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Abstract

Background Sporobolomyces pararoseus is a well-studied oleaginous red yeast that can synthesize a variety of

high value-added bioactive compounds. Biofilm is one of the important biological barriers for microbial cells to

resist environmental stresses and maintain stable fermentation process. Here, the effect of acidic conditions on the
biosynthesis of biofilms in S. pararoseus NGR was investigated through the combination of morphology, biochemistry,
and multi-omics approaches.

Results The results showed that the acidic environment was the key factor to trigger the biofilm formation of S.
pararoseus NGR. When S. pararoseus NGR was cultured under pH 4.7, the colony morphology was wrinkled, the cells
were wrapped by a large amount of extracellular matrix, and the hydrophobicity and anti-oxidative stress ability
were significantly improved, and the yield of intracellular carotenoids was significantly increased. Transcriptome
and metabolome profiling indicated that carbohydrate metabolism, amino acid metabolism, lipid metabolism, and
nucleic acid metabolism in S. pararoseus NGR cells were significantly enriched in biofilm cells under pH 4.7 culture
conditions, including 56 differentially expressed genes and 341 differential metabolites.

Conclusions These differential genes and metabolites may play an important role in the formation of biofilms by
S. pararoseus NGR in response to acidic stress. The results will provide strategies for the development and utilization
of beneficial microbial biofilms, and provide theoretical support for the industrial fermentation production of
microorganisms to improve their resistance and maintain stable growth.
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Introduction

Sporobolomyces pararoseus is a species of red yeast [1,
2], a beneficial yeast that can produce a variety of bio-
products such as microbial oils, surfactants, enzymes,
and carotenoids [3—-6], and has been widely used in the
medical industry, pharmaceuticals, food and health care
[5, 6]. However, during industrial microbial fermenta-
tion, the growth of yeast cells is subjected to a variety of
environmental stresses, in particular, a decrease in ambi-
ent pH can increase intracellular reactive oxygen species
(ROS) levels, leading to cellular damage, which in turn
affects microbial growth and development, and in severe
cases, leads to cell death [7], resulting in a significant
reduction in the efficiency of metabolite biosynthesis. To
date, microorganisms have evolved many resilient ways
to sense environmental changes in response to environ-
mental stress [8], such as through cell differentiation [9],
spore production [10] and biofilm formation [11, 12].
Among them, biofilm has been widely recognized as a
unique growth mode chosen by microorganisms in their
natural environment in response to various environmen-
tal stresses [13].

Biofilm is a three-dimensional structural material
composed of microbial cells and extracellular polymeric
substances (EPS) [14, 15], which is commonly mani-
fested by the formation of wrinkled colonies [16], and
has the properties of increased adhesion, decreased
motility, increased hydrophobicity and increased resis-
tance to hydrogen peroxide [17, 18]. Therefore, biofilm
can be used as a ' protective suit ' for microorganisms to
help them resist various environmental stresses, includ-
ing nutritional deficiencies, extreme temperatures, acid,
alkaline environments, ultraviolet rays, and disinfectants
[19-23]. Research on microbial biofilm has primar-
ily focused on bacterial systems, leading to substantial
advancements in understanding their taxonomy, devel-
opment, structural organization, and functional roles
[21, 24]. Fungal systems, in contrast, have been studied
to a smaller degree, with Candida albicans and Saccha-
romyces cerevisiae being the most extensively researched
species. These studies have primarily concentrated on
clinical infections and strategies to inhibit biofilm forma-
tion [19, 24]. In comparison, research on Sporobolomy-
ces pararoseus, a beneficial microorganism known for its
pigment production, remains limited. Investigations into
the environmental factors influencing biofilm formation
and the role of this microorganism in stress resistance are
sparse [1, 2]. Therefore, it is significance to increase the
in-depth study and exploitation of biofilms of beneficial
fungi for their application in the fields of pharmaceutical
industry, food industry, agricultural production, environ-
mental protection, energy utilization, and industrial fer-
mentation production.
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The prime purpose of this study was to investigate the
effect of acidic conditions on the biofilm formation in
S. pararoseus NGR. At the same time, the macroscopic
three-dimensional structure of biofilm was observed
by scanning electron microscope and its hydrophobic-
ity was measured. In addition, the polysaccharide, pro-
tein, eDNA content and oxidative stress ability of biofilm
extracellular EPS were evaluated, and the intracellular
carotenoid synthesis level was explored. Moreover, tran-
scriptome and metabolome sequencing techniques were
used to study the differences in gene expression profiles
and metabolites of S. pararoseus NGR under acid stress,
aiming to analyze the differences between wrinkled bio-
film colonies and non-biofilm colonies of S. pararoseus
NGR. The detailed study of biofilm formation in S. para-
roseus NGR provides insights into the mechanisms of
abiotic stress, supports normal growth, enhances metab-
olite biosynthesis, and offers a valuable reference for
investigating the mechanisms underlying biofilm forma-
tion and the development of colony morphology.

Materials and methods

Yeast strain and culture conditions

The S. pararoseus NGR (CGMCC 2.5280) used in this
study was derived from the surface of strawberry fruit. S.
pararoseus NGR was inoculated in liquid medium con-
taining 100 mL YPD (glucose: 10 g/L; peptone: 10 g/L;
yeast extract powder: 5 g/L; pH 6.0) in a conical flask at
28 °C, 180 rpm for 24 h as the pre-seeding solution. Sub-
sequently, the pre-seed liquid was transferred to a new
conical flask containing 100 mL YPD medium according
to the inoculation amount of (1%, v/v) and cultured at
28 °C, 180 rpm for 24 h as the seed liquid.

Effects of different pH conditions on the colony
morphology and growth of S. pararoseus NGR

The seed solution was inoculated with 10 uL of YPD solid
and liquid media at pH 3.0, pH 4.0, pH 4.7, pH 5.0, pH
6.0 (control), pH 7.0 and pH 8.0, respectively, and their
colony phenotypes were observed. Subsequently, the
seed solution was inoculated into a 96-well polystyrene
microtitration plate at a (1%, v/v) inoculation amount,
with 6 replicates per treatment, and cultured at 28 °C,
180 rpm for 96 h. The optical density value at cell growth
level was measured at 560 nm by using a BioTek Cyta-
tion5 microplate reader (DERICA BIOTECH, Beijing
Delika Biotechnology Co., Ltd., Beijing, China).

Determination and analysis of biofilm

The liquid medium with pH 3.0, pH 4.0, pH 4.7, pH 5.0,
pH 6.0 (control), pH 7.0, pH 8.0 was placed in a 96-well
polystyrene microtitration plate (200 pL per well), and
then the seed liquid was inoculated into a 96-well poly-
styrene microtitration plate according to the inoculation
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amount of (1%, v/v). Each treatment had 6 replicates. The
cells were cultured at 28 °C for 24 h. After culture, the
medium was removed and washed with 0.1 M phosphate
buffer (pH 7.2) to remove planktonic cells.

The biofilm yield of S. pararoseus NGR under different
pH conditions was quantified using crystal violet (CV)
staining [25], 200 pL of methanol was added to each well
for 15 min of fixation, and 200 pL of CV (1%, v/v) was
added to each well for 5 min of staining after natural
air-drying of the methanol was aspirated. Subsequently,
excess dye was removed by washing with sterile water.
Finally, 200 pL of glacial acetic acid (33%, v/v) was added
to each well and placed at 32 °C for 30 min. The optical
density was measured at 590 nm by using the Bio Tek
Cytation5 microplate reader (DERICA BIOTECH, Bei-
jing Delika Biotechnology Co., Ltd., Beijing, China).

Biofilm morphology analysis of S. pararoseus NGR
Scanning electron microscopy was used to observe the
colony structure of S. pararoseus NGR cultured at pH
6.0 and pH 4.7 for 48 h. The colony size was cut from the
agar plate with a knife to 5 * 5 mm, fixed with glutaralde-
hyde (2.5%, v/v) at low temperature (5-6 °C) for 24 h, and
rinsed with 0.1 M phosphate buffer (pH 7.2) for 3 times,
15 min each time. The samples were dehydrated with
ethanol (50%, 60%, 70%, 80%, 90%, v/v) for 15 min and
anhydrous ethanol for 10 min, respectively, and repeated
three times. It was then replaced with tert-butanol (50%,
75%, 90%, v/v) for 10 min, and tert-butanol (100%, v/v)
for 10 min and repeated three times. Subsequently, gold
(20 nm) was plated with a sputtering coater (MC1000),
and the samples were detected by a scanning electron
microscope (HITACHI Regulus 8000).

Biofilm hydrophobicity determination

The strength of the relative hydrophobicity of a biofilm
surface shows a positive correlation with its degree of
stabilization [26, 27]. Cell surface hydrophobicity (CSH)
of yeast cells was determined using the microbial adhe-
sion to hydrocarbons (MATH) method [28]. S. para-
roseus NGR was cultured in YPD solid and liquid media
at pH 6.0 and pH 4.7 for 48 h, respectively. After culture,
the cells were centrifuged at 12,000 g for 3 min using an
Eppendorf 5430R centrifuge (Eppendorf himac Tech-
nologies, Hamburg, Germany) and washed twice with
phosphate buffer. The S. pararoseus NGR cells were then
resuspended in 6 mL of 4 M ammonium sulfate PBS to
increase the hydrophilicity of the aqueous phase, and 200
uL was taken in a 96-well plate with a Bio Tek Cytation5
zymograph at 650 nm absorbance for (A0). Subsequently,
0.6 mL of xylene was added to the assay tube containing
3 mL of yeast suspension, the tube without xylene was
used as a control, the tube was vortexed for 1 min and
left at room temperature for 15 min, then 200 uL of the
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lower aqueous phase was taken in a 96-well plate, and the
absorbance of the samples was measured at 650 nm using
a Bio Tek Cytation5 enzyme marker (A).

The CSH is calculated as:

CSH (%) = (1 — A/A0) x100%

Extraction of extracellular polymeric substances (EPS)
Extracellular polymeric substances (EPS) in S. pararoseus
NGR biofilm were extracted by sodium hydroxide extrac-
tion method [29]. Cells were collected after S. pararoseus
NGR was cultured in YPD solid and liquid medium for
48 h at pH 6.0 and pH 4.7, respectively, and mixed with
20 mL of NaCl solution (0.90%, w/v) in 50 mL centrifuge
tubes, centrifuged at 4 °C, 12,000 g for 10 min using an
Eppendorf 5430R centrifuge (Eppendorf himac Tech-
nologies, Hamburg, Germany), and the supernatant was
passed through a 0.45 pm filter membrane to obtain the
first filtrate (S-EPS). Then, the precipitated S. pararoseus
NGR cells were diluted to 20 mL with sodium chloride
solution (0.90%, w/v), and the second centrifugation was
performed. The EPS was centrifuged at 4 °C 12,000 g
for 10 min, and the supernatant was filtered through a
0.45 pm membrane to obtain the second filtrate (LB-
EPS). The total EPS in the filtrate determination system
of the two supernatants was summarized. The samples
were stored in a refrigerator at 4 °C, and then EPS deter-
mination and analysis (total polysaccharides, total pro-
teins, and total extracellular DNA) were performed [30,
31].

Determination of total polysaccharide, total protein and
extracellular DNA content

200 pL of EPS solution was taken and added to 1.8 mL
of water and then mixed with 5.0 mL of phenol (6%, v/v).
The mixed solution was heated in a water bath at 96 °C
for 20 min and then cooled to room temperature, and
the polysaccharide concentration in the EPS solution was
determined using a Bio Tek Cytation5 enzyme marker
(DERICA BIOTECH, Beijing Delika Biotechnology Co.,
Ltd., Beijing, China) [32]. Glucose was added to prepare
polysaccharide standard solutions (0.02, 0.04, 0.06, 0.06,
0.08, 0.10, 0.12 mg/mL) for calibration.

The protein content of EPS was determined using a
BCA (bicinchoninic acid) protein assay kit (Nanjing Jian-
jian Biotechnology Co., Ltd., Nanjing, China) [31].

The abundance of DNA was determined using diphe-
nylamine colorimetry [33], and its absorbance value was
measured at 595 nm using a Bio Tek Cytation5 enzyme
marker (DERICA BIOTECH, Beijing Delika Biotechnol-
ogy Co., Ltd., Beijing, China).
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Measurement of intracellular reactive oxygen species
(ROS)

The intracellular ROS levels in yeast cells cultured under
different pH conditions were determined by using a ROS
level kit (Beijing Solarbio Biotechnology Co., Ltd., Bei-
jing, China). The oxidative sensitive probe 2',7'-dichlo-
rodihydrofluorescein diacetate (DCFH-DA) was used
to determine the relative level of ROS in cells under
two colony morphologies. The fluorescence intensity
was detected by Bio Tek Cytation5 microplate reader
(DERICA BIOTECH, Beijing Delika Biotechnology Co.,
Ltd., Beijing, China). The emission wavelength was set at
525 nm and the excitation wavelength was 488 nm.

Determination of intracellular superoxide dismutase (SOD),
catalase (CAT) and total antioxidant capacity (T-AOC)

Yeast cells were collected and placed in a 2 mL centri-
fuge tube, 9 times the volume of phosphate buffer solu-
tion (PBS, pH 7.2) was added, and then the tissue was
homogenized by ultrasound under ice water bath condi-
tions. After centrifugation at 12,000 g for 10 min using
an Eppendorf 5430R centrifuge (Eppendorf himac Tech-
nologies, Hamburg, Germany), the supernatant was
transferred to a new EP tube. The relative activity of
superoxide dismutase (SOD) was determined by super-
oxide dismutase analysis kit (Beijing Solarbio Biotech-
nology Co., Ltd., Beijing, China). Ammonium molybdate
colorimetric method was used to determine the relative
activity of catalase (CAT) by catalase detection kit (Bei-
jing Box Biotechnology Co., Ltd., Beijing, China). The
total antioxidant capacity (T-AOC) was measured using
the total antioxidant capacity kit (Beijing Solarbio Bio-
technology Co., Ltd., Beijing, China). Bio Tek Cytation5
microplate reader (DERICA BIOTECH, Beijing Delika
Biotechnology Co., Ltd., Beijing, China) was used to eval-
uate intracellular SOD, CAT activity and T-AOC, and the
optical density values were set to 450, 405 and 593 nm,
respectively.

Extraction and determination of carotenoids

The S. pararoseus NGR was cultured in darkness for 96 h
in both liquid and solid media at pH 4.7 and 6.0, respec-
tively, to prevent pigment degradation. Every 24 h, the
yeast cells were collected by centrifugation at 10,000 g
for 10 min at 4 C using an Eppendorf 5430R centrifuge
(Eppendorf himac Technologies, Hamburg, Germany),
washed twice with sterile water, and freeze-dried for
48 h. An aliquot of 0.1 g of the cells was weighed and sub-
jected to cell wall disruption by adding 2 mL of dimethyl
sulfoxide (DMSO), followed by incubation in a water
bath at 65 °C for 30 min with intermittent shaking. Sub-
sequently, 6 mL of acetone was added, and the mixture
was further incubated in a water bath at 65 °C for 20 min
with gentle agitation. The supernatant was then collected
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by centrifugation at 10,000 g for 10 min. Following the
steps outlined above, the carotenoid-containing superna-
tant was transferred to a new test tube, and the extrac-
tion process was repeated until the yeast cells turned
colorless. To determine the carotenoid content, an equal
volume of n-hexane was added to the collected super-
natant and extracted for 10 min. The absorbance of the
n-hexane layer was measured using a Bio Tek Cytation5
microplate reader (DERICA BIOTECH, Beijing, China)
at a wavelength of 450 nm.

The carotenoid content (pug/g) is calculated using the
formula:

Content of carotenoid = (A x D x V)/(0.16 x W)

where:

A represents the optical density value;

D denotes the dilution factor of the sample during
measurement;

V is the total volume of solvent used for extraction;

W signifies the weight of the original bacterial powder;

And 0.16 is the extinction coefficient specific for
carotenoids.

Total RNA extraction and transcriptome analysis

S. Pararoseus NGR cells cultured on YPD solid medium
at pH 4.7 and 6.0 for 48 h were collected respectively.
Total RNA was extracted using TRIzol* Reagent (Takara,
Dalian, China), and genomic DNA was removed using
DNase I (Takara, Dalian, China). RNA quality was then
determined using a 2100 Bioanal (Agilent) Bioanalyzer
and quantified using an ND-2000 (Thermo Fisher Sci-
entific, Waltham, MA, USA). High-quality RNA sam-
ples (0D260/280=1.8-2.2, OD260/230=2.0, RIN>6.5,
28 S:18 S>1.0, &gt; 10 pg) were used to construct
sequencing libraries. Transcriptome sequencing analy-
sis of the samples for comparison was conducted on the
Next-Generation Sequencing (NGS) Illumina HiSeq plat-
form. In order to identify differentially expressed genes
(DEGs) between cells in two different colony morpholo-
gies, the expression level of each gene was calculated
using the FRKM method. Differential expression analy-
sis was performed using the R statistical package edgeR
(Empirical analysis of Digital Gene Expression in R).
DEGs between the two samples were screened using the
criteria of logarithm of |log2FC| > 1 and false discovery
rate (FDR)<0.05. The expression levels of the two sam-
ples were analyzed by Goatools (https://github.com/tang
haibao/Goatools) and KOBAS (http://kobas.cbi.pku.edu.
cn/), and the expression level of each gene was calculated
by FRKM method. home.do) for GO functional enrich-
ment and KEGG pathway analysis of differential genes.
Differential genes were significantly enriched in GO
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and metabolic pathways when the bonferroni-corrected
p-value of the differential gene was <0.05.

Metabolite extraction and metabolome analysis

S. Pararoseus NGR cells cultured on YPD solid medium
at pH 4.7 and 6.0 for 48 h were collected respectively.
The collected yeast cells (100 mg) were grind separately
in liquid nitrogen, homogenized, and resuspended in pre-
cooled methanol (80%, v/v) and formic acid (0.1%, v/v).
The samples were incubated on ice for 5 min, then centri-
fuged at 12,000 g, 4 °C for 5 min, and the supernatant was
diluted with LC-MS grade water to a final concentration
containing methanol (53%, v/v). The samples were then
transferred to new Eppendorf tubes and centrifuged at
12,000 g for 10 min at 4 °C.

Subsequently, the supernatants were injected into an
LC-MS/MS system for analysis. Untargeted metabolo-
mics analysis was performed using a Vanquish UHPLC
system (Thermo Fisher) coupled with an Orbitrap Q
ExactiveTM HF-X mass spectrometer (Thermo Fisher).
Samples were injected into an Hyperil Gold column
(100x2.1 mm, 1.9 pm) using a 16 min linear gradient
at a flow rate of 0.2 mL/min. The eluents for the posi-
tive polarity mode were eluent A (0.1%, v/v formic acid
in water) and eluent B (methanol). The eluents for the
negative polarity mode were eluent A (5 mM ammo-
nium acetate, pH 9.0) and eluent B (methanol). The sol-
vent gradient was set as follows: (98%, v/v) A, (2%, v/v)
B, 1.5 min; (15%, v/v) A, (85%, v/v) B, 3.0 min; (0%, v/v)
A, (100%, v/v) B, 10.0 min; (98%, v/v) A, (2%, v/v) B,
10.0 min; (98%, v/v) A, (2%, v/v) B, 11.0 min; (98%, v/v) A,
(2%, v/v) B, 12.0 min. Q Exactive HF-X mass spectrom-
eter was operated in positive/negative polarity mode with
spray voltage of 3.5 kV, capillary temperature of 320 C,
sheath gas flow rate of 35 pis, aux gas flow rate of 10 L/
min, s-lens RF level of 60 and aux gas heater temp of 350
C. The raw data files generated by UHPLC-MS/MS were
processed using the Compound Discoverer 3.0 (CD 3.1,
Thermo Fisher) to perform peak alignment, peak picking,
and quantitation for each metabolite. After that, peak
intensities were normalized to the total spectral intensity.
The normalized data were used to predict the molecu-
lar formula based on additive ions, molecular ion peaks,
and fragment ions. Identification of metabolites in the
metabolome was based on databases including HMDB
(http://www.hmdb.ca), Metlin (http://metlin.scripps.e
du), MassBank (http://www.massbank.jp), LipidMaps
(http://www.lipidmaps.org) and mzCloud (https://ww
w.mzcloud.org). Differentially accumulated metabolites
(DAMs) were evaluated using partial least squares-dis-
criminant analysis (PLS-DA) and orthogonal partial least
squares-discriminant analysis (OPLS-DA) models, with
consideration of variable importance in prediction (VIP)
scores. The thresholds for the analytical models were set
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at |log2FC| = 1, OPLS-DA_VIP>1 and  P-value<0.05.
Integration of metabolomics and transcriptomics data
was performed using Pearson correlation coefficients.

Real-time fluorescent quantitative PCR assay

SYBR Green Premix Pro Taq HS qPCR Kit (AG11718,
ACCURATE BIOTECHNOLOGY, HUNAN, Co., Ltd,
Changsha, China) was used for qPCR in Quant Studio6
Flex system (Thermo Fisher Scientific, USA). The 26 S
rDNA was selected as the internal reference gene, and
the relative expression of each gene was calculated by the
comparative crossover (CP) method and expressed by the
2 AACT method. Each gene expression analysis was per-
formed using three independent biological repeats. The
qPCR specific primers used are shown in Table S1.

Statistical analysis

All experiments were performed in triplicate and data
were averaged and expressed as meantstandard error
(SE). IBM SPSS 25.0 (SPSS Inc., Chicago, IL, USA) soft-
ware was used for statistical analysis. Comparison of
means across treatments was performed by one-way
analysis of variance (ANOVA) with a P-value<0.05 and
Turkey’s significant difference test.

Results
Determination and analysis of colony phenotypes, growth
curves and biofilm formation capacity of S. pararoseus NGR
under different pH conditions
In this study, the colony growth phenotypes of S. para-
roseus NGR under different environmental pH were
investigated to determine the key factors causing changes
in colony morphology. The colony morphology in these
environments was observed (Fig. 1-A) and the growth
rate was determined (Fig. 1-B) at 24, 48, 72 and 96 h,
respectively. The results showed that the alkaline envi-
ronment at pH 7.0 and pH 8.0 showed smooth colonies,
and the stronger the alkaline, the smoother the colonies
were; when the environmental pH changed to acidic, the
colonies appeared to be wrinkled, and the wrinkle for-
mation was more prominent at pH 4.7. It is important
to note that the coagulation properties of agar in solid
media are adversely affected by decreasing pH levels.
Our experimental findings revealed a significant decline
in agar solidification when the pH dropped below 4.7,
which severely hindered the observation and analysis of
subsequent experiments. Consequently, we selected a pH
4.7 as the optimal condition for cultivating S. pararoseus
NGR biofilms in subsequent experiments. This choice
facilitates enhanced observation of colony characteristics
and precise quantification of biofilm formation.
Subsequently, the effects of different pH conditions
on the growth of S. pararoseus NGR were analyzed.
The results showed that alkaline (pH 8.0) conditions
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Fig. 1 Colony phenotype (A), growth curves (B) and biofilm production of S. pararoseus NGR under different pH conditions. All data are from three inde-
pendent biological replicate means +SE (n=3). Different letters (a—c) indicate the degree of significance difference between treatments. Values with the
same letter above the bar graph indicate no significant difference according to the Turkey test

significantly inhibited the growth of S.pararoseus NGR.
The results depicted in Fig. 1-C demonstrate the biofilm
synthesis capacity of S. pararoseus NGR under varying
environmental conditions. It is evident that acidic condi-
tions, specifically at pH 4.0 and 4.7, are the key factors
that trigger enhanced biofilm synthesis in S. pararoseus
NGR, with its biofilm production significantly surpassing
that of other treatment groups.

Analysis of biofilm morphology and hydrophobicity of S.
pararoseus NGR

The production of EPS in most biofilms happened
between 48 and 72 h [33]. The electron microscopy
results showed (Fig. 2) that at low magnification, the sur-
faces of the two colonies appeared distinctly different,
with biofilm colonies (pH 4.7) having a very distinctive
furrowed structure with undulating highs and lows on
the surface (Fig. 2-E), whereas the surface of smooth col-
onies (pH 6.0) was flat (Fig. 2-A). Under high magnifica-
tion to observe the internal cell arrangement, the biofilm
colony (pH 4.7) had loose internal cell arrangement, large

porosity, cell-to-cell adhesion by extracellular substances
and fixed in a certain spatial position, with strong three-
dimensionality (Fig. 2-F, G, H), while the smooth colony
cell planar arrangement was more compact and two-
dimensionality was stronger (Fig. 2-B, C, D).

In addition, hydrophobicity analyses showed that
smooth colonies (pH 6.0) exhibited oil droplets in adher-
ent cells with concomitant loss of turbidity compared
to biofilm colony (pH 4.7) cells, and the lower aqueous
phase demonstrated that non-biofilm colonies were more
adherent to xylene compared to colony biofilm cells
(Fig. 3-A, B).

Determination of biofilm polysaccharides, proteins and
eDNA in S. pararoseus NGR

When S. pararoseus NGR was cultured on YPD solid
medium, the abundances of polysaccharides, proteins,
and eDNA in smooth colonies (pH 6.0) were 158.48,
49.65, and 0.08 mg/g, respectively. In contrast, the
abundances of polysaccharides, proteins, and eDNA in
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Fig. 2 Scanning electron microscopy observation of smooth colonies (pH 6.0) and wrinkled colonies (pH 4.7) in S. pararoseus NGR. A-D are smooth

colonies. E-H are wrinkled colonies

wrinkled colonies (pH 4.7) were significantly higher at
285.50, 67.88, and 0.22 mg/g, respectively (Fig. 4A).

Similarly, when S. pararoseus NGR was cultured in
YPD liquid medium, the abundances of polysaccharide,
protein, and eDNA at pH 6.0 were 120.48, 28.01, and
0.09 mg/g, respectively. At pH 4.7, these values increased
to 235.50, 58.84, and 0.21 mg/g, respectively (Fig. 4B).

Analysis of ROS, SOD, CAT, and T-AOC levels in biofilm and
non-biofilm cells

It has been shown that biofilm cells improve the ability of
strains to cope with environmental stresses [34]. To fur-
ther the anti-oxidative stress capacity of both non-biofilm
(pH 6.0) and biofilm (pH 4.7) cells in S. pararoseus NGR,
the intracellular levels of ROS, SOD, CAT, and T-AOC
were measured in two different colony morphologies.
As shown in Fig. 5, the levels of ROS, SOD, CAT, and
T-AOC were significantly higher in S. pararoseus NGR
cells cultured either in solid or liquid at pH 4.7 than in
non-biofilm (pH 6.0) cells, suggesting that biofilm forma-
tion has a stronger resistance to oxidative stress.

Effects of different pH culture conditions on carotenoid
synthesis of S. pararoseus NGR

As shown in Fig. 6, the results show that the ability of
S. pararoseus NGR to synthesize carotenoids at pH 4.7
is significantly higher than that at pH 6.0, regardless of
whether S. pararoseus NGR is cultured in liquid or solid,
indicating that the formation of biofilm helps to improve
its pigment synthesis ability. The carotenoid yields of S.
pararoseus NGR cultured in solid and liquid media at pH
4.7 for 96 h were 1370.3 and 1312.5 pg/g, respectively,
which were significantly higher than those cultured at pH
6.0 (1203.8 and 1183.3 pg/g).

Transcriptome analysis

To identify DEGs of S. pararoseus NGR in biofilm cells
(NGRA, pH 4.7) and non-biofilm cells (NGR, pH 6.0), we
constructed six transcriptome libraries for transcriptome
sequencing using Illumina Truseq SBS Kit (300cycles)
sequencer. By sequencing the six cDNA libraries. DEGs
were identified using a threshold of |log2FC| > 1 or
FDR<0.05. As shown in Fig. 7A, B, a total of 56 genes
were differentially expressed between biofilm (pH 4.7)
and non-biofilm (pH 6.0) cells, of which 10 were up-
regulated and 46 were down-regulated (Table S2). These
DEGs may play key roles in response to acid stress and
biofilm formation.

To further understand the biological role played by
these DEGs and the biological processes involved, we
performed GO and KEGG enrichment analysis, respec-
tively. The top 15 items in the GO enrichment analysis
were mainly related to cellular components (CC), bio-
logical processes (BP) and metabolic functions (MF). As
shown in Fig. 7C, the top three categories significantly
enriched in the CC category were intrinsic component
of membrane (GO:0031224), integral component of
membrane (GO:0016021) and cellular anatomical entity
(GO:0110165). In the BP category, the top three sig-
nificantly enriched categories were ion transmembrane
transport  (GO:0034220), transmembrane transport
(G0O:0055085), response to stress (GO:0006950). Among
the MF categories, the top three significantly enriched
categories were transmembrane transporter activity
(G0O:0022857), transporter activity (GO:0005215), and
inorganic molecular entity transmembrane transporter
activity (GO:0015318), respectively.

KEGG enrichment analysis showed that DEGs in
biofilm cells (NGRA, pH 4.7) were enriched in a total
of 20 pathways (Fig. 7-D). These include Tryptophan
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metabolism (ko00380), Starch and sucrose metabolism
(ko00500), Glutathione metabolism (ko00480), Glycine,
serine and threonine metabolism (ko00260), Cysteine
and methionine metabolism (ko00270), Biosynthesis of
unsaturated fatty acids (ko00270), Biosynthesis of unsat-
urated fatty acids (ko01040), Fatty acid biosynthesis
(ko00061), Glyoxylate and dicarboxylate metabolism
(ko00630), Amino sugar and nucleotide sugar metabo-
lism (ko00520), Nucleotide metabolism (ko01232),
Pyrimidine metabolism (ko00240), Purine metabolism
(ko00240), Pyrimidine metabolism (ko00230), and these
pathways may be closely related to synthesis of biofilms
in S. pararoseus NGR under acidic conditions.

Metabolomic analysis

Metabolomics profiles were analyzed using coupled
LC-MS/MS. The results showed that a total of 759 metab-
olites were detected in both biofilm (pH 4.7) and non-
biofilm (pH 6.0) cells in the positive ion mode, of which
the number of metabolites annotated to KEGG database
was 219, the number of metabolites annotated to HMDB
database was 392, and the number of metabolites anno-
tated to the LIPID MAPS database was 89 (Table S3). A
total of 405 metabolites were detected in the negative ion
mode, of which the number of metabolites annotated to
the KEGG database was 143, the number of metabolites
annotated to the HMDB database was 217, and the num-
ber of metabolites annotated to the LIPID MAPS data-
base was 79. The differences in metabolites in biofilm (pH
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4.7) and non-biofilm (pH 6.0) cells were then analyzed
using the PLS-DA model and the OPLS-DA model. Both
the PLS-DA model and the OPLS-DA model showed
a good separation (biofilm cells vs. non-biofilm cells)
for each sample pair (p<0.05), and the alignment test
showed that the method has a good model and has high
reliability. Then, the VIP (Variable Importance in the Pro-
jection) value of the OPLS-DA model was used in combi-
nation with the pvalue of the independent samples t-test
to find differentially expressed metabolites. Finally, a total
of 341 differentially expressed metabolites were obtained
in biofilm cells and non-biofilm cells, of which 135 were
up-regulated metabolites and 206 were down-regulated
metabolites (Fig. 8).

The accumulation of indole acetic acid, glutathione,
mannose-6-phosphate, glucose-6-phosphate, NADH,
stearic acid, inositol, and glycerol was significantly upreg-
ulated. Their synthesis is primarily associated with the
tryptophan metabolism pathway and glutathione metab-
olism pathway within amino acid metabolism, pyruvate
metabolism, the citric acid cycle (TCA cycle), and gly-
oxylate and dicarboxylic acid metabolism within carbo-
hydrate metabolism. Additionally, it involves oxidative
phosphorylation in energy metabolism, arachidonic acid
metabolism, and fatty acid degradation, biosynthesis, and
metabolism within lipid metabolism. The results are pre-
sented in Table S4.
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Fig. 5 Determination of intracellular ROS, SOD, T-AOC, and CAT levels in S. pararoseus NGR cells in solid (A) and liquid media (B) at pH 6.0 and 4.7. All data
are from three independent biological replicate means+SE (n=3). All data represent means +SE from three independent biological replicates (n=3).
Different letters (a-b) indicate the degree of significant difference between treatments. Values with the same letter above the bar graph indicate no
significant difference according to the Tukey test
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To learn more differences in physiological defense
information such as stress resistance between biofilm
cells (pH 4.7) and non-biofilm cells (pH 6.0), the tran-
scriptome and metabolome of biofilm cells and non-bio-
film cells were analyzed jointly. Finally, 12 key metabolic
pathways were obtained, which were mainly related to
amino acid metabolism, carbohydrate metabolism, lipid
metabolism and energy metabolism, mainly including
Tryptophan metabolism, Starch and sucrose metabolism,
Glutathione metabolism, Glycine, serine and threonine
metabolism, Cysteine and methionine metabolism, Bio-
synthesis of unsaturated fatty acids, Fatty acid biosyn-
thesis, Glyoxylate and dicarboxylate metabolism, Amino
sugar and nucleotide sugar metabolism, Nucleotide
metabolism, Purine metabolism and Pyrimidine metabo-
lism, oxidative phosphorylation. The synthesis of S. para-
roseus NGR into biofilm requires substrates and energy,
and among these metabolic pathways, carbohydrate met-
abolic pathway, lipid metabolism and energy metabolic
pathway can provide a large amount of energy and sub-
strates for its own growth on the one hand, and help the
cell to synthesize biofilm under acidic condition on the
other hand. Amino acid metabolic pathway helps cells
to provide precursors on the one hand, and synthesize
antioxidant substances such as glutathione on the other
hand to help cells resist ROS generated by environmen-
tal stresses. These metabolic pathways work together to
make S. pararoseus NGR grow and reproduce by forming
biofilm under acidic conditions.

Analysis of qPCR results
In order to verify the reliability of the RNA-seq data,
we performed q-PCR to validate the relevant candidate

genes in the transcriptome. 26Sr DNA was selected as
the internal reference gene. As shown in Additional file 1:
Table S5, the qPCR results of all genes were basically con-
sistent with the RNA-seq data, indicating that the RNA-
seq data were reliable in this study.

Discussion

The macrostructure of fungal colonies is highly depen-
dent on environmental conditions [35]. Fungi are con-
stantly challenged by environmental changes and
produce wrinkled colonies containing large amounts of
polysaccharides [36, 37], which are used as a marker to
identify biofilm-forming strains to study the environmen-
tal conditions under which biofilm formation occurs [38].
Many environmental factors such as pH, temperature,
nutrient conditions, ethanol, etc. stimulate microorgan-
isms to produce biofilms, which help them to resist envi-
ronmental stresses and increase their competitiveness
and chances of survival in the environment [39]. Micro-
organisms with a biofilm lifestyle exhibit strong resis-
tance and are accompanied by the production of large
amounts of extracellular matrix and secondary metabo-
lites. In this study, the effect of acidic conditions on the
growth of S. pararoseus NGR was investigated, and the
results showed that S. pararoseus NGR colony wrinkled
and produced biofilm under acidic environment, and its
growth was not only not inhibited under the condition
of pH 4.7, but also the antioxidant capacity was stron-
ger. This may be closely related to the fact that S. para-
roseus NGR can resist acidic environmental stress to
maintain normal cell growth, and it can help synthesize
more metabolites by producing biofilm to resist environ-
mental stress and improve its application in industrial
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fermentation. In addition, it provides a research basis for
studying the extrinsic factors of macro-morphological
changes in fungal colonies, and also provides a reference
for studying other environmental factors affecting fungal
morphology.

Studies have shown that pH is an important driver in
determining biofilm formation, and biofilm production
can in turn help to enhance microbial resistance [40,
41]. Bacillus subtilis and Escherichia coli showed higher
biofilm production in the pH range of 5-6 [42], and this
difference in the pH of the culture environment had a sig-
nificant effect on the growth of the number of colonies
on the biofilm. The growth rate of Serriatia marcescens
biofilm at pH 9.0 is greater than that at pH 5.0 and 7.0
[43]. The biofilm of Streptococcus mutans, the causative
agent of human caries, is influenced by pH, primarily

through the production of lactic acid, which lowers the
environmental pH. This acidification promotes biofilm
formation and adherence to the tooth surface, enhances
biofilm cell production, accelerates cell metabolism, and
contributes to tooth erosion [44].

In this study, it was shown that the acidic environment
of pH 4.7 was the key factor triggering biofilm produc-
tion by S. pararoseus NGR. When S. pararoseus NGR
was cultured at pH 4.7, its colony morphology was wrin-
kled, the cells were wrapped by a large amount of extra-
cellular matrix, the internal arrangement of the cells was
loose, the porosity was large, the cells were adhered and
fixed to a certain spatial position by extracellular sub-
stances, and there was a strong three-dimensional struc-
ture, and the abundance of polysaccharides, proteins and
eDNA in the extracellular EPS was significantly higher
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than that in the other treatment groups. The most promi-
nent characteristic of biofilm is the formation of a three-
dimensional structure, which is closely linked to the
production of extracellular EPS. EPS primarily consists
of polysaccharides, eDNA, proteins, and lipids secreted
by cells within the biofilm. These components are inter-
connected, polymerizing the cells and giving the colony a
unique structural appearance. This enhances the stability
of the biofilm and further aids cells in resisting stress and
adapting to environmental conditions [45]. The results
of transcriptome and metabolome analysis of cells under
two different forms of wrinkled colonies (pH 4.7) and

smooth colonies (pH 6.0) showed that carbohydrate met-
abolic pathways, amino acid metabolic pathways, lipid
metabolic pathways and nucleic acid metabolic pathways
were significantly enriched in wrinkled colony cells, and
metabolic pathways were also changed. These changes
were mainly caused by the acidic environment. Under
normal conditions, ROS is naturally produced in the
process of mitochondrial aerobic metabolism and main-
tains a dynamic balance [46]. In the face of environmen-
tal stress, ROS homeostasis is destroyed, and cells need
to activate multiple pathways to help cells remove ROS
in the body [47]. The anti-oxidative stress ability of the
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Fig. 9 Diagram of the mechanism of wrinkled biofilm colony formation in S.pararoseus NGR

two cells under the wrinkled colony (pH 4.7) and smooth
colony (pH 6.0) of S. pararoseus NGR was tested. The
results showed that the ROS level in the biofilm cells (pH
4.7) was significantly decreased, and the levels of SOD,
T-AOC and CAT were also significantly higher than
those in the non-biofilm cells (pH 6.0), indicating that the
biofilm cells had stronger resistance than the non-biofilm
cells.

In addition, carbohydrate metabolism, amino acid
metabolism, and lipid metabolism play important roles
in helping microorganisms resist adversity [48, 49]. Car-
bohydrate metabolism may be closely related to colony
morphology changes and biofilm formation in S. para-
roseus NGR, which forms wrinkled colonies in acidic
environments, with cells wrapped and adhered together
by a large number of EPS (e.g., Fig. 2-F, G, H), and a wide

range of organic substances in the EPS, with carbohy-
drates and proteins as the main components, and a small
amount of lipids and nucleic acids present [49, 50]. The
polysaccharides in the biofilm EPS of Candida albicans
are p-1,3-glucans, which enhance its drug resistance [51];
in the biofilm of dental plaque, the most abundant car-
bohydrate is glucan, which is produced extracellularly by
sucrose-based transferase [52]. The main components of
biofilm EPS of Aspergillus fumigatus are galactomannan,
a-1,3-glucan and glucose [51]. In this study, a large num-
ber of biofilms were synthesized in S. pararoseus NGR at
pH 4.7, and the carbohydrate pathway was significantly
enriched, with significant accumulation of saccharides
such as fructose, glucose, and mannose 6-phosphate, glu-
cose 6-phosphate, and the expression of their related genes
was significantly up-regulated. These carbohydrates may
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serve as important components of EPS in the biofilm of S.
pararoseus NGR, helping it to construct wrinkled colonies
and form biofilms. In addition, we found that the expres-
sion of both Hsp90 and Hxt genes were up-regulated. And
Hxt gene can be used as the coding gene of hexose trans-
porter carrier during the formation of biofilm in Saccha-
romyces cerevisiae to help the transport of sugars [53, 54].
Hsp90 is a heat shock protein, which has an important role
in helping cells to resist adversity stress and form biofilm
[55, 56]. Therefore, when S. pararoseus NGR is stimulated
in an acidic environment, a large amount of carbohydrates
are secreted out of the cell, and a portion of the carbohy-
drates (fructose, glucose, glucose 6-phosphate) are trans-
ported out of the cell to provide constituent materials for
the biofilm via the Hxt sugar transporter carrier, while
the other portion is used to maintain its own growth [57].
Previous studies have shown that cells in biofilms are in a
high-density lifestyle [58, 59], and the wrinkled structure
of the colonies may allow the cells to increase their access
to oxygen in dense populations [37, 60]. Scanning elec-
tron microscopy of biofilm colonies of S. pararoseus NGR
showed (Fig. 2-F) a certain porosity in their internal struc-
ture, which may be related to increasing the oxygen con-
tent inside the colony to meet the respiratory metabolism
of the cells in biofilm mode. The results of the combined
analysis indicated the accumulation of respiratory metab-
olites such as CO, and NADH associated with cellular
respiratory metabolism, which could provide respiratory
substrates to accelerate cellular metabolism in the high-
density lifestyle [61].

Free amino acids also play an important role in cellular
resistance to environmental stresses as key factors in the
regulation of ROS homeostasis [62]. Notably, the results
of the combined analysis showed that among the amino
acid metabolic pathways, glutathione metabolism, IAA
metabolic pathway were significantly enriched, and cys-
teine, glutamate, glycine, tryptophan were enriched and
genetically significantly up-regulated. Among them, cys-
teine, glutamate and glycine are used as precursors for
GSH synthesis, while tryptophan is a precursor substance
for IAA synthesis [63, 64]. Studies have shown that GSH
(y -L-glutamyl-L-cysteinyl-glycine) play an important
role in helping cells to scavenge ROS and resisting adver-
sity [48, 65], whereas IAA also plays an important role in
defending against adversity, as it reduces cellular oxida-
tive stress, restores and increases free proline, ascorbic
acid, and lipids and phenolic compounds in sums and
stimulates cell growth in response to adversity [66, 67].
Therefore, the significant accumulation of cysteine, gluta-
mate, glycine and tryptophan in the cells of wrinkled col-
onies synthesizes large amounts of glutathione and IAA
to help the cells scavenge excess ROS to improve antioxi-
dant properties and to help the cells resist acidic stress.
In addition, lipids also play an important role in helping
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cellular resistance, and environmental stress induces
the conversion of intracellular carbohydrate storage
resources into lipids to burst excess ROS and indirectly
improve the antioxidant capacity of cells [68, 69]. Lipid
metabolisms are significantly enriched in metabolites
such as stearic acid [70], inositol [71] and glycerol [72],
and the related genes are significantly up-regulated, these
increased carbohydrate, amino acid and lipid metabolites
and their encoding genes may be important for S. para-
roseus NGR in the formation of biofilms in cells under
acid stress to resist environmental stress.

In summary, the fungal colony structure is affected by
many factors of internal and external factors. Our results
show that when S. pararoseus NGR is subjected to acidic
environmental pressure, it will form a wrinkled colony
and transform into a biofilm lifestyle (Fig. 9). At the same
time, carbohydrate metabolism, amino acid metabo-
lism, lipid metabolism, and nucleic acid metabolism in
cells are up-regulated. The synthesis of a large amount of
extracellular matrix provides precursors for the forma-
tion of biofilm and participates in the formation of bio-
film. In addition, another function of carbohydrates is to
act as energy substances, providing energy substances for
cells in biofilm mode, improving cell metabolism, produc-
ing a large amount of CO,, and maintaining the dynamic
balance of intracellular ROS levels. Tryptophan, glycine,
glutamic acid and cysteine are significantly accumulated
in amino acid metabolism, and IAA and GSH are synthe-
sized to help cells quench excessive ROS produced under
acidic environmental conditions to maintain normal lev-
els. Furthermore, the enriched lipids can also be used as
substrates and energy for amino acid and carbohydrate
metabolic pathways. Finally, the formation of biofilm in
S. pararoseus NGR is realized by external environmen-
tal stimuli and internal perception and regulation to cope
with changes in the surrounding environment, and ulti-
mately help cells improve the level of carotenoid synthesis.
These findings provide valuable insights into the regulation
mechanisms of biofilm synthesis in S. pararoseus NGR and
provide a theoretical foundation for future metabolic engi-
neering strategies aimed at enhancing the industrial pro-
duction and application of its metabolites.

Conclusion

In conclusion, it is shown that an acidic environment triggers
wrinkling in colonies of S. pararoseus NGR and is accom-
panied by biofilm production. Wrinkled colonies exhibit
a greater abundance of extracellular matrix and enhanced
resistance to oxidative stress compared to smooth colonies,
ultimately leading to improved carotenoid synthesis capabil-
ity in the cells. Analysis of the transcriptome and metabo-
lome results of cells in both colony morphologies showed
that carbohydrate metabolism, amino acid metabolism, lipid
metabolism, and nucleic acid metabolism were enriched in
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metabolites and up-regulated in the cells of pleated colonies
(pH 4.7) compared to those of smooth colonies (pH 6.0), and
that carbohydrates, amino acids, lipids, and nucleic acids
play an important role in the formation of biofilms in the S.
pararoseus NGR and in resistance to acidic stress. This study
reveals the response mechanism of S. pararoseus NGR to
change the colony morphology against external environmen-
tal stresses, and also provides a basis for in-depth research on
how cells contact signals to construct fixed colony structures
and nutrient utilization during the various processes of bio-
film formation, development, and dispersion in S. pararoseus
NGR, enriching the research related to the changes in fungal
biofilm and colony morphology. In addition, S. pararoseus
NGR, as an important producer of carotenoids, is of great
significance for the development and utilization of biofilm
production to help it resist environmental changes and stabi-
lize normal fermentation during industrial production.
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