KnownClusterBlast algorithm

Cluster type Most similar known cluster Similarity (%) Bioactivity
Opine-like-metallophore Pseudopaline 100 Siderophore

NPRS-like * Thanamycin 27 Antimicrobial ®

Phenazine Pyocyanin 42 Antimicrobial ®

NRPS Azetidomonamide A and B 100 Undefined Yet

NRPS Azotobactin D 66 Siderophore

NRPS Vacidobactin A and B 23 Siderophore

NRPS Variobactin A and B 28 Siderophore

NRPS Crochelin A 32 Siderophore

NRPS Delftibactin A / Delftibactin B 25 Antimicrobial and siderophore
NRPS Rhizomide A, Rhizomide B, Rhizomide C 100 Antimicrobial

NRPS Taiwachelin 22 Siderophore

NRPS-like Pyoverdin 14 Siderophore and antimicrobial ®
NRPS Pyochelin 50 Siderophore and antimicrobial ®
NRPS Enantio-pyochelin 60 Siderophore and antimicrobial °
NRPS L-2-amino-4-methoxy-trans-3-butenoic acid 100 Antimicrobial

2NRPS, non-ribosomal peptide synthetase

® Antimicrobial activity was specifically related as antifungal

Fig.4 Antimicrobial activity of
Pseudomonas 4B against Peni-
cillium citrinum (A), Monascus
purpureus (B), and Aspergillus
sp. UCO2A (C) after 5 days

of incubation at 25 °C on PDA
plates. The bacterial strain was
grown in BHI broth at 37 °C for
48 h before the test

Fig.5 Effect of Pseudomonas
4B on spore germination of
toxigenic fungi after 24-h incu-
bation at 25 °C on YES broth.
Within each grouping, values
with a letter in common are not
significantly different according
to Tukey test (P <0.05). Error
bars represent standard devia-
tion of germination rate means

filtrate presented the highest inhibition (54.8%) activity
when the strain RS1 was cultivated in Luria—Bertani (LB)
broth, pH 7.0 at 37 °C compared to other culture media and
conditions tested [50]. Another possibility for the observed
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Spore germination rate (%)

A. flavus A. parasiticus
UCO2A

Fungal isolates
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A. corbonarius Aspergillus

W Control

) Pseudomonas sp. 48

M. purpureus P, citrinum

results may be related to the antifungal molecules induc-
tion in response to the presence of fungi. Moussa et al. [51]
found a clear enhancement of well-known antifungal metab-
olites of P. aeruginosa ATCC27853 (phenazine alkaloids,
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Table 2 Effect of Pseudomonas 4B on aflatoxin B1 (AFB1) and
ochratoxin (OTA) production by Aspergillus isolates growing on
BDA plates at 25 °C for 10 days. Values are expressed in pg/g of
medium

Treatments AFB1 production OTA production
(pg/g) by A. flavus (pg/g) by A. carbon-
arius
Control 27.7+5.82% 13.7+2.52%
Pseudomonas sp. 4B 1.58+0.60° 4.97+0.78°

“®Values are the means + standard deviation of two experiments car-
ried out in three replicates. The same letters in each column indicate
no significant differences among the data at 5% level by the Tukey
test

phenazine-1-carboxylic acid, and phenazine-1-carboxamide)
obtained from a co-cultivation of this strain with a Fusarium
tricinctum isolate. Therefore, further studies following this
approach may contribute to the elucidation of the mecha-
nisms involved in the production of antifungal metabolites
by P. aeruginosa 4B.

Although the antagonistic activity of strain 4B was previ-
ously described against bacteria and some yeast like Can-
dida utilis and Kluyveromyces marxianus [25], the results
of the present study are very relevant because the ability to
inhibit filamentous fungi, including mycotoxin producers,
is demonstrated for the first time. Data obtained by in vitro
co-inoculation (fungus-bacterium) showed a clear reduc-
tion of colony diameter for all fungi tested, ranging from 43
to 86%. Despite complete inhibition of fungal growth was
not achieved, these values agree with other studies using P.
aeruginosa strains [52-54]. A P. aeruginosa strain (NFO11)
isolated from wheat rhizosphere soil has been reported as
promising biocontrol agent for reducing the mycelial growth
of several phytopathogenic fungi, including Fusarium mon-
iliforme (sin. F. verticillioides) (44.2%), Fusarium gramine-
arum (64.5%), and Alternaria alternata (70.4%) [54].

P. aeruginosa 4B also influenced the spore formation in
most of tested fungi. The complete sporulation inhibition for
A. parasiticus, M. purpureus, and P. citrinum could be con-
sidered an advantage for the control of toxigenic fungi since
mycotoxins production is usually associated with sporula-
tion [55]. Few studies have reported significant mycotoxin
production when there is no sporulation [56]. The inhibi-
tion results obtained for P. citrinum and M. purpureus are
extremely important, since antagonism of Pseudomonas spe-
cies against potential citrinin-producing fungi is rare [19].
Curiously, the strain 4B caused lower reduction in the colony
diameter of A. flavus, but in contrast decreased significantly
the number of spores. This result is promising, reducing the
possibility of spreading spores in the atmosphere and sur-
faces susceptible to contamination.

Concerning the effect on spore germination, P. aerugi-
nosa 4B also proved important inhibitory activity after

24-h contact with fungal spores. Previous studies reported
conflicting data about inhibition of conidial germination by
Pseudomonas species. P. fluorescens cells did not affect the
spore germination of an aflatoxigenic A. flavus strain, but
a reduction of 20% was observed when spores were inocu-
lated with an extracellular chitinolytic enzyme extract of
the bacterium [22]. The same authors suggest that different
responses in spore germination assays could be related to
species-specific targeting of each bacteria tested. In con-
trast, cells of Pseudomonas syringae strains isolated from
herbaceous and woody plants inhibited spore germination of
Penicillium digitatum [20]. After 24 h, a germination reduc-
tion ranging from 76.9 to 100% was observed, but the cell
concentration (10° CFU/mL) and applied volume (250 pL)
were greater than those used in our experiments.

The effect of co-culturing the bacterial strain with A. fla-
vus or A. carbonarius exhibited influence on production of
AFBI1 and OTA, respectively. These strains were selected
due to higher production of mycotoxins and because of
the greatest number of reports about food contamination
by these species, besides the risks associated with AFB1
and OTA [3, 57]. Our findings regarding the decrease of
AFB1 production were consistent with those found for Pseu-
domonas solanacearum, which inhibited AFB1 formation by
A. flavus and A. parasiticus strains, with reduction ranging
from 56 to 100% [21]. Despite P. aeruginosa 4B caused a
partial inhibition of OTA production, our data are critically
important since the presence of microorganisms or chemi-
cals that reduce the fungal growth is considered a stress con-
dition, which in some cases might stimulate the synthesis of
mycotoxins [56, 58].

Several factors may influence the production mycotoxins
when fungi were co-cultivated with P. aeruginosa 4B. Com-
petition for space and essential nutrients for the synthesis of
aflatoxins as well as metabolites production by co-existing
microorganisms could to play a certain role on aflatoxin
formation, which may influence the expression of genes
involved in mycotoxin synthesis [59]. The same considera-
tions have been made for inhibition of OTA production [60].
Moreover, exposure of Fusarium graminearum to 25 mg/mL
pyocyanin for 72 h significantly decreased the mycotoxins
deoxynivalenol by 68.7% and nivalenol by 57.7% [61]. The
capability of some bacteria, including Pseudomonas species,
to reduce mycotoxins in foodstuffs, has been also associated
with the degradation of mycotoxins [59].

The results of this study suggest that P. aeruginosa 4B
could inhibit filamentous fungi due to the ability to reduce
the fungal growth parameters. The decrease in the levels of
mycotoxins (AFB1 and OTA) also indicates this bacterium
as promising candidate for controlling toxigenic fungi. Simi-
lar to strain 4B, P. aeruginosa isolates from environmental
origin have been investigated as biocontrol agents. Most of
these studies have focused on the investigation of cell-free
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metabolites as an alternative approach for the safe use of
this species in the fungal control [54, 62, 63]. Therefore,
future studies using different cultivation conditions might
be developed for optimizing the production and extraction
of antifungal metabolite(s) from P. aeruginosa 4B. Despite
the concern of P. aeruginosa be recognized as an opportun-
istic pathogen, successful studies on the evaluation of new
strains revealed the production of valuable biomolecules,
such as biosurfactants, antimicrobials, and polysaccharides
[64, 65]. Recent reports showing the targeted development
of hypovirulent P. aeruginosa strains [66, 67] reinforce
the importance of genome and phylogenomics studies for
assessing the full biotechnological potential of this species.
Further experimentation will be necessary to elucidate the
mode of action of the antagonistic bacterial strain in order to
identify some antifungal compound responsible for this inhi-
bition. This is the first report in which a Pseudomonas strain
from aquatic environment was assessed about its potential
antagonistic ability against toxigenic fungi. This encourages
the searching for new biological control agents of toxigenic
fungi, especially in the case of mycotoxin-producing fungi.
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