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A low-temperature and low-salt industrially fermented Chinese kohlrabi (LSCK) 
was developed in this study, with the salt usage decreased by approximately 70% 
compared to the traditional high-salt fermented Chinese kohlrabi (HSCK). The 
differences in physicochemical properties, metabolites and overall flavors during 
LSCK fermented for 0, 45 and 90 days (d) were analyzed by gas chromatography-
time-of-flight mass spectrometry (GC-TOF-MS), electronic nose (E-nose) and 
other techniques. The results showed that the total acid content increased 
significantly from 3.68 to 8.59 g/kg. However, the protein content significantly 
decreased from 2.52/100 to 0.66 g/100 g. The number of lactic acid bacteria cells 
increased significantly from 3.69 to 4.46 log10

CFU/g. Based on multivariate statistical 
analysis, 21, 14, and 15 differential metabolites were identified in the three 
treatment groups A1 (0 and 45 days), A2 (45 and 90 days), and A3 (0 and 90 days) 
respectively (VIP > 1, p < 0.05, |log2FC| ≥ 1.1). Carbohydrates, sugar alcohols, amino 
acids and their derivatives were the main differential metabolites in the LSCKs 
fermented for different periods. Aminoacyl−tRNA biosynthesis and glycine, serine 
and threonine metabolism pathways significantly correlated with the differential 
metabolites based on Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis 
(p < 0.05). Furthermore, the overall odors were significantly different among the 
LSCKs with different fermentation periods, as detected by E-nose. The present 
study describes the change trend of metabolites during LSCK fermentation and 
elucidates important metabolic pathways in LSCK, providing a theoretical basis for 
the target regulation of functional metabolites in kohlrabi and the optimization of 
LSCK processing.
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1. Introduction

Kohlrabi (Brassica juncea var. megarrhiza Tsen et Lee), belonging 
to cruciferous family with a strong spicy taste, which is rich in dietary 
fiber, vitamins C, B6, K and other essential elements. Regular intake 
of kohlrabi will effectively improve body’s immunity and prevent colds 
(Pasko et al., 2021). Kohlrabi originated in China and is mainly grown 
in Southwest China (Sichuan, Yunnan and Guizhou Provinces), 
Southeast China (Jiangsu and Zhejiang Provinces) and Central China 
(Hunan and Hubei Provinces). The fermented kohlrabi is normally 
used to prepare side dish in Chinese cuisine. It is well known that salt 
is one of the most important additives in fermented vegetables 
processing, which can increase osmotic pressure and reduce the water 
activity of fermented vegetables, resulting in cell water loss and thus 
inhibit the growth of spoilage−related microorganisms (Bansal and 
Mishra, 2020). Additionally, salt can maintain fermented foods texture 
by regulating the moisture content and moisture distribution and also 
the proportion of fermented food components (Lin et al., 2021). It has 
been well documented that salt affects fermented food flavor mainly 
through lipids and proteins oxidation (Wen et al., 2019; Lin et al., 
2021). On the other hand, microorganism is another key factor to the 
flavor development and metabolite synthesis for fermented food. 
Wang D. et al. (2022) found that Actiplantibacillus, Halanaerobium, 
Halomonas, Pseudomonas, Enterobacteriaceae and Debayomyces 
hansenii were the dominant bacteria in fermented mustard. Sha et al. 
(2017) found that Proteobacteria, Firmicutes, and Actinobacteria were 
the dominant bacteria in Marcha and thiat. Lactic acid bacteria 
including Lactococcus, Leuconostoc, Weissella, Pediococcus, and 
Lactobacillus are considered as the main microorganisms in fermented 
vegetables (Hossain et al., 2020). It has been well demonstrated that 
lactic acid bacteria can produce organic acids and volatile compounds 
through lactic acid fermentation, having a positive impact on the taste 
and nutritional components (vitamins and amino acids) of food, and 
promoting to improve the sensory characteristics of food (Kumar 
Verma et al., 2022; Yilmaz et al., 2022).

Generally, approximately 15% (w/w) salt are required for 
production of traditional Chinese kohlrabi. Desalination is thus an 
important step before obtaining the finished kohlrabi products, which 
not only wastes a lot of water, but also increases the cost for sewage 
treatment. More importantly, water-soluble nutrients such as vitamins, 
amino acids and minerals will loss during desalination. Therefore, 
low-salt fermentation is attracting more and more attention from 
researchers all over the world (Hu et al., 2022).

In recent years, metabolomics has been an excellent approach for 
evaluating prebiotic changes (Kim et al., 2019), phenotype differentiation 
(Lee et al., 2018), palatability and unhealthiness (Singh et al., 2017) 
during vegetable fermentation. Liu D. Q. et al. (2021) suggested that 
halophilic bacteria and lactic acid bacteria were the dominate 
microorganisms during the spontaneous fermentation of potherb 
mustard (Brassica juncea var. multiceps) by metagenomics, which 
closely associated with the formation of organic acids, amino acids and 
volatile flavor compounds as evaluated by metabolomics. Kim et al. 
(2013) found that 4-aminobutyric acid, acetate and other 10 substances 
were the important metabolites for distinguishing Korean cabbages 
from Chinese cabbages by using of metabolomics analysis. Saleh et al. 
(2020) confirmed the anti-diabetic efficacy of salak fruit by 
metabolomics based on 1H nuclear magnetic resonance (NMR). 
Moreover, metabolomics methods have been used to explore the effects 

of lactic acid bacteria and molds on the formation of volatile compounds 
in cheese (Suzuki-Iwashima et al., 2020). Nissen et al. evaluated the 
fermentation performances of Zymomonas mobilis (Nissen et al., 2021a) 
and volatilome changes during probiotic fermentation of combined soy 
and rice drinks (Nissen et al., 2021b) by using a metabolomic approach.

Currently, progress on LSCK has been rarely reported. The 
metabolites and the associated metabolic pathways of LSCK have not 
yet been described. In the present work, the LSCK was produced, 
without desalination during the whole process. Furthermore, the 
usage of salt was decreased by approximately 70% in the low-salt 
fermentation compared to the traditional high-salt fermentation. 
Metabolomics combined with multivariate statistical analysis were 
employed to analyze the LSCK metabolites changes at different 
fermentation times for the first time. The present study described the 
differential metabolites and their change trends during LSCK 
fermentation and demonstrated the closely related pathways in LSCK, 
providing a theoretical basis for the target regulation of functional 
metabolites in kohlrabi and development of new LSCK products.

2. Materials and methods

2.1. Production of LSCKs

The kohlrabies were cultivated with the same variety (Queyecai) 
in Chengjia Town (latitude 29 degrees 39′ north and longitude 104 
degrees 21′ east.) and grown from August 2021 to January 2022 in 
Zigong city, China. Freshly harvested kohlrabies were washed with 
water to remove sediment, and then dried outside for 30 days (average 
temperature 7–12°C). After natural air-dry, the kohlrabies were 
washed again by warm water (60 ± 2°C) for 10 min, which were 
subsequently dried in hot air vibrators at 35–40°C for 15 min. The 
kohlrabies and salt (2.5%, w/w) were transferred into a blender and 
stirred at a slow speed for 5 min, which were subsequently put into a 
200 kg-tank containing 1,000–1,600 kohlrabies depending on the size 
of the kohlrabies, and pickled at 4°C ± 1°C for 2 days. The kohlrabies 
were taken to the blender again, yellow sugar (4%, w/w) and salt 
(1.5%, w/w) were added to the blender and subsequently stirred at a 
slow speed for 5 min, which were removed into 200 − kg tanks again. 
Finally, the treated kohlrabies were fermented at 4°C ± 1°C for 0, 45, 
and 90 days. The usage of salt in LSCK production was decreased by 
approximately 70% compared to the traditional high-salt fermented 
kohlrabi, as described in our previous study (Zhang et al., 2022; Chen 
et al., 2023). Moreover, desalination was not performed during the 
whole process. Fifteen kohlrabies were randomly selected from the 
upper, middle and lower layers of the fermentation tanks, which were 
ground and vacuum-packed in aluminum foil bags and stored at 
−80°C before analysis (Rubel Mozumder et al., 2020).

2.2. Determination of physicochemical 
properties and lactic acid growth for LSCK

The total acid, protein and reducing sugar were determined as 
described in our previous study (Nie et al., 2022). Total acid, reducing 
sugar and protein were, respectively, determined by acid–base 
titration, direct titration of copper tartrate alkaline solution and 
Kjeldahl nitrogen determination method. Lactic acid bacteria cells in 
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LSCK was determined according to the method of Skonberg et al. 
(2021). Twenty-five grams of ground kohlrabi were resuspended in 
225 ml of 0.90% NaCl and subsequently serial diluted (10−1–10−5) with 
0.90% NaCl. A hundred microliters of the cell dilutions were plated 
on de Man Rogosa and Sharpe (MRS) agar plates (Solarbio, Beijing, 
China). Amino acid nitrogen was determined by the idea of Benjakul 
et  al. (1997), using the formaldehyde value method. The ground 
kohlrabi was diluted by deionized water and subsequently titrated to 
pH9.2 by 0.05 M NaOH after the addition of formaldehyde solution. 
The amino acid nitrogen of the kohlrabi was expressed in g/100 g 
sample by calculation. All experiments were carried out in triplicate.

2.3. Extraction of LSCKs metabolites

Extraction of LSCK metabolites was performed according to the 
previous study (Want et al., 2013). The LSCK was accurately weighed 
50 mg, added with 0.5 ml of a mixed solution (acetonitrile: isopropanol: 
water = 3:3:2, v/v/v), and vortex−mixed at 30 Hz for 20 s (Vortex Mixer, 
QL-866, Kylin−Bell Instrument Manufacturing Co., Ltd., Haimen, 
China). This operation was repeated eight time and followed by treated 
ultrasonically in an ice−water bath for 5 min. The solution was added 
with 0.5 ml of the same mixed solution and subsequently sonicated in 
an ice−water bath for 5 min again. After centrifugation at 15000 g for 
2 min, precisely 500 μl of the supernatant were harvested and dried in 
a vacuum for 8–10 h. The dried residue was resuspended in 80 μl of 
20 mg/ml methoxyamine pyridine solution, vortexed for 30 s and 
incubated at 60°C for 60 min (Ding et al., 2022). Finally, the solution 
was derivatized by 100 μl of BSTFA−TMCS reagent (99:1) for 90 min 
at 70°C. The final solution was centrifuged at 2,0000 g for 3 min, and 
90–100 μl of the supernatant was gained and filled into the detection 
bottle. Quality control (QC) sample was prepared by mixing 20 μl of 
each extracts (Yang et al., 2022). All samples were analyzed in 24 h.

2.4. Gas chromatography-time-of-flight 
mass spectrometry analysis

Gas chromatography-time-of-flight mass spectrometry analysis was 
performed according to the previous research (Mu et al., 2019). For 
separation, a DB−5MS capillary column (30 m × 250 μm i.d., 0.25 μm 
film thickness, Agilent J & W Scientific, Folsom, CA, United States) was 
used for gas chromatography. Derivatized species were separated at a 
constant flow of 1 ml/min, and 1 μl of the sample was injected through 
the autosampler in a split ratio of 1:10. The inlet temperature was 280°C, 
and the transfer line and ion source temperatures were 320°C and 
230°C, respectively. The heating programs were as follows: initial 
temperature 50°C maintained for 0.5 min, elevated to 320°C at a rate of 
15°C/min and held for 9 min. Full scan method was as follows: scan rate 
10 spec/s, electron energy 70 V, and solvent delay 3 min. Three parallel 
experiments were performed for every sample.

2.5. Gas chromatography-time-of-flight mass 
spectrometry data preprocessing and analysis

The raw GC − TOF − MS data was converted into a common 
format by Analysis Base File Converter software, which was 

subsequently pre − processed by MSDIAL software (Xu et  al., 
2023). Differential metabolites were characterized according to 
the molecular weight (molecular weight error < 30 ppm). 
Fragmentation information obtained in MS/MS mode was further 
matched and annotated in HMDB, Metlin, Massbank, LipMaps, 
mzclound and BioNovoGene (Suzhou, China) databases. The 
matrix containing metabolite names and peak intensities was 
processed by missing value imputation and normalization and the 
missing values filled to one−half of the minimum value. The 
matrix was subsequently imported into SIMCA−P (version 14.1, 
Umetrics, Umea, Sweden) for principal component analysis (PCA) 
and orthogonal partial least squares discrimination analysis 
(OPLS−DA) (Liu Y. et al., 2021).

2.6. E-nose analysis

E − nose analysis was performed using a Fox 4,000 Sensory Array 
Fingerprint Analyzer (Alpha M.O.S., Toulouse, France), as described 
in our previous studies (Nie et  al., 2022; Chen et  al., 2023). For 
E − nose analysis, 0.5 g of LSCK was ground and transferred into a 
10 − mL headspace bottle. The procedures were as follows: balance 
time 5 min at 70°C, injection temperature 70°C, injection speed 
500 μl/s, injection period 1 s, data−acquisition time 120 s, detection 
time 180 s. A PCA plot of the E − nose was constructed to further 
analyze all the samples. Five parallel experiments were performed for 
every sample.

2.7. Statistical and bioinformatics analysis

Student’s t − test was performed to analyze the metabolites by 
using IBM SPSS Statistics (version 24). SIMCA 14.1 software 
(Umetrics, Umea, Sweden) was used for multivariate statistical 
analysis. To further clearly understand the changes in metabolite 
composition during kohlrabi fermentation, principal component 
analysis (PCA) and orthogonal partial least squares-discriminant 
analysis (OPLS-DA) were used to analyze the metabolic patterns. 
Based on the OPLS-DA model, the variable importance in the 
projection (VIP) values of metabolites were calculated (Mu et al., 
2019). The fold change of each metabolite was calculated by 
EXCEL (version 2016). The metabolites with |log2FC| > 1.1, 
VIP > 1, and p  < 0.05 from ANOVA were determined as 
significantly different metabolites. The curve for the relationship 
between mass spectrum intensity and time was drawn according 
to Wang’s method (Wang Z. et al., 2022). The correlation between 
the differential metabolites were calculated by Pearson’s 
correlation coefficients and visualized by R 4.2.1. Various public 
databases were searched, including the KEGG, PubChem to 
further validate the details of the identified metabolites. 
Metaboanalyst1 (accessed on December 27, 2022) was used for 
KEGG pathway enrichment analysis (Zhao et al., 2022).

1 https://www.metaboanalyst.ca
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3. Results

3.1. Analyses of the physicochemical 
properties and lactic acid bacteria growth 
for LSCK

The physicochemical properties and lactic acid bacteria growth 
are shown in Table 1. The total acid content increased significantly 
during the whole fermentation process (p  < 0.05). However, the 
content of amino acid nitrogen, protein and reducing sugar decreased 
significantly within 0–45 days (p < 0.05) and there was no significant 
change after the first 45 days fermentation (p > 0.05). Similarly, the 
number of lactic acid bacteria cells increased significantly in 0–45 days 
(p  < 0.05), which was not significantly changed in the later stage 
(p > 0.05).

3.2. Multivariate statistical analysis of the 
GC-TOF-MS data

A total of 98 metabolites were identified from the kohlrabies by 
using GC-TOF-MS, as shown in Supplementary Table S1. The PCA 
was performed to analyze the original data and preliminarily 
determine the differences in metabolites among LSCKs fermented for 
different periods (0, 45, and 90 days). The PCA result implied that all 
samples were well distributed in different regions, as revealed in 
Figure 1. The QC samples were also distributed around the origin with 
good repeatability, suggesting good system stability and high data 
reliability. In the PCA model, the score plot displayed variables of 44.7 
and 30.1%, respectively. Cross−validation of the PCA model with R2

X 
(R2

X = 0.839 > 0.5) indicated that the established model exhibited a 
good interpretability. The three LSCKs were all significantly separated 
without overlapping, implying that there were significant differences 
in metabolites in LSCKs fermented for different periods (0, 45 and 
90 days).

In order to further analyze the LSCKs metabolites differences, the 
OPLS−DA method was employed, which removes the orthogonal 
variables that are not related to classification variables from 
metabolites to obtain more reliable information (Fu et al., 2019). With 
the extension of fermentation, the OPLS−DA score plot for all samples 
showed distinct separation (Figures 2A,C,E). All OPLS−DA models 
parameters of the 0, 45, and 90 d fermented LSCKs were R2

X > 0.5 and 
Q2 > 0.9 (Table 2), indicating that the models could well interpret the 
differences. Furthermore, the 200 − cycle iteration permutation test 
was used to evaluate whether the OPLS−DA model was overfitting. 
The regression lines of all Q2 points intersected the negative semi−axis 

with the Y axis and no overfitting was observed (Figures 2B,D,F). The 
high R2

Y (cum) and Q2 (cum) value, together with the negative Q2 value 
from the 200- cycle iteration permutation test, indicated that the 
established models were reliable (Westerhuis et al., 2008). Based on 
PCA and OPLS−DA results, it could be concluded that the three 
LSCK samples sets could be undoubtedly separated, suggesting that 
the metabolites among them varied distinctly.

3.3. Screening of differential metabolites in 
LSCKs

In the present study, the metabolites with VIP > 1, p < 0.05, and 
|log2FC| ≥ 1.1 were determined as the differential metabolites in 
the LSCKs. The volcano scatter plot was drawn to qualitatively 
analyze the differential metabolites, as shown in Figure  3. 
Twenty-one differential metabolites were identified in group A1 
(0–45 days), with 19 metabolites up−regulated and 2 metabolites 
down-regulated. There were 14 differential metabolites in group A2 
(45–90 days), with seven metabolites up-regulated and seven 
metabolites down-regulated. In group A3 (0–90 days), a total of 15 
differential metabolites were screened, with 10 metabolites up−
regulated and 5 metabolites down−regulated. Most of the 
differential metabolites were carbohydrates, sugar alcohols, amino 
acids and their derivatives, as listed in Supplementary Table S2. 
After 45 d fermentation, the sweet flavor substances in LSCKs 
gradually accumulated, including 2,3-butanediol, l-glutamine, 
d-arabitol, and l-rhamnose. l-pyroglutamic acid was the only one 
substance continuously decreased during the 90 days fermentation. 
However, the contents of 9 metabolites including l-glutamine, 
l-ornithine, β-d-fructose, α-d-glucose, d-arabinose, d-gluconic 
acid, glycine, l-proline and guanine continuously increased from 
the beginning to the end. In order to better evaluate the metabolic 
patterns of the main differential metabolites in LSCK, the relative 
contents of the 36 differential metabolites in LSCK were further 
analyzed by hierarchical clustering analysis (HCA) and displayed 
in the form of a heat map, as shown in Figure 4.

3.4. Interaction analysis of the differential 
metabolites in LSCKs

The interactions between the differential metabolites are shown 
in Figure 5. Carbohydrates had a significant positive correlation 
with the metabolism of amino acids, such as α-d-quinovopyranose, 
which involved in aldose metabolism, exhibiting a significantly 
strong positive correlation with d-threonic acid (R = 0.929, 
p < 0.01). Similarly, galactosylglycerol positively correlated with 
d-threonic acid (R = 0.885, p < 0.01). On the other hand, β-d-
fructose showed a significantly positive correlation with glycine 
(R = 0.993, p < 0.01) and l-proline (R = 0.981, p < 0.01). In this 
study, 10 carbohydrates including l-rhamnose, α-d-
quinovopyranose, 3,6-anhydrogalactose, β-d-fructose, β-lactose, 
1F-β-d-fructosylsucrose, 2,6-β-delta−fructan, d-lyxose, α-d-
glucose, and d-arabinose were detected. α-d-glucose and 
d-fructose involved in galactose metabolism and amino sugar and 
nucleotide sugar metabolism, and their expression levels showed a 
significant positive correlation (R = 0.973, p < 0.01).

TABLE 1 Changes in physicochemical properties and lactic acid bacteria 
growth of LSCKs fermented for 0, 45, and 90 days.

0 day 45 days 90 days

Total acid (g/kg) 3.68 ± 0.11c 6.33 ± 0.22b 8.59 ± 0.13a

Amino acid nitrogen (g/100 g) 0.24 ± 0.01a 0.09 ± 0.03b 0.07 ± 0.02b

Protein (g/100 g) 2.52 ± 0.01a 0.67 ± 0.07b 0.66 ± 0.06b

Reducing sugar (g/100 g) 2.67 ± 0.03a 1.48 ± 0.04b 1.45 ± 0.02b

Lactic acid bacteria (log10
CFU/g) 3.69 ± 0.05b 4.41 ± 0.10a 4.46 ± 0.16a

Different superscript letters in the same row indicate significantly difference (p < 0.05).
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Amino acids are used to biosynthesize proteins, peptides and 
other nitrogen−containing substances, such as melanin and 
creatine (Da Silva, 2022). Most of the amino acids identified in this 
study were glycogenic amino acids, mainly including glycine, 
l-proline, l-threonine, l-serine, and l-tryptophan. Except for 
l-proline, all the amino acids can generate pyruvate or the 
intermediates involved in tricarboxylic acid cycle to participate in 
carbohydrates, lipids and fats metabolisms. By comparing the 
changing trends between amino acids, strong positive correlations 
between glycine and l-tryptophan (R = 0.999, p < 0.01), l-threonine 
and l-serine (R = 0.722, p < 0.05) were demonstrated. In addition, 
sugar alcohols including d-arabitol and d-sorbitol were also 
identified, which could be  used to avoid the change of the cell 
membrane from liquid to gel at low temperature by increasing the 
fluidity of the cell membrane (Song et al., 2017).

3.5. Metabolite pathway analysis for the 
differential metabolites

Based on the selected 36 differential metabolites, a general 
overview of the pathways of the differential metabolite enrichment 
was shown in Figure  6. Twenty−eight metabolic pathways were 
enriched, whereas only two pathways had topological analysis results 
with p-value<0.05 and impact value >0.1, namely aminoacyl−tRNA 
biosynthesis and glycine, serine and threonine metabolism. The 
fermentation period strongly affected the accumulation of metabolites 
in LSCKs. Amino acids and their derivatives were the dominant 
metabolites involved in these pathways. l-serine, glycine, l-threonine, 
and l-tryptophan were generally involved in the two enriched 
metabolic pathways. In addition, glycine, serine and threonine 
metabolism was the most significant differential metabolite pathway 
in LSCKs, which associated with l-glutamine, glycine, l-serine, 
l-threonine, l-tryptophan, and l-proline.

3.6. E-nose analysis for LSCK

The overall odor profile for LSCK was drawn, as shown in 
Figure 7A. It can be seen that changes for nitrogen oxides, amine 
compounds and propane compounds were not significantly. However, 
ketones, alcohols, toluene and methane significantly increased along 
with the fermentation, which was in agreement with the metabolite 
analysis, as the 2,3 − butanediol continuously increased. The PCA 
analysis for E − nose result was performed, as revealed in 
Figure 7B. The cumulative contribution rate for the first two principal 
components was 99.51% (PC1 97.90% and PC2 1.61%), indicating 
that the established PCA model reflected most of the information. The 
45 and 90 days fermented LSCKs distributed on the right side of the Y 
axis, while the 0 days fermented LSCK located on the left side of the Y 
axis, suggesting that the metabolism was stronger in the 0–45 days 
fermentation stage than that in the 45–90 days fermentation stage. The 
metabolites in the 90 days fermented LSCK significantly differed from 
those in the 0 and 45 days fermented LSCKs, which was consistent 
with the sensor response intensity in the radar map. The response 
value of LSCK fermented for 90 days was higher than those of 0 and 
45 days fermented LSCKs, indicating that the major flavor of LSCK 
was mainly synthesized in 0–45 days.

4. Discussion

The physicochemical properties of LSCKs significantly changed 
along with the fermentation from 0 to 90 days. Sourness is the main 
taste of fermented vegetables, and total acid is one of the most 
important indicators for judging the sourness of fermented vegetables 
(Shang et al., 2022). The lactic acid bacteria cells significantly increased 
with the extension of low-salt fermentation at low temperature, which 
contributed to acid production in the first 45 days fermentation. After 
the 45 days fermentation, the number of lactic acid bacteria cells 

FIGURE 1

Principal component analysis (PCA) scores for LSCKs fermented for 0 days (circle), 45 days (square), and 90 days (regular triangle).
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increased slightly (p > 0.05). Microorganisms such as 
Enterobacteriaceae can also use the soluble sugar in LSCK to produce 
acid during fermentation (Di Cagno et al., 2013). Proteases produced 
by microorganisms decomposed proteins, therefore the content of 
amino acid nitrogen increased, while the protein content decreased. 
Lee et al. (2012) found that the lactic acid bacteria Weissella koreensis 

isolated from Korean kimchi effectively decomposed proteins to 
produce amino acids such as β-aminobutyric acid and ornithine.

During fermentation, microorganisms can use the nutrients in 
kohlrabi to produce metabolites through various metabolic modes 
including lipid metabolism, amino acid metabolism and carbohydrate 
metabolism (Yang et al., 2020). Temperature and salt are major factors 
that affect the diversity and metabolism of microorganisms, possessing 
an important impact on the formation of metabolites in foods (Zhao 
et al., 2021; Mi et al., 2022). During low-temperature and low-salt 
fermentation, carbohydrates, amino acids and their derivatives 
including l-glutamine, l-ornithine, β-d-fructose, α-d-glucose, 
d-arabinose, d-gluconic acid, glycine, l-proline and guanine 
continuously increased, which agreed to Liu’s experimental results on 
mustard’s flavor metabolites (Liu D. Q. et al., 2021). The accumulation 

A B

C D

E F

FIGURE 2

The OPLS−DA score and permutation test for LSCKs fermented for 0, 45, and 90 days. (A,C,E) Respectively, indicates the OPLS−DA analyses for A1 
(0–45 days), A2 (45–90 days), and A3 (0–90 days); (B,D,F), respectively, represents permutation tests for A1 (0–45 days), A2 (45–90 days), and A3 (0–
90 days).

TABLE 2 Parameters of the OPLS−DA models for LSCKs fermented for 0, 
45, and 90 days.

Group R2
X (cum) R2

Y (cum) Q2 (cum)

0–45 days 0.856 0.993 0.977

0–90 days 0.932 1 0.999

45–90 days 0.919 1 0.999
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of flavor amino acids, such as glycine and aspartic acid, made the 
LSCKs more and more tasty along with the fermentation. l-serine, 
glycine, l-threonine, and l-tryptophan were mainly related to glycine, 
serine and threonine metabolism and aminoacyl−tRNA biosynthesis. 
l-pyroglutamic acid is an amino acid derivative produced by the 
cyclization of l-glutamic acid, which is widespread in animal brain 

tissue and plant tissues (Bachhawat, 2011). The decrease in 
l-pyroglutamic acid might be  due to the activation of 
5-hydroxyprolinase, which promoted the conversion of 
l-pyroglutamic acid into glutamic acid (Killiny et al., 2018). However, 
under low temperature condition, the activity of 5-hydroxyprolinase 
decreased. Therefore, the increase of glutamate was not significant 

A B C

FIGURE 3

Volcano diagram of the differential metabolites in LSCKs fermented for 0, 45, and 90 days (A–C), respectively, represents group A1 (0–45 days), A2 (45–
90 days), and A3 (0–90 days); blue and red, respectively, indicates the down−regulated and up−regulated differential metabolites.

FIGURE 4

Hierarchical clustering analysis heat map of the main differential metabolites in LSCKs fermented for 0, 45, and 90 days.

https://doi.org/10.3389/fsufs.2023.1156173
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Zhao et al. 10.3389/fsufs.2023.1156173

Frontiers in Sustainable Food Systems 08 frontiersin.org

(p > 0.05), which was thus not identified as a differential metabolite in 
this work.

In the process of glucose metabolism, mannitol and glycerol are 
important stress molecules when kohlrabi fermented at low 
temperature (Wang et al., 2017). Glycerol and mannitol generated into 
pyruvate and fructose 6 − phosphate by glycerol kinase and glycerol 
dehydrogenase, which subsequently participated in the glycolytic 
pathway (Wang Z. et  al., 2022). Glucose interacts with 
phosphoenolpyruvate and 4-phosphoerythrose pyruvate to produce 
quinic acid. With the extension of the low temperature fermentation, 
the kohlrabi was gradually stressed by the lower temperature, and a 
variety of secondary metabolites were thereby synthesized to fight 
against the threat of the environment (Bordenave et al., 2013). In this 
study, it was easy to understand why the content of quinic acid 
increased during the first 45 days fermentation. 2,3-Butanediol was the 
most significantly up−regulated differential metabolite in A1 
(FC = 123.622), which belonged to the anaerobic fermentation of 
glucose. Glucose generates pyruvate through the Embden−Meyerhof 
pathway (Verhees et al., 2003). Under the synergism of some Erwinia, 
Enterobacter and Serratia, two molecules of pyruvates interact with 
one molecule of NADH produce two molecules of CO2 and one 

molecule of 2,3-butanediol (Reshamwala et al., 2017). In addition, 
d-arabitol was also the differential substance in group A1 
(FC = 34.237), which was a sugar alcohol generated from d-arabinitol 
4-dehydrogenase through the pentose phosphate pathway (Marks, 
1956). Glycine was the most significantly up−regulated differential 
metabolite in group A2 (FCA2 = 69.896) and A3 (FCA3 = 169.239), 
mainly produced by threonine metabolism through the catalysis of 
aldolase and threoninase (Darling et al., 2000). Glycine also associates 
with plant antioxidant properties (He et al., 2022) and affects energy 
metabolism by regulating γ-aminobutyric acid metabolism (Liu and 
von Wirén, 2017). Generally, glycine made the fermented vegetables 
with sweetness characteristics during fermentation, which would 
be  increased when Lactobacillus (L.) plantarum SCYAPCZN11–1, 
L. buchneri SCYAPCZN11–4 and Pediococcus ethanoliduran 
SCYAPCZN11–8 worked together (Zhao et  al., 2016). With the 
fermentation extended, the D − gluconic acid gradually increased. It 
has been well known that d-gluconic acid is widespread in fruits and 
honey (Sainz et al., 2016), which is also detected in ultra−long−term 
fermented Chinese kohlrabi as described in our previous study (Nie 
et al., 2022). So, it is interesting to use LSCK as a source for producing 
d-gluconic acid, which has the potential to replace the commercial 

FIGURE 5

Heat map of differential metabolite correlations in LSCKs. Red and blue color, respectively, indicates a positive and negative correlation between the 
expression of the two metabolites. * and ** Indicates significant (p < 0.05) and highly significant differences, respectively (p < 0.01).
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production by microorganisms such as Aspergillus niger in the future 
(Bauer et al., 2022).

In the present study, the LSCKs were processed under 
low-temperature and low-salt condition. Low-temperature increases 
the water retention capacity of cells, induces changes in soluble 
carbohydrates content, leads to the gradual accumulation of 
carbohydrates in plants (González et  al., 2009). Furthermore, the 
intracellular NADPH/NADP ratio and ATP content increased, which 
provided sufficient reducing power and energy for carbohydrates 
anabolism (Savitch et al., 2010). Previous studies have suggested that 
free carbohydrates can be rapidly consumed to produce glycerol and 
ethanol by yeast and lactic acid bacteria during fermentation (Chen 
et  al., 2017). Moreover, free carbohydrates can be  hydrolyzed to 
generate monosaccharides and release energy to promote various 

biochemical reactions (Jeong et al., 2013). The changes in carbohydrate 
content probably be caused by various environmental stresses. It has 
been reported that mannitol metabolism possibly plays a key role in 
plant responses to stress (Lau et al., 2020). α-d-glucose and d-fructose, 
respectively, produced from glycolysis and fructose and mannose 
metabolism (Guo et  al., 2022), indicating a significant synergy 
between glycolysis and fructose and mannose metabolism during the 
fermentation of LSCK under low temperature. In addition, 
carbohydrate is considered as an important component of signal 
pathway, connecting and constructing pathway network to control 
plant metabolic response. Sami et  al. (2016) suggested that 
carbohydrate could induce stress response and increase plant 
resistance to abiotic stress.

The main function of amino acids is to form proteins, and also to 
synthesize polypeptides and other nitrogen-containing substances, 
such as melanin, creatine (Jeon et  al., 2021; Da Silva, 2022). Free 
amino acid is an important kind of differential metabolite in 
fermented kohlrabi, which contributes greatly to the flavor of 
fermented foods. For example, d-threonic acid, glycine, and l-serine 
have sweet taste, while l-citrulline, l-proline, and l-tryptophan show 
bitter taste. The free amino acid not only directly affecting food taste, 
but also provides fermented vegetables with unique color, aroma and 
taste, considered as a precursor of volatile flavor. Amino acid 
catabolism can lead to the formation of a wide range of flavor 
substances, such as aldehydes, esters, acids, alcohols, ether, nitrogen−
containing compounds, pyrazines and pyridines. Free amino acid can 
be converted into aromatic substances by lactic acid bacteria during 
differentiation (Xiao et al., 2020). It has been documented that L. sakei 
can generate aroma−active volatile substances including aldehydes, 
alcohols and carboxylic acids from α-keto acids by transamination of 
free amino acid (Gutsche et al., 2012). Furthermore, various species 
of Lactobacillus are well−known contributors to the formation of 
volatile aroma compounds in cheeses by catabolizing proteins to 
amino acids and subsequent conversions (Peralta et al., 2014).

Metabolites including l-glutamine, glycine, l-serine, l-threonine, 
l-tryptophan, and l-proline were closely related to aminoacyl−tRNA 
biosynthesis. l-glutamine exists in plants, animals and other 
organisms. As a component of proteins, l-glutamine involved in 

FIGURE 6

Influencing factors of metabolic pathways. A larger circle means a 
larger impact factor, and vice versa a smaller impact factor. The 
redder the color of the circle, the smaller the p-value.

A B

FIGURE 7

E-nose for LSCKs fermented for 0, 45, and 90 days. (A) Radar graph of the LSCK. Red, blue, and green indicates 0, 45, and 90 days fermented LSCKs, 
respectively. (B) PCA plot of the 0, 45, and 90 days fermented LSCKs.
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regulation of immunity and cell regulation (Sevastos et al., 2018). 
l-serine is a non-essential amino acid, which is an important 
precursor for the synthesis of phospholipids (Cao et  al., 2018), 
promoting the flowering of plants (Tanaka et al., 1997). It has been 
demonstrated that tryptophan plays an important role in salt stress of 
highland barley in Tibet (Wang et al., 2019). Glycine is often used as 
a nutritional supplement for flavoring. l-glutamine and glycine 
continuously increased along with the fermentation, and the 
metabolism of glyoxylic acid and dicarboxylic acid consequently 
increased. Additionally, with the increase of l-glutamine, glycine and 
l-proline, the biosynthesis of aminoacyl−tRNA enhanced. The 
changes of these flavor precursors may have an impact on the flavor 
of LSCK. The relationship between the precursor flavor substances 
and the flavor of LSCK is complex and needs to be further elucidated.

The differential metabolites including 1 − octanol, 
2 − pyrrolidinone and ethanolamine agreed well with the overall odor 
profile for LSCK, as shown in Figure 7. Metabolic complementation 
among different microorganisms and interactions between metabolites 
during fermentation increased the content of volatile substances and 
promoted the production of new volatile substances. For example, 
co − inoculation of L. plantarum and Pediococcus pentosus increased 
the content of alcohols, aldehydes and esters (Da Silva, 2022). The 
ketones and alcohols substances contents in LSCK increased with the 
fermentation extended, which was consistent with the metabolites 
changes in pickled radish (Di Cagno et al., 2013).

5. Conclusion

In the present work, GC-TOF-MS and multivariate statistics 
analyses were used to analyze the LSCK metabolites changes during 
low-temperature and low-salt fermentation for different periods. The 
LSCK with longer fermentation period had higher total acid content 
and lactic acid bacteria cells, while the contents of amino acid nitrogen, 
protein and reducing sugar were higher in LSCK with shorter 
fermentation period. Carbohydrates, sugar alcohols, and amino acids 
and their derivatives were considered as the main differential 
metabolites of LSCK. There was a significant correlation within the 
carbohydrate metabolism and amino acid metabolism. In addition, 
glycine, serine and threonine metabolism and aminoacyl−tRNA 
biosynthesis pathways were the most significant pathways closely 
correlated with the differential metabolites, as analyzed by KEGG. In the 
future, further experiments should be  performed to precisely 
demonstrate what compounds are derived from the microbial 
fermentation. Moreover, it is necessary to use liquid chromatography–
tandem mass spectrometry (LC–MS/MS) to analyze the non-volatile 
metabolites of the LSCKs during fermentation. The present work 
provides a theoretical support for optimization of LSCK 
production procedure.
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