Applied Microbiology and Biotechnology (2024) 108:15

https://doi.org/10.1007/s00253-023-12891-9

BIOTECHNOLOGICAL PRODUCTS AND PROCESS ENGINEERING q

Check for
updates

Fermentation of waste water from agar processing with Bacillus
subtilis by metabolomic analysis

Yanyan Wu' - Boyan Duan' - Qiaoyan Lin' - Yingying Liang' - Xiping Du'>3 . Mingjing Zheng'3 . Yanbing Zhu'-23.

Zedong Jiang™?3 . Qingbiao Li'%3 . Hui Ni'>**. Zhipeng Li'*3*® . Jinfang Chen'~

Received: 3 July 2023 / Revised: 1 November 2023 / Accepted: 22 November 2023
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2024

Abstract

Fungal infection has become a major threat to crop loss and affects food safety. The waste water from agar processing
industries extraction has a number of active substances, which could be further transformed by microorganisms to synthe-
size antifungal active substances. In this study, Bacillus subtilis was used to ferment the waste water from agar processing
industries extraction to analyze the antifungal activity of the fermentation broth on Alternaria alternata and Alternaria spp.
Results showed that 25% of the fermentation broth was the most effective in inhibited A. alternata and Alternaria spp., with
fungal inhibition rates of 99.9% and 96.1%, respectively, and a minimum inhibitory concentration (MIC) was 0.156 pg/mL.
Metabolomic analysis showed that flavonoid polyphenols such as coniferyl aldehyde, glycycoumarin, glycitin, and procya-
nidin A1 may enhance the inhibitory activity against the two pathogenic fungal strains. Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis showed that polyphenols involved in the biosynthesis pathways of isoflavonoid and phenylpro-
panoid were upregulated after fermentation. The laser confocal microscopy analyses and cell conductivity showed that the
cytoplasm of fungi treated with fermentation broth was destroyed. This study provides a research basis for the development
of new natural antifungal agents and rational use of seaweed agar waste.

Key points

® Bacillus subtilis fermented waste water has antifungal activity

e Bacillus subtilis could transform active substances in waste water

e Waste water is a potential raw material for producing antifungal agents

Keywords Bacillus subtilis - Alternaria alternata - Alternaria spp. - Seaweed waste water - Antifungal activity

Introduction

Post-harvest loss of fruits and vegetables has become a
major threat to food security (Wang et al. 2023). Microbial
infection is the main cause of food spoilage, so effectively
controlling the growth and reproduction of plant pathogens
is the key to solving the post-harvest losses of fruits and veg-
etables (Wang et al. 2022). Alternaria species is one of the
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most common foliar pathogens and a susceptible pathogenic
fungus for crops, such as tomatoes and apples (Wang et al.
2022). Although chemical fungicides can effectively prevent
and control microbial diseases, long-term use will affect the
environment and human body (Duan et al. 2021). Therefore,
new natural biological agents should be developed.
Bacillus subtilis is a group of aerobic, Gram-positive bac-
teria (Lin et al. 2020) and has significant antifungal activity
and resistance to stress; this species is therefore widely used
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in agricultural biological control and plant growth promotion
(Ma et al. 2015; Gao et al. 2018). Berlanga-Clavero et al.
found that B. subtilis could metabolize the fungus-inhibiting
lipopeptide fengycin and inhibit the growth of Staphylococ-
cus griseus; as such, B. subtilis could be used to control the
foliar fungus gray mold of melon (Berlanga-Clavero et al.
2022). Li et al. isolated a potential endophytic B. subtilis
L1-21 from citrus; the fermentation filtrate showed good
biological control of citrus green mold and contained poten-
tial fungal inhibitory compounds such as surfactin, fengycin,
bacillaene, and bacilysin (Li et al. 2022a). Ali et al. found
that the application of B. subtilis culture filtrate to the leaf
surface reduced the size and frequency of spots caused by
Alternaria alternata by 68 to 81% (Ali et al. 2016).

Seaweed gum from Gracilaria is a common food col-
loid, and the extraction process produces a large amount of
waste liquid containing organic active substances. Active
substances derived from seaweed can be used to synthesize
antifungal active polyphenols through the transformation
of microorganisms. Therefore, waste water from agar pro-
cessing industries fermented by B. subtilis could be used to
develop and synthesize antifungal active substances. How-
ever, the mechanism through which the fermentation of B.
subtilis transforms the agar waste into antifungal substances
remains unclear. In this regard, the mechanism of the synthe-
sis of antifungal active substances after the fermentation of
B. subtilis with waste water from agar processing industries
should be investigated.

In this study, B. subtilis was used as a seed in fermenta-
tion with waste water from agar processing industries as the
carbon and nitrogen source in the medium. The inhibitory
activity of the fermentation supernatant against A. alternata
and Alternaria spp. was determined using mycelial growth
inhibition rate and minimum inhibitory concentration
(MIC). The contents of the main active ingredients in the
fermentation supernatant were measured. Metabolomics was
used to screen metabolic differentials in the fermentation
supernatant and identify inhibitory substances. Laser confo-
cal microscopy staining and conductivity test were used to
explore the antifungal mechanism of the metabolites. The
research about process and mechanism of producing anti-
fungal active substances through microbial fermentation of
waste water from agar processing industries was explored,
which provides a research basis for the extraction of seaweed
waste resources.

Materials and methods
Raw materials and strains

Waste water from agar processing industries was provided
by GreenFresh (Fujian) Food Co., Ltd. (Fujian, China).

@ Springer

B. subtilis (ATCC 6633) was purchased from the China
Center for the Conservation and Management of Pharma-
ceutical Microbial Strains. A. alternata (BNCC 336535) was
obtained from Henan Industrial Microbial Strain Engineer-
ing Technology Research Center (Henan, China). Alternaria
spp. (BNCC 123548) was acquired from Henan Industrial
Microbial Strain Engineering Technology Research Center
(Henan, China).

Activation of B. subtilis

B. subtilis was inoculated into 100 mL LB liquid medium
at an inoculum volume of 2% and cultured under shaken at
37 °C and 180 rpm/min for 18 h. Culture of B. subtilis was
used as seed liquid when the ODyy,, value reached 0.6 —0.7.

Preparation of waste water from agar processing
industries as fermentation medium

The agar extraction process involves four steps: alkali treat-
ment, acid treatment, bleaching, and gel boiling. After alka-
line treatment of seaweed, it was necessary to repeatedly
rinse it with a large amount of water until it becomes neutral.
This would produce a large amount of alkali waste water.
Similarly, a large amount of waste water would also be pro-
duced during acid treatment and bleaching. The picture of
the waste water was shown in (Fig. S1A). The COD value
of waste water from agar processing industries was meas-
ured by a chemical oxygen demand (COD) rapid measuring
instrument is 85 g/L. The pH of waste water required for the
experiment was adjusted from 14.1 to 7.2-7.4.

Waste water was used to replace the yeast extract and
tryptone in the LB liquid medium (tryptone 50%, yeast
extract 25%, and sodium chloride 25%) as the carbon and
nitrogen source. According to the COD value (85 g/L), pre-
treated waste water, yeast extract, and tryptone were used to
prepare waste water culture medium containing 0%, 25%,
50%, 75%, and 100% according to the proportion of car-
bon and nitrogen source. The required sodium chloride was
added to obtain 150 mL of fermentation medium for the
experimental system in a 500 mL Erlenmeyer flask. Then,
1 mol/L hydrochloric acid was added to adjust the pH to
7.2+0.2.

Fermentation of waste water from agar processing
industries

B. subtilis seed liquid was inoculated in LB liquid medium
at 5% inoculum and incubated at 37 °C and 180 rpm/min
in an incubator for 72 h to obtain fermentation broth. The
picture of the fermentation broth was shown in (Fig. S1B).
The fermentation broth was centrifuged at 8000 rpm/min
for 30 min in a high-speed freezing centrifuge (Eppendorf,
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Germany). The supernatant was filtered through a 0.22 pm
membrane to remove bacteria.

Determination of the antifungal activity
of waste water from agar processing industries
before and after fermentation with B. subtilis

Fungal inhibition was evaluated using mycelial growth inhi-
bition rate (Zhang et al. 2017). Then, 50 mL of pre- and
post-fermentation broth was collected and centrifuged in
a high-speed refrigerated centrifuge at 8000 rpm/min for
30 min. The supernatant was filtered and sterilized with a
0.22 pm aqueous filter membrane in the ultra-clean stage.
About 10 mL of the supernatant of different samples was
added to 90 mL of PDA medium as the experimental group,
while the same volume of sterile water was used as the blank
control group and 25 mg/L amphotericin B was used as the
positive control group to prepare drug-containing plates
(90 mm) at a final concentration of 10% (v/v). Three par-
allel sets of samples were set up for each group. A. alter-
nata (BNCC 336535) and Alternaria spp. (BNCC 123548)
mycelium blocks with a diameter of 6 mm were respectively
inoculated into the center of the drug-containing plate and
incubated at 28 °C until the mycelium of the blank control
group had grown over the entire plate. The diameter of the
colony in each experimental group and the control group was
measured by cross method (Mi et al. 2023; Admassie et al.
2022). The growth inhibition rate of mycelia was calculated
by the following formula:i = (1 — %) x 100, where i was
the growth inhibition rate of mycelia, AQ was the hyphal
diameter of the untreated pathogen, and Ax was the hyphal
diameter of the treated pathogen (Li et al. 2021a).

Determination of MIC of fermented crude extracts
against A. alternata and Alternaria spp.

The fermented supernatant was freeze-dried in a vacuum
freeze dryer to obtain a powdered sample of the fermented
crude extract. About 10 mL of sterile water, 25 mg/L
amphotericin B, and fermented crude extracts (at concen-
trations of 2.500, 1.250, 0.625, 0.313, 0.156, 0.078, and
0.039 pg/mL) were added to 90 mL of PDA medium as
blank control group, positive control group, and experi-
mental groups. Three parallel sets of samples were set up
for each group. A 6-mm diameter block was inoculated
in the center of the drug-containing plate (90 mm) and
incubated at 28 °C until the mycelium of the blank con-
trol group had grown over the entire plate. The diameter
of the microsphere in each experimental group and the
control group was measured by cross method. The growth

inhibition rate of mycelia was calculated by the follow-
ing formula: i = (1 — A—g) x 100, where i was the growth
inhibition rate of mycelia, AO was the hyphal diameter of
the untreated pathogen, and Ax was the hyphal diameter

of the treated pathogen (Li et al. 2021a).

Metabolomics identification of primary metabolites
in fermented waste water from agar processing
industries

The fermentation broth samples before and after fer-
mentation of the 25% waste water group were taken out,
thawed, eddied for 10 s, and centrifuged at 4 “C for 20 min
at 12,000 rpm/min. About 1 mL of the supernatant was
collected and diluted 50,000 times with ultrapure water to
obtain a sample concentration of below 1 ppm. The diluted
sample (400 pL) was added to 100 pL of 1 ng/pL astaxan-
thin as an internal standard and eddied for 10 s through a
0.22 pm aqueous microporous filter membrane.

Metabolite analysis was performed on an ACQUITY
Ultra Performance Liquid Chromatography I-Class PLUS
system (Waters, Milford, USA) and a Xevo GO-XS TOF
mass spectrometer (Waters, Milford, USA) equipped with
an ESI source. MS-DIAL 4.80 software with a public data-
base (http://prime.psc.riken.jp/compms/msdial/main.html#
MSP) was used for analysis. Substances were compared
with databases using their secondary mass spectrometry
information. Duplicate signals of K*, Na*, and NH,* were
removed during the analysis. Metabolite quantification was
accomplished using triple quadrupole mass spectrometry
in full information tandem mass spectrometry scanning
mode (MSF). The integration and correction of the peaks
of the same metabolite in different samples was conducted
using the characteristic peaks of the six standards available
in the laboratory.

Liquid chromatography parameters: ACQUITY UPLC
BEH C18 column (2.1 mm X 50 mm, 1.7 pm, Waters, Mil-
ford, USA) was selected. Mobile phase A was ultrapure
water (0.1% formic acid), and mobile phase B was acetoni-
trile. The elution gradient was set to 0% B, 0 — 1.0 min;
0-40% B, 1.0—3.0 min; 40% B, 3.0 — 5.0 min; 40% —70%
B, 5.0-5.1 min; 70% B, 5.1 —7.0 min; 70% — 80% B,
7.0—-7.1 min; and 0% B, 14.1 — 16.0 min. The flow rate
was 0.4 mL/min, the column temperature was 40 C, and
the injection volume was 5 pL.

Mass spectrometry parameter conditions: ESI source
conditions were as follows: capillary voltage 3 —3.30 kV,
sampling cone 40, shock source offset 80, source tempera-
ture 100 °C, desolventizing temperature 250 — 300 °C, cone
gas 50 L/H, desolventizing gas flow rate 59,850 L/H, posi-
tive ion scan m/z range 50 — 1200 Da, and negative ion
scan m/z range 50 — 1200 Da.

@ Springer


http://prime.psc.riken.jp/compms/msdial/main.html#MSP
http://prime.psc.riken.jp/compms/msdial/main.html#MSP

15 Page 4 of 15

Applied Microbiology and Biotechnology (2024) 108:15

KEGG enrichment analysis of polyphenol
metabolites

The identified polyphenols were submitted to KEGG (http://
www.genome.jp/Kegg/) for pathway enrichment analysis.

Laser confocal microscopy analysis

In brief, 6-mm diameter blocks of A. alternata and Alter-
naria spp. were inoculated on the drug-containing plate
(90 mm) and cultured at 28 °C for 5-6 days. Mycelia were
collected and stained in SYTOX-Green with a final concen-
tration of 1 pmol/L for 10 min in the dark. The mycelia were
washed three times with HBSS buffer. The coverslip was
fixed with mounting media, and the slide was immediately
observed under a laser confocal microscope.

Determination of cell membrane conductivity

The hyphae required for determination of cell membrane
conductivity were grown using the method of Jing et al.
(2018) with slight modifications. Thirty blocks of A. alter-
nata and Alternaria spp. were placed in 300 mL of PDB
liquid medium by punching method and cultured in an incu-
bator at 28 °C for 5 days to obtain hyphae. The four layers of
gauze were arranged on the Buchner funnel, the culture solu-
tion on the mycelia was drained under aseptic conditions,
and the mycelia were washed with sterile water three times.
About 1 g (wet weight) of the mycelium/part was collected
and transferred to a beaker containing sterile distilled water.
The fermentation broth was added to a final volume concen-
tration of 10%, and sterile distilled water was used as blank
control. Conductivity was measured at room temperature
from O to 17 h and recorded as S1 for the experimental group
and as SO for the blank control group. The treatment was
repeated three times. Each experimental group and the blank
control group were heated in a boiling water bath for 10 min.
The samples were cooled to 25 °C with tap water, and final
conductivity was measured and recorded as S2. According
to the above-measured values, relative conductivity could be
calculated using the formula % (Ai et al. 2023).

Statistical analysis

All samples were subjected to three parallel experiments,
and six biological replicates were performed in the metabo-
lomics analysis. Office Excel 2019 was used to calculate
mean, standard deviation, and other related parameters. Bar
and line graphs were prepared using Origin 2018. SPSS 26
was used to analyze the experimental data for significance
and regressions. The metabolome raw and final data were
formatted using Analysis Base File Converter software and
compared with the metabolite public database (http://prime.
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psc.riken.jp/compms/msdial/main.html#MSP) using MS-
DIAL 4.80 software. Principal component analysis (PCA)
and cluster heat mapping were carried out using R Studio.
Orthogonal partial least-squares discrimination analysis
(OPLS-DA) and OPLS-DA model validation were con-
ducted on SIMCA 14.1.

Results

Inhibition of fungal activity of two plant pathogenic
fungi by different ratios of fermented waste water
from agar processing industries

After mixed fermentation of the waste water and LB medium
in different proportions, the percentage of fermented waste
water in the 25% experimental group showed a significant
increase in the inhibition rate of A. alternata and Alternaria
spp-; both of which were better than the positive control
group and reached the highest rate of 99.9% and 96.1%,
respectively (Fig. 1).

MIC of fermented crude extract against A. alternata
and Alternaria spp.

MIC is the minimum drug concentration that inhibits the
growth of microorganisms (Cen et al. 2021). After the fer-
mentation of waste water from agar processing industries,
the metabolites produced were crudely extracted, and the
MIC of the crude extract against A. alternata and Alternaria
spp. both was 0.156 pg/mL (Table 1). After B. subtilis fer-
mented the waste water, the metabolites produced had an
inhibitory effect on the two plant pathogenic fungi.

Polyphenol metabolite analysis

Analysis of the metabolic characteristics
of waste water from agar processing industries
before and after fermentation with B. subtilis

The main components of waste water were shown in (Table.
S1). The main components of waste water from agar pro-
cessing were polysaccharides such as cellulose, proteins
such as phycobiliproteins, polyphenols such as anthocya-
nins, fats such as grease, and inorganic elements such as N
and P. Seaweed contains polyphenol substances, which are
the main active antifungal components (Zhao et al. 2022).
During the fermentation process, phenolic compounds could
be converted into unique metabolites by the methylation,
carboxylation, sulfate conjugation, hydroxylation, and oxida-
tion capabilities of microorganisms (Gulsunoglu-Konuskan
and Kilic-Akyilmaz 2022). Therefore, polyphenols were
selected as the main target metabolites for analysis. The
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Fig. 1 Antifungal plate and
antifungal rate of waste water
on Alternaria alternata and
Alternaria spp. after fermen-
tation. A, B antifungal plate
and antifungal rate against
Alternaria alternata; C, D anti-
fungal plate and antifungal rate
against Alternaria spp. Note:
AC: positive control; 0%, 25%,
50%, 75%, and 100% were the
percentages of waste water in
the medium, respectively
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Table 1 MIC of fermented crude extract against two plant pathogenic
fungi

Final concentration/  Antifungal rate (%)

(ngmL™) Alternaria alternata Alternaria spp.
2.500 37.24+0.81 19.24+1.75
1.250 43.31+2.03 14.73+2.24
0.625 38.87+4.46 8.04+2.23
0.313 16.59 +2.03 4.47+2.13
0.156 0+0 0+0

0.078 0+0 0+0

0.039 0+0 0+0

reproducibility of the metabolite extraction and detection
(i.e., technical duplication) was determined by overlay-
ing the total ion flow diagrams (Fig. S2) (TIC diagrams)
obtained from the mass spectrometric detection analysis of
different QC samples. The TIC plots of the six QC samples
in positive and negative ion modes were highly superim-
posed, indicating good stability of the instrument and good
reproducibility of metabolite detection for the same sample
at different time points, thereby ensuring the reproducibility
and reliability of the data.

Cluster analysis and PCA of metabolites
of waste water from agar processing industries
before and after fermentation with B. subtilis

Qualitative and relative quantitative information on metabo-
lites was subjected to cluster heat map analysis and PCA to
observe changes in polyphenolic compounds in waste water
from agar processing industries under B. subtilis fermenta-
tion. The hierarchical clustering heat map analysis divided
all samples into two main clusters based on the accumula-
tion of polyphenolic metabolites in different samples, with
cluster 1 being K1B and cluster 2 being KOB. The hierarchi-
cal relationships in the cluster heat map indicated that the
polyphenolic metabolite profile of waste water fermented
by B. subtilis was significantly different from that of the
unfermented control (Fig. 2). The relative contents of dicou-
marolum, wulignan A1, glycitin, procyanidin Al, acetami-
documarin, tiliroside, and velutin significantly increased in
the fermentation optimum group. Group differences in the
samples were verified by PCA (Fig. 3). The PCA results
revealed two principal components that best interpreted the
raw multidimensional data; different colored scatters repre-
sent different mixing ratios between the waste water and the
medium, and different shapes represent the fermented and
unfermented samples. The first principal component (PC1)
and the second principal component (PC2) correspond to
the horizontal and vertical coordinates of the graph, respec-
tively, and they explained 46.4% and 22.8% of the total
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variance, respectively. The fermented and unfermented sam-
ple fractions were separated by PC1 mainly in two regions
around the zero scale line, indicating that fermentation could
effectively alter the polyphenolic profile of the waste water.

Analysis of OPLS-DA and screening of differential
metabolites before and after fermentation of waste water
from agar processing industries by B. subtilis

In the score chart between KOB and K1B, the horizontal
coordinates indicated the predicted principal components,
which showed the differences between the groups after fer-
mentation; the vertical coordinates indicated the orthogonal
principal components, which showed the differences within
the groups; and the percentage indicated the degree to which
the component explains the data set (Fig. 4A). Each point
represented a sample, and the same group of the samples
was represented by one color. The horizontal coordinates
showed that KOB and K1B were clearly distinguished on
either side of x=0, indicating significant differences in the
polyphenol metabolites in waste water from agar process-
ing industries fermented by B. subtilis as well as between
groups. Fermentation greatly changed the components of
the waste liquid, providing various possibilities for fungal
inhibition. The OPLS-DA model was further tested with 200
permutations to evaluate its accuracy and obtain accurate
differential metabolites for subsequent analyses. The optimal
group had Q? greater than 0.5 after B. subtilis fermentation
versus unfermented (RZX: 0.67, R*Y=0.993, Q2 =0.978),
indicating that the OPLS-DA model could be a good pre-
dictor for subsequent screening of differential metabolites
(Fig. 4B).

Based on the OPLS-DA results, the variable importance
in the projection (VIP) of the OPLS-DA model for multi-
variate analysis and the P value obtained by the 7-test was
obtained. Based on VIP value greater than 1 and P value
less than 0.05, the FC value of “-” or greater than 1.5 was
judged as upregulated metabolic differential; the FC value
of 0 or less than 0.5 was judged as downregulated meta-
bolic differential. Forty-eight differential metabolites were
found between KOB and K1B (16 upregulated and 32 down-
regulated). The upregulated metabolites are glycycoumarin,
glycitin, procyanidin Al, coniferyl aldehyde, and velutin
(Table 2).

Metabolic pathway analysis of polyphenols

The identified metabolites were located and annotated by
KEGG on the metabolic pathways. This method not only
provides all possible metabolic pathways but also compre-
hensively indicates the enzymes that catalyze each step of
the reaction (Kanehisa 2017). Polyphenol metabolites were
submitted to KEGG for pathway enrichment analysis. During
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fermentation, metabolites were involved in five metabolic
pathways, including isoflavonoid biosynthesis, biosynthesis
of phenylpropanoids, phenylpropanoid biosynthesis, tryp-
tophan metabolism, and flavonoid biosynthesis pathways.

The key secondary metabolites in these pathways were phe-
nols, flavonoids, flavones, coumarins, and phenylpropanoids,
whose contents significantly changed after fermentation.
Among the detected polyphenol metabolites, the contents
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Fig.4 OPLS-DA score and

of glycitin and coniferyl aldehyde increased substantially
after fermentation. Glycitin was produced by isoflavonoid
biosynthesis pathway from liquiritigenin (Fig. 5). Coniferyl
aldehyde was produced by phenylpropanoid biosynthesis
pathway from L-phenylalanine and L-tyrosine (Fig. 5). In
addition, the differential metabolites 2-aminophenol, hes-
peretin, and umbelliferone were downregulated after fermen-
tation. These metabolites involved in competitive pathways
(such as biosynthesis of phenylpropanoids and flavonoids
biosynthesis) were weakened, promoting the upregulation
of the synthetic active polyphenol pathway, such as iso-
flavonoid biosynthesis and phenylpropanoids biosynthesis
(Fig. 5). The metabolic pathways of B. subtilis to synthesize
antifungal active substances glycitin and coniferyl aldehyde
were enhanced.

Laser confocal fluorescence microscopy observation
SYTOX Green (SG) fluorescent nucleic acid staining dye

was used in this study; it penetrates into fungal cells and
binds to nucleic acids when the plasma membrane integrity
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Table 2 Differential metabolites
of KOB and K1B

Metabolite name VIP Pvalue  Fold change  Type
Glycycoumarin 1.47  0.00 — Up
Glycitin 147  0.00 — Up
Procyanidin Al 1.47  0.00 5.31 Up
Velutin 1.45 0.00 — Up
Tiliroside 1.44  0.00 3.68 Up
Ethyl 2-((4-methyl-2-oxo-2H-chromen-7-yl)oxy)propanoate 142 0.00 — Up
Coniferyl aldehyde 1.29  0.00 — Up
Waulignan Al 1.27  0.00 2.27 Up
Spinosin B 1.25  0.00 — Up
Artemitin 1.24  0.00 — Up
Naringin dihydrochalcone 1.23  0.01 — Up
Dihydrocapsaicin 1.21 0.00 1.72 Up
Isorhamnetin 1.20  0.01 — Up
4'-0-(2'-Z-Feruloyl GluA(1-2)GluA) apigenin 1.16  0.01 — Up
5-O-methyllicoricidin 1.16  0.01 — Up
Daidzein 7-O-beta-D-glucoside 4"-O-methylate 1.05 0.02 — Up
Triptophenolide 1.47  0.00 0.29 Down
Cirsimaritin 1.47 0.00 0.00 Down
Dimethyl lithospermate B 145  0.00 0.23 Down
Helicide 144  0.00 0.00 Down
Orientin 2"-O-p-trans-coumarate 142 0.00 0.00 Down
4-Methyl-6,7-dihydroxycoumarin 1.41 0.00 0.13 Down
Sciadopitysin 140  0.00 0.00 Down
Magnolin 140  0.00 0.00 Down
Pteryxin 1.37  0.00 0.00 Down
Isoeugenol acetate 1.35  0.00 0.00 Down
4"-Methyloxy-genistin 1.34  0.00 0.00 Down
8,9-Epoxy-3,10-diisobutyryloxythymol 1.34  0.00 0.00 Down
5,7-Dihydroxy-4-methylcoumarin 1.33  0.00 0.00 Down
Isosakuranin 1.30  0.00 0.00 Down
2-Aminophenol 1.29  0.00 0.00 Down
Procyanidin B1 1.28  0.00 0.00 Down
Ochnaflavone 4'-methyl ether 1.27  0.00 0.18 Down
Acacetin-7-glucoside 1.27  0.00 0.00 Down
Isotetrandrine 1.27  0.00 0.00 Down
Gaultherin 1.27  0.00 0.00 Down
3-Genistein-8-C-glucoside 1.26  0.00 0.00 Down
Hesperetin 1.25  0.00 0.00 Down
Secoisolariciresinol diglucoside 124 0.01 0.00 Down
Parishin E 122 0.00 0.00 Down
3’-Demethylnobiletin 1.15 0.01 0.00 Down
Clausenin methyl ether 1.11 0.02 0.00 Down
Icariin 1.10  0.02 0.00 Down
Umbelliferone 1.07 0.03 0.00 Down
Toddalolactone 1.06  0.03 0.00 Down
Rutin 1.06  0.02 0.00 Down
Parishin C 1.03  0.03 0.00 Down
Corylin 1.01 0.05 0.00 Down
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Fig.5 Metabolic pathway of polyphenols

of the fungus was compromised (Machado and Soares 2012).
After the two plant pathogenic fungi were treated with 25%
(v/v) fermentation supernatant, laser confocal microscopy
images and corresponding brightfield images were taken up
by hyphal SG (Fig. 6; scale bar 25 pm). Under confocal
conditions, the blank group did not fluoresce, and the posi-
tive control group and the experimental group fluoresced.
The fluorescence intensity of the experimental group was
stronger than that of the positive control group, indicat-
ing that the SG-labeled nucleic acids of pathogenic fungal
hyphae treated with fermented supernatant had enhanced
plasma membrane permeability.

Determination of the effect of fermentation broth
on the permeability of mycelial cell nembrane
by conductivity method

The permeability of the mycelium cell membrane was
measured by electric conductivity test. The change trend
of the electrical conductivity of each experimental group
with increasing treatment time of A. alternata was shown
in Fig. 7A. The conductivity of each experimental group
had no obvious change trend at 0 — 6 h, indicating the exist-
ence of the mycelial cell wall of the active component. At
7 — 15 h, the conductivity of 25% mycelia in the optimal
group showed an upward trend, indicating that the myce-
lium was destroyed. This phenomenon resulted in the dis-
solution of intracellular ions, leading to increases in ion
concentration, conductivity, cell permeability, dissolved
substances, cell death rate, and antifungal effect. The

@ Springer

mycelial conductivity of 25% optimal group tended to be
flat at 15— 17 h, while the other groups showed a downward
trend at 13 —17 h, which might be due to the combination
of dissolved ions and components in the sample to reduce
the ion concentration and decrease the conductivity. The
change trend of electrical conductivity of each experimental
group with increasing treatment time of Alternaria spp. was
shown in Fig. 7B. The trend of hyphal conductivity in the
optimal group was basically the same as that in the optimal
group of A. alternata. The conductivity of the other groups
fluctuated significantly from 7 to 17 h and finally showed a
downward trend. The dissolved ions might combine with the
components in the sample, reducing the ion concentration
and conductivity.

Discussion

The results of recent studies on inhibiting Alternaria
growth and increasing antifungal activity through B.
subtilis fermentation were summarized in (Table. S2).
According to Harish et al., different B. subtilis strains and
antifungal lipopeptides were extracted and identified by
HPLC, and the antifungal activities of lipopeptides from
B. subtilis were evaluated. The results showed that strain
T6 had the highest antifungal activity against A. alternata
(85.88%) (Harish et al. 2023). Zhang et al. reported that
after treating Alternaria solani with B. subtilis ZDO01 fer-
mentation broth under greenhouse conditions, the spore
germination rate of Alternaria solani was 16.67%, which



Applied Microbiology and Biotechnology (2024) 108:15

Page110of15 15

Fig.6 Laser confocal image of two pathogenic fungi treated with fer-
mentation crude extract by SYTOX-Green staining. A-F Alternaria
alternata; a—f Alternaria spp. Note: A, C, E, a, ¢, e were SG fluores-

was 75% lower than the blank group (Zhang et al. 2022).
Li et al. reported that Bacillus velezensis HY 19 fermenta-
tion broth significantly inhibited the growth of gray mold
in tomato, with inhibition rates of 47.99%, 60.54%, 92.5%,
and 99.6% at 0.0125%, 0.025%, 0.05%, and 0.1% concen-
trations of fermentation crude extracts, respectively (Li
et al. 2022b). Dikbasg et al. partially purified Lactobacillus
coryniformis 3N11 chitinase and measured its antifungal
activity against A. alternata ETS57 in an in vitro experi-
ment. The results showed that the chitinase obtained from
Lactobacillus coryniformis 3N11 had an inhibitory rate
of 20.83 to 54.17% against A. alternata at different doses
(Dikbas et al. 2022). Kim et al. isolated a plant growth-
promoting bacterium, B. subtilis SA-15, was isolated
from non-agricultural soil. In field experiments, its thera-
peutic effect on the large spot disease caused by Zoysia
Jjaponica Rhizoctonia solani AG 2-2 (IV) was 51.2-92.0%
(Kim et al. 2021). Compared with the results of previous
research, the antifungal effect of this study was excellent,
and the group fermented with 25% waste water from agar
processing industries as the best group. The inhibition
rates against A. alternata and Alternaria spp. were as high
as 99.9% and 96.1%, respectively. This might be related
to the upregulation of polyphenol components during the

cence observed by confocal laser microscopy; B, D, F, b, d, f were
bright field image; A, B, a, b were blank control; C, D, ¢, d were
positive control; E, F, e, f were experimental groups

fermentation process of B. subtilis. So B. subtilis fermen-
tation of seaweed waste water showed excellent antifungal
function.

Zhao et al. isolated a novel polyphenol derivative from the
root bark of Periploca sepium and found that it significantly
inhibited the growth of Alternaria, with a MIC of 3.13 pg/
mL (Zhao et al. 2019). Deng et al. reported the inhibitory
effect of different solvent extracts of Oudemansiella mucida
fermentation broth on five plant pathogens. The MIC of the
ethyl acetate extract of fermented broth against A. alternata
was 5 mg/mL, which was higher than the 0.156 pg/mL of the
present results (Deng et al. 2020). It was further indicated
the high antifungal activity of the crude extract from the
fermentation of waste water from agar processing industries
fermented by B. subtilis.

A total of 115 polyphenolic flavonoids were compared
by UPLC-Q-TOF-MS analysis. The results of the clustering
heat map showed that the profile of polyphenol metabolites
of the waste water from agar processing industries fermented
by B. subtilis was significantly different from that of the
unfermented control group. Munir et al. used LC-ESI-MS/
MS to compare the metabolic profiles of citrus plants before
and after treatment with endophytic B. subtilis L1-21; the
highest percentages of organic acids, flavone, amino acid
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Fig.7 Effects of treatment of
waste water fermentation crude
extract on conductivity of two
pathogenic fungi. A Alternaria
alternata; B Alternaria spp

1.1

Conductivity (ps.cm-)

0.9

derivatives, flavone C-glycosides, nucleotide derivatives,
and flavonol were effective in inhibiting the growth of citrus
ulcer fungus (Munir et al. 2020). It was further proved that
the fermentation of B. subtilis could significantly change the
metabolic profile of the fermentation broth, increase the con-
tent of polyphenolic flavonoids, and thus inhibit the growth
of plant pathogens.

Based on OPLS-DA, 48 differential metabolites were
screened, among which the contents of flavonoid poly-
phenols such as glycycoumarin, glycitin, procyanidin Al,
coniferyl aldehyde, and velutin were increased. By compar-
ing the growth of alfalfa before and after B. subtilis BS TTL1
treatment, Li et al. reported that inter-root soil metabolite
regulation (e.g., upregulated of amino acids, flavonoids, fatty
acids, and carbohydrates) promoted the growth of alfalfa
and the mitigation of heavy metal toxicity in the presence
of B. subtilis (Li et al. 2021b). Hu et al. used a mixture of
Lactiplantibacillus plantarum B7 and B. subtilis natto to
ferment rose residue and compared the metabolites before
and after fermentation by LC-MS/MS. The results showed
that the expression of coumaric acid, gallic acid, querce-
tin, naringenin, and kaempferol was upregulated, and their
upregulation was responsible for their high antioxidant and
antifungal capacities (Hu et al. 2022). Our data (Table 2)
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also showed that the contents of polyphenols such as glyci-
tin, velutin, and coniferyl aldehyde were upregulated after
fermentation. Therefore, these upregulated flavonoid poly-
phenols that were speculated might be the material basis for
potentially enhancing the inhibitory activity against the two
pathogenic fungi tested. In future research, specific types
of polyphenols would be further selected to confirm their
antifungal activity to verify this speculation.

In this study, based on the KEGG analysis, isoflavonoid
biosynthesis, biosynthesis of phenylpropanoids, phenylpro-
panoid biosynthesis, tryptophan metabolism, and flavonoid
biosynthesis pathways were enriched, which were associated
with five specific metabolites. The relevant descriptions of
the pathways are listed in Table S3. During the fermenta-
tion process of waste water from agar processing industries
by B. subtilis, the macromolecular sugars contained in the
waste water would be consumed through glycolysis. It was
then converted into polyphenols through the phenylpropa-
noid biosynthesis and isoflavonoid biosynthesis pathways.
At the same time, the weakening of some competitive
pathways (such as biosynthesis of phenylpropanoids and
flavonoid biosynthesis) also promotes the production of
polyphenols. Relevant references also showed that bacte-
ria could produce polyphenols. Marchut-Mikotajczyk et al.
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isolated three strains of endophytic bacteria from common
stinging nettle and found that each of the isolated bacterial
strains was capable of producing biosurfactants and poly-
phenols (Marchut-Mikotajczyk et al. 2023). Sarjono et al.
found that isolates of endophytic bacteria that symbiotes
with the papaya leaves were able to produce alkaloid, flavo-
noids, saponins, tannins, and triterpenoids compounds that
act as antioxidant and antibacterial (Sarjono et al. 2019).
The results showed that the original substances in waste
water from agar processing industries were consumed after
fermentation by B. subtilis and converted into polyphenols
through the phenylpropanoid biosynthesis and isoflavonoid
biosynthesis pathways.

Previous studies have shown that the upregulated differ-
ential metabolites in corn treated by B. subtilis were mainly
involved in flavonoid biosynthesis and flavone and flavonol
biosynthesis pathways (Shao et al. 2023). Mashabela et al.
reported that the metabolites in the rhizosphere and leaves
of Triticum aestivum L. were changed before and after
treatment with B. subtilis; alterations in these metabolites
affected important pathways facilitating the plant’s primary
and secondary metabolism, including phenylalanine, trypto-
phan biosynthesis, phenylpropanoid biosynthesis, and phe-
nylalanine metabolism (Mashabela et al. 2022). Gao et al.
found that during the fermentation of soy milk by B. subtilis
BSNK-5, macromolecular substances were degraded into
small molecular substances through pathways such as amino
acid and lipid metabolism, thus affecting the nutritional
and functional properties of fermented soy milk (Gao et al.
2022). This was consistent with the metabolic pathways
involved in secondary metabolites of B. subtilis in this study,
indicating that B. subtilis does have the ability to generate
these pathways (such as phenylpropanoid biosynthesis and
isoflavonoid biosynthesis). And B. subtilis could synthesize
polyphenols through these pathways.

Tian et al. conducted staining by fluorescent SYTO 9 and
propidium iodide (PI) and observed the samples under laser
confocal microscope; after treatment with thymol, the green
fluorescence was significantly reduced and the red fluores-
cence was significantly increased, indicating that thymol-
induced damages to the cell membrane of E. sakazakii and
inhibited cell growth (Tian et al. 2020). Shreaz et al. showed
that the cell membrane of Candida was destroyed by conife-
raldehyde, causing cell surface damage and wrinkled as well
as leakage of cell contents (Shreaz et al. 2013). Alshaibani
et al. reported that cranberry proanthocyanidins increased
the membrane permeability and inhibited microbial growth
by weakening the composition of the outer membrane of
diarrheagenic Escherichia coli and causing perforation
(Alshaibani et al. 2017). Relevant references showed that
conifer aldehyde and proanthocyanidins could damage cell
structures. In this study, polyphenols such as coniferalde-
hyde and procyanidin Al also showed upregulation after

fermentation. This indicated that polyphenols might be the
material basis for destroying the cell structure of the two
plant pathogenic fungi.

Electrical conductivity is an important indicator of cell
membrane permeability, and a larger value indicates more
leakage of electrolytes and more damage to the cell mem-
brane. (Yuan et al. 2023a). The cell conductivity analyses of
A. alternata and Alternaria spp. showed that the cell mem-
brane of fungi treated with fermentation broth was destroyed,
resulting in the dissolution of intracellular ions, increased
conductivity, and fungal cell death, thereby achieving anti-
fungal effect. Duan et al. studied the effect of H,S on the
membrane permeability of Botryosphaeria dothidea cells
and reported that the extracellular conductivity was sig-
nificantly increased after H,S treatment (Duan et al. 2022).
Yuan et al. reported that combined SAEW + UV treatment
significantly increased the cell membrane conductivity of
Salmonella enteritidis (Yuan et al. 2023b), consistent with
the results of the present study. Overall, the upregulation of
coniferyl aldehyde and procyanidin A1 might be the reason
why the fermentation broth destroys the fungal cells, leading
to increases in extracellular conductivity and plasma mem-
brane permeability.

In summary, the results of this study showed that the
fermentation of B. subtilis could effectively transform into
polyphenol antifungal substances and improve the antifungal
activity of the fermentation supernatant against A. alternata
and Alternaria spp. The MIC against two plant pathogenic
fungi was 0.156 pg/mL. Metabolomics analysis showed that
the upregulation of flavonoid polyphenols such as coniferyl
aldehyde, glycycoumarin, glycitin, and procyanidin Al
might be the material basis for the potential enhanced
inhibitory activity against the two pathogenic fungi. Based
on the KEGG enrichment analysis, five metabolic pathways
including isoflavonoid biosynthesis, biosynthesis of phe-
nylpropanoids, phenylpropanoid biosynthesis, tryptophan
metabolism, and flavonoid biosynthesis were enriched. The
laser confocal microscopy and cell conductivity analyses of
pathogenic fungi showed that the cell wall and cytoplasm of
fungi treated with fermentation broth were destroyed, result-
ing in the dissolution of intracellular ions, increased con-
ductivity and fungal cell death, thereby achieving antifungal
effect. The supernatant of waste water from agar processing
industries co-fermented with B. subtilis has the potential
to develop new natural antifungal agents, which provides
a theoretical basis for the synthesis of antifungal agents by
microbial fermentation and the resource utilization of sea-
weed agar waste.
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