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Abstract

Burdock is a nutritious vegetable with significant functional properties;
however, its characteristic off-odors limit broader commercialization. Our
previous research also identified 2-isobutyl-3-methoxypyrazine (IBMP)
and 2-sec-butyl-3-methoxypyrazine (IPMP) as the primary off-odor
compounds in burdock, and verified that fermentation with Leuconostoc
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mesenteroides ZN-E could significantly degrade these compounds and gﬁéﬁg&qs
improve burdock flavor. Based on this, this study further optimized culture Growth Stimulant;
conditions, medium composition and spray-drying processes for this Heat Adaptation;

. . L . Lactic Acid Bacteria
strain to enhance bacterial viability and fermentation performance. The Fermentation:
optimal fermentation conditions (32C, 18 h) and medium composition (3% Off-odors;
maltose, 4% soy peptone, 6% carrot juice) were determined by single- Sensory Evaluation;

Spray Drying.

factor experiments, wherein carrot juice acted as a growth stimulant due
to its rich content of natural sugars, vitamins, and minerals crucial for
microbial development. Heat adaptation treatment at 45°C, for 20 minutes
significantly improved thermal tolerance, contributing to the reduction of
cell mortality during spray drying. Orthogonal tests established optimal
drying parameters (inlet temperature 130°C, outlet temperature 80°C,
feed rate 0.4 L/h), resulting in a powder with high viable counts. The
spray-dried powder demonstrated superior performance by degrading
47.44% of IBMP, a key characteristic component responsible for the
undesirable odor in burdock, significantly outperforming liquid cultures
(37.22% degradation). The spray-dried powder also received enhanced
sensory evaluation scores. This study provides a scalable methodology
for producing a stable starter culture capable of efficient burdock off-odor
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drying processes in functional food production.

removal, supporting its industrial application. These findings align with
recent advances in probiotic starter culture development, where spray-
drying has emerged as a cost-effective alternative to freeze-drying for
industrial-scale production. The superior performance of spray-dried
cultures in off-odor removal, as demonstrated in this study, contributes
to the growing body of evidence supporting the application of optimized

Introduction

Burdock (Arctium lappa) is recognized for its high
nutritional value, being rich in protein, calcium,
vitamins A and B, among other nutrients."? It
exhibits various biological activities, including
antioxidant, anti-inflammatory, anti-diabetic, and
anti-cancer properties,'® leading to its widespread
use as a functional additive in food processing.
However, the pronounced off-odors associated
with burdock significantly restrict its marketability
and application in food products. Lactic acid
bacteria (LAB) fermentation has been employed to
improve the safety, nutritional quality, organoleptic
properties, and shelf-life of vegetables and fruits,
including odor enhancement.*5 For instance, Zhang
et al. demonstrated the efficacy of Lactobacillus
fermentation in removing off-odors from noni
fruit juice while simultaneously enhancing its
antioxidant activity.® Similarly, Guo et al. reported that
lactobacillus fermentation facilitated the degradation
of amygdalin, offering a simplified method for its
reduction.” Previous research from our laboratory
identified 2-isobutyl-3-methoxypyrazine (IBMP)
and 2-sec-butyl-3-methoxypyrazine (IPMP) as
the primary compounds responsible for burdock's
distinctive off-odors. We further demonstrated that
LAB fermentation could ameliorate burdock odor
through the degradation of these off-odor compounds
and their precursors, alongside the generation of new
aldehydes.® Recent studies have expanded the range
of applications for lactic acid fermentation (LAB) in
vegetable processing. Controlled fermentation using
Lactobacillus plantarum and L. brevis can reduce
off-flavours in various root vegetables and enhance
their nutritional value. Furthermore, research on
Leuconostoc mesenteroides has revealed its ability
to produce exopolysaccharides during fermentation,
which improves the texture and functionality
of the resulting products.

Leuconostoc mesenteroides ZN-E, isolated from
homemade fermented Paocai, exhibited the
capability to degrade IBMP. To facilitate the industrial
application of this strain, its development into a
stable starter culture is essential, necessitating
the enhancement of viable bacterial counts and
fermentation performance.

Currently, the primary methods for preparing
direct starter cultures are freeze-drying and spray
drying. While freeze-drying offers higher survival
rates and superior fermentation performance, it is
associated with longer processing cycles, elevated
costs, and greater equipment requirements.® In
contrast, spray drying is a unitary process utilizing
relatively simple equipment, allowing for the direct
spraying of bacterial suspensions,’® thereby
reducing capital investment and processing time.
The resulting bacterial powder is also easier to
transport and exhibits extended shelf-life."" However,
the application of spray drying is challenged by high
bacterial mortality rates, low bacterial concentration,
and diminished fermentation activity in the final
product. The process involves exposure to high
temperatures (e.g., outlet temperatures around 80°C
and inlet temperatures up to 140°C).">"3 Although
the exposure time within the drying chamber is brief,
bacteria are highly susceptible to dehydration and
thermal stress, leading to significant cell death.'#1°
High-cell-density fermentation is a common technical
means to improve the survival rate of bacteria after
spray drying: Wan et al. achieved viable counts of
10" CFU/mL in Lactobacillus acidophilus through
high-density fermentation, with spray-dried powders
retaining 108 CFU/g."® Heat shock pretreatment
is another effective method to enhance bacterial
thermotolerance: Khem et al. observed that heat
adaptation of Lactobacillus paracasei at 52°C for 15
minutes prior to spray drying increased survival rates
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by 30-70 times and improved activity 18-fold,'” so
as to improve the activity of the bacteria after spray
drying. Khem et al. found that the survival rate of the
bacterium increased when the strain of Lactobacillus
paracasei was subjected to heat-excited treatment
(52°C, 15 min) followed by heat treatment (60°C), the
survival rate of the bacterium increased by 30 ~ 70
times, and the activity of the bacterium increased by
18 times after spray drying.'® Optimization of process
parameters, such as feed rate, inlet, and outlet
temperatures, also plays a critical role in maximizing
viability, as demonstrated by Xiong et al.*®

In this study, we optimized the fermentation medium,
culture conditions, heat adaptation treatment,
and spray-drying parameters for Leuconostoc
mesenteroides ZN-E based on viable cell count,
fermentation activity, sensory evaluation, and IBMP
removal efficiency. This research validates the
fermentation characteristics of L. mesenteroides
ZN-E and provides experimental evidence for the
development of a direct starter culture for odor
modification in burdock products, thereby supporting
its industrial application.

Materials and Methods

Bacterial Strain and Materials

Leuconostoc mesenteroides ZN-E was previously
isolated from fermented Paocai and maintained at the
Institute of Agricultural Product Processing, Jiangsu
Academy of Agricultural Sciences (Nanjing, China).

Standard MRS (de Man, Rogosa and Sharpe)
broth was prepared containing (g/L): glucose
(20.0), peptone (10.0), beef extract (10.0), yeast
extract (5.0), sodium acetate (5.0), dipotassium
hydrogen phosphate (2.0), diammonium hydrogen
citrate (2.0), manganese sulfate (0.25), magnesium
sulfate (0.58), and Tween-80 (1 mL/L). For the
screening of carbon and nitrogen sources in
microbial medium, the single-factor replacement
method is a widely used technical approach in
existing literature:'®2%in this study, for the "Carbon
source-optimized MRS", the glucose component in
the standard MRS formulation was replaced with
individual carbon sources (each at 2% w/v), including
glucose, fructose, sucrose, lactose, D-galactose,
and maltose, while the concentrations of all other
components remained unchanged. For the "Nitrogen
source-optimized MRS", the nitrogen source mixture
(peptone (10.0 g/L), beef extract (10.0 g/L), yeast
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extract (5.0 g/L)) in the standard MRS was replaced
with individual nitrogen sources (each at 2% w/v),
including peptone, tryptone, soybean peptone,
beef extract, ammonium sulfate, and whey protein
powder, with all other components retained at their
original concentrations.

Chemicals, including sodium acetate, dipotassium
hydrogen phosphate, diammonium hydrogen
citrate, manganese sulfate, magnesium sulfate,
and Tween-80, were procured from Sigma-Aldrich
(Shanghai, China). Carbon and nitrogen source
compounds (glucose, fructose, sucrose, lactose,
D-galactose, maltose, peptone, tryptone, soybean
peptone, beef extract, ammonium sulfate, whey
protein powder) were obtained from Shanghai
Yuanye Biotechnology Co., Ltd. (Shanghai, China).
Fresh vegetables (tomato, carrot, oyster mushroom,
corn, pumpkin, cucumber, white radish, cabbage)
were acquired from local supermarkets (Suguo
and Box Horse, Nanjing, China). All solvents and
reagents were of analytical grade.

Single-Factor Optimization of Culture Conditions
The Leuconostoc mesenteroides ZN-E stored at
-80°C in the laboratory was streaked into MRS
solid medium, and cultured at 37°C for 24 to 48h
for activation. After two generations of activation,
the bacterial liquid was inoculated into MRS liquid
medium for expansion at a rate of 2% (v/v).

Cryopreserved L. mesenteroides ZN-E was streaked
onto MRS agar and incubated at 37°C for 24—48 h
for reactivation. After two sequential subcultures,
the bacterium was inoculated at 2% (v/v) into MRS
broth for further cultivation.

In the single-factor optimization experiment of
medium composition, the medium used for each
batch of fermentation was 100 mL.

Determination of Optimal Culture Time and
Temperature

For growth curve analysis, L. mesenteroides
ZN-E was inoculated (2% v/v) into MRS broth and
incubated at 37°C. Optical densities at 600 nm
(OD600) and pH were monitored at 2 h intervals over
24 h using a UV-Vis spectrophotometer (Beijing Puxi
General Instrument Co., Ltd., China) and a pH meter
(METTLER TOLEDO Instruments Ltd., Shanghai,
China), respectively. Uninoculated MRS broth served
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as the blank control. OD600 and pH values were
plotted against incubation time to generate growth
and acidification curves.

To determine the optimal growth temperature,
activated ZN-E was inoculated into fresh MRS broth
and incubated at 15, 20, 28, 32, 37, and 42°C for 18
h, after which OD600 was measured.

Single-Factor Optimization of Medium
Composition

In the single-factor optimization of medium
composition, the medium used for each batch of
fermentation was 100 mL.

Carbon Source Selection and Optimization

On the UMRS liquid medium, glucose, fructose,
sucrose, lactose, D-galactose, and maltose were
used as carbon sources with the addition amount
of 2%. The nitrogen source was added according
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to the formula in MRS medium. The bacterial liquid
was inoculated at 2% (v/v) and cultured at 32°C for
18 h. Afterward, the OD600nm of the fermentation
liquid was measured.?02!

The growth of ZN-E strain was affected by different
carbon sources content. Based on the influence
of carbon sources, a single-factor experiment
on the selected carbon sources' concentrations
was conducted, with concentrations of 1%, 2%,
3%, 4%, 5%, and 6%, and other components
remained unchanged.

Nitrogen Source Selection and Optimization
Cultures were inoculated in Nitrogen source-
optimized MRS with 2% (v/v) ZN-E and incubated
at 32°C for 18 h, followed by OD,,, measurement.
The concentration of the selected nitrogen source was

then optimized at 1%, 2%, 3%, 4%, 5%, and 6% (w/v).

Table 1: Orthogonal Test Results for Optimization of Spray Drying Conditions for Strain ZN-E.

Experiment Output Inlet Feed Blank Lg [Viable

numbers temperature temperature rate column count
(‘C) (‘C) (L/h) (CFU/g)]

1 1 (60) 1 (130) 1(0.4) 1 10.090

2 1 2 (150) 2 (0.6) 2 10.127

3 1 3(170) 3(0.8) 3 9.841

4 2 (70) 1 2 3 10.061

5 2 2 3 1 9.878

6 2 3 1 2 9.770

7 3 (80) 1 3 2 10.423

8 3 2 1 3 10.337

9 3 3 2 1 9.822

k1 10.019 10.191 10.066

k2 9.903 10.114 10.003

k3 10.194 9.811 10.047

Range 0.291 0.380 0.063

Better level A3 B1 C1

The data was expressed as mean + standard deviation (SD, n = 3).

“k1” means the average value of OD600nm corresponding to the same column number 1; “k2’'means the
average value of OD600nm corresponding to the same column number 2; “k3’'means the average value
of OD600nm corresponding to the same column number 3.

‘A3’ means the outlet temperature was 80 “C; ‘B1’ means the Inlet temperature was 130 °C; ‘C1’ means

the feed rate was 0.4 L/h.
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Evaluation of Growth Factors

Vegetable juice is often used as a natural growth
factor for LAB culture in existing research, and the
addition amount is generally 5%-10% (w/v),?22* with
Standard MRS as control. Cultures were incubated
at 32°C for 18 h, and OD,,, was measured.

The concentration of the selected vegetable juice
was subsequently optimized at 1%, 2%, 3%, 4%,
5%, 6%, 8%, and 10% (v/v).

Orthogonal Experimental Design for Medium
Optimization

Orthogonal test L9 (34) was used to analyze three
parameters of spray drying process, including outlet
temperature ( 60, 70, 80 °C),® inlet temperature
(130, 150, 170 ),?® and feed rate ( 0.4, 0.6, 0.8
L/h),13 to detect the influence of the determination
of viable bacteria in ZN-E milk powder, so as to
screen out the best spray drying conditions. Other
medium components were maintained as in standard
MRS. In the L9 orthogonal design for medium
optimization (Table 1) and spray drying (Table 1),
factor D (designated as the "Blank column" in the
original table) is formally defined as a dummy
variable. This dummy variable serves dual purposes:
first, to estimate the experimental error inherent in
the test system, and second, to verify the reliability
and robustness of the orthogonal test results by
accounting for unforeseen or uncontrolled minor
variations that may influence the response parameter.

Heat Adaptation Treatment

Heat Resistance Assessment: L. mesenteroides
ZN-E cultures were subjected to thermal challenge
in a water bath at 50, 55, 60, 65, 70, and 80°C.
Viable counts were determined via plate counting at
5-minute intervals to establish thermal death curves
and identify the sub-lethal temperature range for
heat shock pretreatment. The plate counting method
for determining bacterial viable counts refers to
the national standard method of food microbiology
detection, and the colony counting is carried out
after 24-48h of culture at the optimal temperature
of the strain."®

Within this range, heat shock treatments were
applied for 20 minutes at various temperatures,
ensuring a viability loss not exceeding one log
cycle. Subsequently, cultures were exposed to
a lethal heat treatment (70°C, 5 min). Viable
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counts and survival rates were determined and
compared to a control group receiving no heat
shock pretreatment. The selection of 45°C as the
optimal heat adaptation temperature was based on
the identification of the sub-lethal temperature range
from thermal death curves, which indicated that this
temperature provided sufficient stress to induce
thermotolerance without causing excessive cell
mortality. The 20-minute duration was determined
through systematic optimization, as shorter durations
(10 minutes) provided insufficient adaptation, while
longer durations (>30 minutes) led to cumulative
thermal damage. This optimal condition (45°C,
20 min) resulted in a survival rate of 74.32% after
lethal heat challenge, representing a significant
improvement over non-adapted controls. The
heat adaptation protocol was designed based on
established methodologies in the literature, with
modifications specific to L. mesenteroides ZN-E
based on its unique thermal tolerance characteristics.

Heat adaptation optimization: Using the selected
heat shock temperature, the duration of heat
adaptation was further optimized by applying
treatments for 10, 20, 30, 50, 80, and 120 minutes,
followed by the lethal heat challenge (70°C, 5 min).

Orthogonal Experimental Design for Spray
Drying

Bacterial cells from the optimized cultures were
harvested via centrifugation, resuspended in sterile
skim milk (10% w/v), and subsequently subjected
to spray drying (Y-1912301448 Spray Drying
Machine, Komei Intelligent Equipment (Nanjing) Co.,
Ltd.,Nanjing, China.). We have also supplemented
the final solids content of the feed slurry (15%
w/w) for the spray-drying process, with each
single factor totaling 500ml. An L(3*) orthogonal
test was employed to evaluate three spray-drying
parameters: outlet temperature (A: 60, 70, 80°C),>%
inlet temperature (B: 130, 150, 170°C),?” and feed
rate (C: 0.4, 0.6, 0.8 L/h)."® The primary response
was the viable count in the resulting powder (CFU/g).

Water Content Measurements

To obtain absolutely dried samples, spray-dried
powders were placed on glass plates and dried at
105 -C for 4 hours. The weights of each sample were
recorded prior to and following the drying process,
which were then used to calculate the water content.
The water content is expressed as (mass of water
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/ total mass of powder) x 100 (%). This gravimetric
method for determining water content is a classic
method in food and microbial powder detection, with
high accuracy and good repeatability.?*

Survival Rate and Process Yield Measurements
The survival rate was expressed as the live cells
after drying x 100/live cells before drying. The
process yield was calculated as the dry powder
mass divided by the total solids fed, multiplied by
100%. All experiments were carried out in triplicate.

Analysis of Fermentation Performance

L. mesenteroides ZN-E was cultivated in both the
optimized medium (from orthogonal tests) and the
standard MRS medium. Cultures were spray-dried
using the optimized parameters, and viable counts
were determined pre- and post-drying.

pH Measurement

Spray-dried powder and liquid culture of ZN-E
(inoculated at 2.65 x 10" CFU/g) were used to
ferment burdock. The pH of the fermented burdock
was monitored using a pH meter (METTLER
TOLEDO).

Sensory Evaluation

A comparative sensory analysis was conducted by
ten experienced panelists (mixed gender) to evaluate
flavor differences between burdock fermented with
ZN-E liquid culture and spray-dried powder. A
10-point hedonic scale was used (1 = least preferred,
10 = most preferred), as described by X. Zhang
et al.® The sensory evaluation panelists were trained
according to the standard of sensory evaluation of
food flavor, and the evaluation environment was
maintained at 25+2°C with no peculiar smell.?

IBMP Quantification

ZN-E powder and liquid culture were inoculated
(10% v/v) into MRS medium containing burdock
and incubated at 32°C for 2 days. IBMP content
was analyzed by HS-SPME-GC-MS.? Quantification
was performed using an IBMP standard curve (y
= 9x10°x + 0.4477, R? = 0.9892, where y is IBMP
concentration in ng/mL and x is the peak area in
Ab*s). Data processing utilized Xcalibur software.*

Statistical Analysis
All experiments were performed in at least triplicate.
Data are presented as mean * standard deviation
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(SD). Graphical representations were generated
using GraphPad Prism 8.0.2, and statistical analysis
(ANOVA with post-hoc tests, significance level P <
0.05) was performed using OriginPro (version 2022b).

Results

Optimization of Culture Conditions

Optimal Culture Time

The growth of lactic acid bacteria (LAB) typically
follows a characteristic pattern comprising four
distinct phases: lag, logarithmic (exponential),
stationary, and decline phases. As illustrated in Fig.
1A, Leuconostoc mesenteroides ZN-E exhibited
a short lag phase (0-1 h), during which the cells
adapted to the new environment by synthesizing
essential enzymes and metabolites, with minimal
sugar consumption and no significant increase
in optical density (OD). This was followed by
an exponential growth phase from 1 to 18 h,
characterized by rapid cell division and a significant
increase in biomass. During this phase, the cells
metabolized available nutrients efficiently, leading to
a steady decrease in pH due to lactic acid production
(Fig.1B). The growth kinetics during this phase can
be described by the Logistic model, which accounts
for the self-inhibition effect as cell density increases.

Concurrently, the pH decreased steadily from an
initial value of approximately 6.5 to below 4.0,
stabilizing after 18 h (Fig.1B), which correlated
with the accumulation of lactic acid and other
metabolic by-products. The stabilization of pH and
the cessation of growth indicated the entry into the
stationary phase, where the rate of cell division
balanced the rate of cell death due to nutrient
depletion and acid accumulation. The maximum
lactic acid concentration reached during this phase
was critical for determining the optimal fermentation
time, as it directly influenced the product quality
and preservation.

The optimal culture time for L. mesenteroides ZN-E
was determined to be approximately 18-20 h, based
on the intersection of the growth curve and acid
production curve.

Optimal Culture Temperature

Temperature significantly influences bacterial growth.
As shown in Fig. 1C, for the strain Leuconostoc
mesenteroides ZN-E, the cell density (measured as
0OD600) increased with temperature until reaching
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a maximum at 32°C, which was significantly higher
than that at other tested temperatures (P < 0.05).

Optimization of Medium Composition

Carbon Source Selection and Concentration
Optimization

Among the evaluated carbon sources (Fig. 2A),
maltose supported the highest microbial growth
(OD600 = 1.926), followed by sucrose (OD600=
1.836, P < 0.05), while lactose resulted in the
lowest cell density (OD600= 0.146); thus, maltose
was selected for further optimization. Subsequent
optimization revealed that cell density increased with
maltose concentration up to 3% (Fig. 2B), with no
significant difference (P > 0.05) observed between
2%, 3%, and 4% maltose; higher concentrations
beyond this range led to growth inhibition due to
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elevated osmolarity, confirming 3% maltose as the
optimal concentration.

Nitrogen Source Selection and Concentration
Optimization

In the optimization of nitrogen sources for
Leuconostoc mesenteroides, organic nitrogen
sources proved superior for ZN-E growth, with
soybean peptone yielding the highest cell density
and significantly outperforming other sources (P <
0.05) (Fig. 2C). Beef extract ranked as the second
most effective nitrogen source. Concentration tests
revealed that 4% soybean peptone supported
maximum growth, while higher concentrations were
detrimental, presumably due to osmotic stress, thus
establishing 4% as the optimal concentration (Fig. 2D).

Table 2: Orthogonal Test Results of ZN-E Strain Medium Condition Optimization.

Experiment Maltose Soy peptone Carrot juice Blank OD600nm
numbers (g/L) (g/L) (mLJ/L) column

1 1 (20) 1(30) 1 (40) 1 1.781
2 1 2 (40) 2 (50) 2 1.902
3 1 3 (50) 3 (60) 3 1.865
4 2 (30) 1 2 3 1.760
5 2 2 3 1 2.087
6 2 3 1 2 1.851
7 3 (40) 1 3 2 1.749
8 3 2 1 3 1.870
9 3 3 2 1 1.887
k1 1.849 1.763 1.834

k2 1.899 1.953 1.850

k3 1.835 1.868 1.900

Range 0.064 0.190 0.066

Better level A2 B2 C3

The data was expressed as mean + standard deviation (SD, n = 3).

“k1’means the average value of OD600nm corresponding to the same column number 1; “k2’'means the
average value of OD600nm corresponding to the same column number 2; “k3’means the average value
of OD600nm corresponding to the same column number 3.

‘A2’ means the content of maltose was 30 g/L; ‘B2’ means the content of soy peptone was 40 g/L; ‘C3’

means the content of carrot juice was 60 mL/L.

Growth Factor Selection and Optimization
Adding nutrient proliferation factors (i.e., fruit/
vegetable juices) allows Leuconostoc mesenteroides

to acquire essential growth nutrients, effectively

boosting its growth rate. In this study, eight vegetable

juices—tomato, carrot, oyster mushroom, corn,
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pumpkin, cucumber, white radish, and cabbage
juices—were tested as nutritional factors to assess
their impacts on the growth of strain ZN-E. As shown
in Fig. 2E, supplementing MRS basal medium with
these juices led to distinct changes in cell density:
carrot juice exerted the strongest proliferation
effect on ZN-E, achieving an OD600 value of 1.939
(compared to 1.735 in the MRS basal medium
alone), followed by tomato juice (OD600 = 1.825,
P < 0.05). Fig. 2F further indicated that cell density
increased gradually with higher carrot juice addition,
but the promoting effect plateaued beyond a certain
concentration; considering economic costs, 6% was
determined as the optimal addition level.

Orthogonal Experiment for Medium Formulation
An L9(34) orthogonal test assessed the synergistic
effects of key factors (maltose, soy peptone, carrot
juice). Results (Table 2) indicated that the order of
influence on ZN-E growth was: B (soy peptone) >
A (maltose) > C (carrot juice). The optimal medium
formulation was determined to be A2B2C3: 30 g/L
maltose, 40 g/L soy peptone, and 60 mL/L carrot juice.}

Heat Adaptation Treatment

Heat shock at sub-lethal temperatures is a well-
documented strategy to enhance microbial tolerance
to subsequentlethal thermal stress. As shown in Fig. 3
(Aand B), the viable count and survival rate exhibited
peaks at 20 minutes (2.16x10"° CFU/mL and 74.32%,
respectively), followed by a decline with prolonged
exposure. Therefore, the optimal heat adaptation
conditions were determined as 45°C for 20 minutes.

Optimization of Spray-Drying Parameters

The range analysis of the orthogonal test (Table
1) demonstrated that the influence of spray-
drying parameters on the survival of Leuconostoc
mesenteroides ZN-E decreased in the order: inlet
temperature (B) > outlet temperature (A) > feed rate
(C). The optimal parameter combination, derived from
the mean values, was determined to be AsB1C1, which
corresponds to an outlet temperature of 80°C, an
inlet temperature of 130°C, and a feed rate of 0.4 L/h.

Under the optimal spray-drying conditions, the
process yield was 51.8%. The viable count of the
resulting powder reached 2.65 x 10'° CFU/g. Based
on the initial cell concentration of 2.16 x 10" CFU/
mL in the feed suspension, the survival yield was
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calculated to be 63.5%. The water content of the
dried powders was below 5% (4.74%).

Fermentation Performance Evaluation
Fermentation Activity (Acidification)

The pH of fermented burdock decreased
progressively over time, consistent with acid
production by the microorganisms.?! Initially, the
pH in samples fermented with the spray-dried
bacterial powder was higher than in those inoculated
with the liquid culture (Fig. 4A), suggesting a
potential lag in metabolic reactivation. Nevertheless,
the acidification rates became comparable as
fermentation proceeded, indicating that the final
fermentative activity of the spray-dried powder was
restored to a level similar to or even surpassing that
of the liquid culture.

Sensory Evaluation

Sensory scores for burdock aroma (Fig.4B) were
significantly higher (P <0.05)for samples fermented with
the spray-dried powder compared to the liquid culture.

IBMP Removal Efficiency

Gas chromatography-mass spectrometry (GC-MS)
analysis indicated that unfermented burdock contains
a high level of 2-isobutyl-3-methoxypyrazine (IBMP)
at a concentration of 129.263 ng/mL. Fermentation
processes significantly reduced IBMP levels: liquid
culture fermentation led to a 37.22% degradation,
lowering IBMP to 81.148 ng/mL, while fermentation
with spray-dried powder achieved a more substantial
47.44% degradation, reducing IBMP to 67.944 ng/mL.

Discussion

Optimization of Culture Conditions

Optimal Culture Time

The optimal culture time for L. mesenteroides ZN-E
was determined to be approximately 18-20 h, based
on the intersection of the growth curve and acid
production curve. This timeframe ensured maximum
biomass yield and lactic acid production while
avoiding prolonged fermentation that might lead to
cell lysis and release of intracellular components
that could impair product quality. Consistent with this
observation, similar optimal culture time windows
were also reflected in the fermentation kinetics of
L. mesenteroides E131.32 At 18-20 h, E131 was
in the mid-to-late exponential growth phase: its
biomass (cell dry mass, CDM) reached 1.8-2.0 g
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L, approaching the maximum yield (~2.11 g CDM
L") with no cell lysis. Concurrently, acid production
was efficient: lactic acid reached 6-7 g L' and
acetic acid 1.5-2 g L™*, accounting for a large portion
of total acid (final ~10.5 g L"), reflecting active
heterofermentative metabolism. Glucose (carbon
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source) was sufficiently consumed (dropping to 3-4
g L") to sustain biomass accumulation and acid
synthesis. This consistency-18-20 h enabling near-
maximum biomass and efficient acid production
without cell impairment-supports the optimality of this
timeframe for Leuconostoc mesenteroides strains.
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Fig.1: Growth curve and pH value of ZN-E strain at 24h and the effect of temperature on the
growth of ZN-E strain. (A) Growth curve of ZN-E strain; (B) The change of pH value during the
growth of ZN-E strain. (C) The effect of temperature on the growth of ZN-E strain. All the data

were expressed as mean * standard deviation (SD, n = 3). Different lowercase letters
indicate significant differences between different columns (P < 0.05).

Optimal Culture Temperature.

This observation aligns with the growth characteristics
of Leuconostoc mesenteroides reported in existing
literature, this bacterium reported successful
activation and cultivation at 30 °C, and 32°C,
being slightly above this optimal value, still falls
within a thermally favorable range that does not
inhibit its growth.?®* Additionally, studies® (focused

on the influence of temperature and pH on the
bacterium’s growth and bacteriocin production)
noted that Leuconostoc mesenteroides achieves
optimal growth at around 30°C; while 32°C is not the
exact temperature for peak bacteriocin synthesis, it
remains a temperature that supports effective cell
growth, consistent with the need for balancing growth
and metabolic activity. Furthermore, the findings
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from Drosinos et al., which examined Leuconostoc
mesenteroides E131, indicated that the bacterium
exhibits good growth at temperatures between
14°C and 25°C (with optimal growth at 25°C for
bacteriocin production and 30°C for growth), and
32°C, as a temperature close to its upper growth
limit but not exceeding it, further confirms its
suitability for sustaining the growth of Leuconostoc
mesenteroides strains like ZN-E.

Optimization of Medium Composition

Carbon Source Selection and Concentration
Optimization

Notably, sucrose has also been identified as an
effective carbon source for cultivating lactic acid
bacteria like Leuconostoc mesenteroides, with
optimized 3% sucrose conditions enhancing both
growth and product formation,* while the use of
glucose and fructose as sole carbon sources has
been studied in relation to cold-induced enzyme
expression, further illustrating how substrate choice
impacts functional gene expression.® Optimizing
carbon source selection for microbial growth is
critical for advancing biotechnological processes,
as evidenced by studies across diverse microbial
systems: Bernardo et al.*” found that Leuconostoc
mesenteroides produces optically pure D(-)-lactic
acid, indicating that targeting strains with efficient
utilization pathways for specific carbon sources
can optimize growth and product yield; Liu et al.3®
developed a novel selection circuit that couples
cell growth to metabolite production using maltose
as the sole carbon source, ensuring robust growth
and sustaining selection pressure across multiple
generations to maintain long-term microbial
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productivity; and Owoade et al.*® highlighted the
necessity of selecting suitable carbon sources
(e.g., carbon monoxide) for efficient bioethanol
production in bioconversion processes, further
emphasizing the role of tailored substrate selection
in enhancing microbial growth and bioprocess
efficiency. Collectively, these studies demonstrate
that the strategic selection and optimization of
carbon sources—ranging from traditional sugars
(e.g., maltose, sucrose) to unconventional substrates
(e.g., carbon monoxide)—are fundamental to
boosting microbial growth and metabolite production,
and employing innovative selection strategies,
mechanistic modeling, and precise media formulation
can significantly improve the efficiency and
sustainability of microbial bioprocesses, including
those involving Leuconostoc mesenteroides.

Nitrogen Source Selection and Concentration
Optimization

These findings align with previous studies
emphasizing the importance of peptone, including
soybean peptone, in enhancing microbial growth
and dextran production. For instance, research
on dextran production by L. mesenteroides has
demonstrated that combining peptone with beef
extract under high sucrose conditions significantly
boosts dextran yield, underscoring its relevance
in industrial fermentation.*® Elevating sucrose
concentration to 50 g/L, along with nitrogen sources
(peptone and beef extract, each at 25 g/L), boosts
dextran production by L. mesenteroides NRRL
B-640. In contrast, buffering agents such as K,HPO,,
while facilitating microbial growth and enzyme
release, do not directly affect dextran synthesis.*'
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Fig. 2: Effects of different carbon and nitrogen sources and vegetable juice on ZN-E strain. (A)
Effects of different carbon sources on ZN-E strain; (B) Effects of maltose content on ZN-E
strain. (C) Effects of different nitrogen sources on ZN-E strain; (D) Effects of soy peptone

content on ZN-E strain. (E) Effects of different nutritional factors on ZN-E strain;
(F) Effects of carrot juice content on ZN-E strain. All the data were expressed as
mean * standard deviation (SD, n = 3). Different lowercase letters indicate
significant differences between different columns (P < 0.05).

Growth Factor Selection and Optimization

Beyond this study, fruit/vegetable juices generally
serve as multifunctional growth promoters for
L. mesenteroides. In terms of carbon source
supply and metabolite stimulation, they provide
fermentable sugars (e.g., glucose, fructose) that
synergize with supplemented sucrose to enhance
growth and polysaccharide synthesis: for example,
tomato juice with 15% sucrose supported L.
mesenteroides BD1710 in synthesizing 32 g/L
dextran (equivalent to yields in chemically defined
media) with a peak molecular weight of 6.35%10°
Da,*? while carrot juice with <15% sucrose enabled

complete sugar-to-dextran conversion within 24
h and improved broth consistency (3.5 Pa-sn)
and product stability.“® In regulating bioactive
substances, juice-borne compounds modulate
microbial metabolism and product functionality:
fermenting murta (Ugni molinae) berry juice with L.
mesenteroides increased total polyphenol content,
elevating DPPH/ORAC antioxidant activity and
a-glucosidase inhibitory capacity (critical for glucose
metabolism regulation),* and Sanhua plum juice
fermented by L. mesenteroides retained higher
total phenols and anthocyanins than other lactic
acid bacteria, preserving juice color and bioactivity.
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Additionally, in optimizing the growth environment,
these juices supply complex nutrients matching L.
mesenteroides’ demands for growth factors and
amino acids: carrot-isolated L. mesenteroides
strains (C2, C7) showed high survival under
simulated gastrointestinal conditions and inhibited
pathogens (e.g., Salmonella, Listeria) when cultured
in vegetable-derived media,* and fermented carrot
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juice maintained a stable pH of 3.8 with minimal
sedimentation during 3 weeks of cold storage,
addressing raw juice quality defects.** Genomic
data on L. mesenteroides (e.g., strain ATCC 8293;
DOE Joint Genome Institute, 2018) further supports
its ability to utilize nutrients from fruit/vegetable
juices, highlighting these natural matrices as key to
enhancing its growth and metabolic performance.
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Fig. 3: Optimization of heat shock conditions to enhance the heat resistance of Leuconostoc
mesenteroides ZN-E. (A) The effect of temperature on heat resistance was investigated
after a 20-minute shock. (B) The effect of exposure time on heat resistance
was determined at a shock temperature of 45°C.

Heat Adaptation Treatment

Heat shock at sub-lethal temperatures is a well-
documented strategy to enhance microbial tolerance
to subsequent lethal thermal stress, primarily through
the induction of heat shock proteins (HSPs)—
chaperones that stabilize cellular proteins, repair

denaturation, and maintain membrane integrity under
stress.*® This phenomenon is particularly relevant for
Leuconostoc mesenteroides, a lactic acid bacterium
widely used in food fermentation (e.g., sourdough,
vegetable fermentation), where it often encounters
fluctuating thermal conditions during processing.
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Notably, the efficacy of heat shock depends strongly
on the choice of sub-lethal temperature and duration,
as these parameters dictate the magnitude of stress
adaptation without causing irreversible cell damage.
Survival after lethal heat challenge is a key indicator
of acquired thermotolerance.*” As shown in Fig. 3 (A
and B), the viable count and survival rate exhibited
peaks at 20 minutes (2.16x10"° CFU/mL and 74.32%,
respectively), followed by a decline with prolonged
exposure. Therefore, the optimal heat adaptation
conditions were determined as 45°C for 20 minutes.
This aligns with studies on Lactobacillus paracasei,
where heat adaptation at 44°C was optimal.*®

Gardiner et al.*® demonstrated that probiotic strains
such as Lactobacillus paracasei exhibit increased
survival rates during heat treatment and spray
drying, implying that adaptive responses may
be harnessed to enhance microbial resilience.
Furthermore, Ardanareswari et al.%® investigated
the resistance of Lactobacillus paracasei SNP2
to heat shock and spray drying, finding that heat
adaptation and pH adjustments could improve
microbial survival, which aligns with the concept
that sub-lethal heat exposure primes organisms for
subsequent thermal challenges.

Optimization of Spray-Drying Parameters
Optimizing spray-drying conditions is paramount
for preserving the viability of probiotic strains like
Leuconostoc mesenteroides in functional food and
pharmaceutical applications. As noted by Castro-
Mufioz et al.,’" meticulous adjustment of drying
parameters is essential to enhance the stability
of probiotics. This is supported by research on
other lactobacilli; for instance, spray-drying of L.
rhamnosustypically employs inlet temperatures
of 130-150°C, while a formulation containing L.
plantarumin almond milk powder uses temperatures
as high as 170-190°C, as highlighted in a PMC
review.®? However, excessively high temperatures
can be detrimental. The inactivation mechanisms for
lactic acid starter cultures are significantly influenced
by drying parameters, particularly temperature
and duration, which can induce cell death through
damage to cell membranes and vital components if
not properly controlled.

Further insights from inactivation studies® confirm
that high temperatures, especially during prolonged
secondary drying phases, can severely compromise
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the viability of Leuconostoc mesenteroides,
underscoring the critical need for precise temperature
management. Additionally, the development of
effective instant microbial starters® emphasizes that
carrier media composition, drying temperature, and
subsequent storage conditions are intrinsically linked
parameters that collectively determine the survival
and efficacy of Leuconostoc mesenteroides in final
dried products.

Fermentation Performance Evaluation
Fermentation Activity (Acidification)

This recovery of acidogenic capacity can be
attributed to the physiological adaptation of the
bacteria post-drying. Although spray drying alters
the physicochemical properties of Leuconostoc
mesenteroides—such as membrane fatty acid
composition, which can initially impair survival and
metabolic function—the bacteria can regain activity
under suitable fermentation conditions.®® The use
of protective agents during drying is critical in this
regard, as they mitigate cellular damage and help
preserve the viability necessary for post-rehydration
metabolic performance, including acid production.6:5”

Further supporting this, studies confirm that
Leuconostoc mesenteroides retains the ability to
produce lactic acid after spray drying, though the
final acid yield is influenced by drying parameters
and the protective matrix used.®®%° Factors such as
fermentation pH and the presence of encapsulation
materials also play a significant role in stabilizing
the bacteria and modulating acid synthesis during
fermentation.%°¢' Moreover, statistical optimization
approaches have been employed to enhance
related metabolic activities, such as dextran
production, indicating that drying parameters can
be fine-tuned to better preserve acidogenic activity.*
Nonetheless, the specific interplay between spray-
drying conditions and ultimate acid production levels
warrants further investigation.

Sensory Evaluation

This improvement aligns with findings that LAB
fermentation can generate favorable flavor
compounds and inhibit off-odor formation.%?
Research indicates that Leuconostoc mesenteroides
contributes significantly to flavor enhancement
through the production of volatile compounds during
fermentation.®® Its metabolic capabilities, including
the synthesis of aroma compounds, are essential
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for improving the sensory qualities of fermented
products. The application of spray drying has been
shown to influence these metabolic activities,
potentially affecting the bacteria's ability to produce
desirable aroma compounds. For instance, studies
on other lactic acid bacteria suggest that drying
processes can impact their metabolic functions,
including aroma production, by inducing stress
responses or altering cell viability.*®

Furthermore, the preservation of aroma-producing
capacity post-spray drying is crucial for maintaining
the quality of fermented products. Leuconostoc

mesenteroides has been utilized in various
fermentations, such as kimchi and kefir, where its
role in flavor development is well documented.®864
The ability of spray-dried cultures to retain their
functional properties, including aroma synthesis,
directly influences the sensory profile of the final
product. Some studies highlight that certain strains
of Leuconostoc mesenteroides can be enhanced for
lactic acid tolerance and aroma production through
specific processing techniques, suggesting that
optimized spray-drying conditions could preserve
or even improve these traits.%®

4.4 A S Teuconostoc mesemicroides ZN-E bacteria powder Fermentation

—a— Lenconostoc mesemeroides ZN-E bacteria liquid Fermentation

4.2

4.0 H

pH

3.8 1

3.6 -

3.4 4

8.0 =

70 - b

T T T T T T T T T T T T T T T T T T T T T T T T 1
0246 8101214161820222426283032343638404244464850
Time(h)

{ee

\
|
6.0 = |

5.5

Sensory evaluation on flavor

5.0 -

4.0

T
Fresh Burdock Powder

T T T 1
ZN-E Bacterial fermented  ZN-E Mushroom Powder
burdock powder

fermented burdock powder



BAIl et al., Curr. Res. Nutr Food Sci Jour., Vol. 14(1) 230-250 (2026)

140 A

120

80 F T

60

10

IMBP content (ng/ml)

244

%

0 1 Fd 1
Unfermented

ZN-E bacterial fermentation ZN-E spray drying bacteria powder fermentation

Fig. 4: Fermentation activity, flavor sensory evaluation and IMBP removal ability analysis of
Leuconostoc mesenteroides ZN-E spray-dried bacterial powder. (A) Results of fermentation
activity of Leuconostoc mesenteroides ZN-E spray drying powder; (B) Sensory evaluation on
flavor of burdock fermented by Leuconostoc mesenteroides ZN-E spray drying powder; (C)
Removal ability of IMBP by Leuconostoc mesenteroides ZN-E spray-dried bacterial powder. All
the data were expressed as mean * standard deviation (SD, n = 3). Different lowercase letters
indicate significant differences between different columns (P < 0.05).

In addition, the metabolic network of Leuconostoc
mesenteroides, which underpins its aroma-producing
capacity, can be affected by processing methods. The
production of volatile compounds, such as dextran
and other flavor-active metabolites, is integral
to its fermentation performance.*® Ensuring that
spray drying does not compromise these metabolic
pathways is essential for harnessing the full aroma
potential of this bacterium in industrial applications.

Overall, while spray drying offers practical benefits
for the application of Leuconostoc mesenteroides
in fermentation, its impact on aroma production
depends on the preservation of metabolic activity
and cell viability. Optimizing drying parameters to
maintain the bacteria's functional integrity is vital for
ensuring that the aroma-producing capacity remains
effective in fermented products.®®% Future research
should focus on refining spray-drying techniques to
maximize the retention of aroma-related metabolic
functions in Leuconostoc mesenteroides, thereby
enhancing the sensory qualities of fermented
foods and beverages.

IBMP Removal Efficiency

Gas chromatography-mass spectrometry (GC-
MS) analysis has indicated that unfermented
burdock contains a high level of 2-isobutyl-3-

methoxypyrazine (IBMP)—a volatile organic
compound (VOC) of the pyrazine family linked
to undesirable "green" or "earthy" off-flavors in
products like coffee and wine—at a concentration
of 129.263 ng/mL.%5%¢ Fermentation processes
significantly reduced IBMP levels: liquid culture
fermentation led to a 37.22% degradation, lowering
IBMP to 81.148 ng/mL, while fermentation with
spray-dried powder achieved a more substantial
47.44% degradation, reducing IBMP to 67.944 ng/
mL. This demonstrates that the spray-dried powder
was approximately 1.3 times more effective in
removing IBMP, confirming the efficacy of lactic
acid bacteria (LAB) fermentation in degrading
undesirable volatiles, as previously reported in
other plant substrates®”¢® found that all plant-
derived Leuconostoc strains were able to degrade
hexanal and 2- pentylfuran below the detection limit
within 18 h of fermentation on soybean substrates.

Leuconostoc mesenteroides, a common LAB
species involved in diverse fermentation processes
(e.g., coffee and plant-based food production),
plays a key role in metabolizing sugars and shaping
flavor profiles, making it a promising candidate
for mitigating off-flavors. While direct evidence of
IBMP degradation by L. mesenteroides remains
limited, its capacity to reduce structurally similar
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off-flavor compounds supports its potential for
IBMP metabolism. In the fermentation of plant-
based milks, L. mesenteroides notably diminished
green, grassy off-flavors—often associated with
compounds like IBMP—through metabolic activities
including aldehyde reduction and ester synthesis.®
Additionally, L. mesenteroides exhibits efficacy
in degrading aldehydes (e.g., hexanal, nonanal)
and heterocyclic compounds (e.g., pyrazines) via
enzymes such as alcohol dehydrogenases (ADH),
aldehyde dehydrogenases (ALDH), and aldehyde
reductases; these enzymes catalyze the conversion
of offensive aldehydes/ketones into less odorous
alcohols or acids, which may indirectly contribute
to IBMP breakdown.” Its enzymatic repertoire also
includes B-glucosidases and proteases, which
further modify volatile profiles by cleaving glycosidic
bonds or facilitating redox reactions, enhancing its
ability to improve sensory quality.”*"

Notably, controlled fermentation with L. mesente-
roides is critical for producing high-quality fermented
foods (e.g., lafun) free of off-flavor compounds like
IBMP, as it may inhibit the microbial or biochemical
pathways responsible for generating such undesirable
VOCs.”" In coffee fermentation, L. mesenteroides
is part of the microbial community in wet and
semi-dry processes, where it influences aroma
by regulating VOC production and degradation—
including pyrazines, which are also relevant to
IBMP metabolism. In selenium-enriched Cardamine
violifolia pickle fermentation, L. mesenteroides
further demonstrated its role in modifying volatile
profiles, reducing unpleasant compounds and
enriching desirable aromas, which aligns with its
broader capacity to enhance sensory attributes.

Despite these promising findings, future targeted
studies are needed to explicitly quantify IBMP
degradation by L. mesenteroides, elucidate the
specific metabolic pathways involved, and determine
the kinetics of IBMP breakdown. Such research will
strengthen the application of L. mesenteroides in
controlled fermentation processes to consistently
improve the sensory quality of plant-based and
fermented food products.

Conclusion
This study successfully developed a scalable
process for producing a spray-dried starter culture of
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Leuconostoc mesenteroides ZN-E with high viability
and functional activity, aimed at mitigating off-odors
in burdock-based products. Optimal fermentation
conditions and medium composition were established
to support robust bacterial growth. A heat adaptation
strategy was employed to significantly enhance
thermotolerance during subsequent processing.
Through orthogonal optimization of spray-drying
parameters, a starter culture powder with high
viable counts was obtained. The spray-dried powder
exhibited superior performance compared to liquid
cultures, achieving a higher degradation rate of the
key off-odor compound IBMP and receiving better
sensory evaluation scores. This work establishes
an industrially relevant and cost-effective approach
for producing stable starter cultures, offering a
practical solution for improving the flavor quality of
burdock products.

Based on the research findings, the following future
research directions are proposed: 1) Optimize
the types and ratios of carrier materials (e.g.,
maltodextrin, gum arabic, skim milk) to further
improve the survival rate of L. mesenteroides
ZN-E during spray drying and storage; 2) Evaluate
the long-term storage stability of the spray-dried
starter culture under different conditions (e.g.,
temperature, humidity, packaging materials) and
establish the optimal storage scheme; 3) Extend
the application of this spray-dried starter culture
to other root vegetables with off-odor problems
(e.g., radish, cruciferous vegetables) to verify
its universal applicability; 4) Carry out scale-up
production experiments to optimize the industrial
production process and reduce production costs; 5)
Use multi-omics technologies (e.g., transcriptomics,
metabolomics) to elucidate the molecular mechanism
of L. mesenteroides ZN-E degrading IBMP; 6)
Explore micro/nanoencapsulation technologies to
coat the spray-dried powder, further enhance cell
viability and environmental stress resistance, and
promote the commercial development of high-quality
fermented vegetable products.
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