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Metabarcoding insights into microbial 
drivers of flavor development and quality 
stability in traditional Chinese red pepper sauce: 
impacts of varietal selection and solar/shade 
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Abstract 

Background  Red pepper sauce is a traditional Chinese condiment, which is rich in nutrients and popular world-
wide. However, the changes in the microbial community of red pepper sauce during fermentation and the effects 
of such changes on quality stability have been under studied. In this study, we systematically analyzed the relation-
ship between the microbial community composition of multiple red pepper sauces and the biochemical indexes. 
Moreover, we also explored the dynamics of changes in the microbial community composition using metabarcoding 
sequencing.

Results  Our analysis revealed significant differences in amino acids (AA), lactate, pectin, reducing sugar, flavo-
noids, phenolics, pigments, and alcohol dehydrogenase (ADH) activity among the six red pepper sauces. Moreover, 
the relative abundance of bacteria and fungi showed significant differences among multiple red pepper sauces. 
Among these biochemical indexes, water content, pigment, and capsaicin showed a significant negative cor-
relation with the abundance of multiple bacterial genera. ADH activity showed a significant positive correlation 
with the abundance of multiple bacterial genera. The content of AA, flavonoid, pectin, and gamma-aminobutyric acid 
(GABA) was significantly correlated with the relative abundance of multiple fungi such as Rhodotorula, Dipodascus, 
Leucosporidium, Hannaella, and Coniochaeta.

Conclusions  These results provide a basis for revealing the biological basis of the quality stability and flavor charac-
teristics of red pepper sauce, which are of great significance for further investigation of the fermentation mechanism 
and control of the product quality of red pepper sauce.
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Background
Red pepper sauce, which is also known as doubanjiang 
or “Pixian douban”, as a traditional condiment in China, 
is not only important to the Chinese food culture, but 
also favored by consumers for its special flavor and nutri-
tional value [1, 2]. The traditional production of red pep-
per sauce relies on natural fermentation, made from red 
peppers (Capsicum annuum L.), broad beans (Vicia faba 
L.), wheat flour (Triticum aestivum L.), and salt. This 
process involves the combined action of various micro-
organisms [3]. The flavor characteristics of red pepper 
sauce are determined by its complex chemical composi-
tion, which includes amino acids, organic acids, esters, 
and aldehydes, which together constitute the special 
aroma and flavor of red pepper sauce [4–6]. Despite the 
cultural significance of artisanal doubanjiang, industrial 
standardization remains challenging: studies report > 30% 
batch-to-batch variation in amino acid content [2] and 
inconsistent microbial succession patterns under fluctu-
ating solar exposure [7]. These quality instabilities stem 
from two underexplored factors: (i) fungal community 
dynamics governing secondary metabolite synthesis, and 
(ii) cultivar-specific substrate-microbe interactions. By 
optimizing fermentation conditions, including tempera-
ture, humidity, and salinity, we can control the fermen-
tation process and enhance the production of various 
compounds, thereby improving the overall flavor of red 
pepper sauce [3, 8].

The microorganisms in red pepper sauce include bac-
teria, yeasts, and molds, which play an indispensable role 
in fermentation. Li et al. investigated the bacterial com-
munity evolution and metabolite changes during the 
fermentation of red pepper sauce by high-throughput 
sequencing of the 16S rRNA gene and found that Pseu-
domonas and Streptococcus were remarkably correlated 
with nitrogenous and carbonic metabolites [9]. Li et  al. 
also found that different salt levels can affect the micro-
bial community and the expression of antimicrobial 
genes in red pepper sauce [7]. By identifying the micro-
bial species in red pepper sauce and understanding their 
roles during fermentation, a theoretical basis is provided 
to improve the stability of the fermentation quality and 
the flavor of the red pepper sauce [7, 9].

Although Zhang et  al. investigated physicochemical 
factors and microbial dynamics during red pepper fer-
mentation, existing research predominantly emphasizes 
bacterial composition in red pepper sauce [2]. How-
ever, fungal community structure and its impact on 
fermentation quality remain poorly characterized. Cur-
rent research efforts remain constrained to homogene-
ity analyses of standardized products generated through 
fixed combinations of raw ingredients and fermenta-
tion regimes, neglecting variability assessment across 

diversified production systems. Different red pepper 
varieties and fermentation methods, including sun and 
shade treatment, were used in producing red pepper 
sauce, which have a certain impact on the quality of red 
pepper sauce.

In this study, three red pepper varieties were used as 
raw materials, and six types of red pepper sauce were 
prepared. The composition and abundance of bacte-
ria and fungi in the six red pepper sauce were identified 
and analyzed, and 15 biochemical indicators were used 
to analyze the relationship with different bacterial and 
fungal compositions. The results will provide a refer-
ence for the optimization of the production method and 
flavor characteristics of red pepper sauce, as well as the 
identification of microbial compositions. Furthermore, 
the results of this study will provide a scientific basis for 
improving the quality and safety of red pepper sauce.

Materials and methods
Red pepper sauce preparation
In this study, three red pepper varieties were used to 
produce red pepper sauce, including “Chuan Teng No.6 
(CT6)”, “Hong Guan No.4 (HG4)”, and “Hong Guan No.5 
(HG5)”. Once cleaned, the red peppers were manually 
chopped into pieces approximately 0.1–0.2 cm in length. 
All samples were prepared using the same method. The 
broad beans (Vicia faba L.) were harvested and removed 
from the pod. After sun drying, the broad beans were 
softened under warm water (45 °C). Next, the shells were 
removed before mixing the beans (40 kg) with wheat flour 
(8 kg, Triticum aestivum L.) and fermented “naturally” at 
room temperature for 8 months. Then, the mixtures were 
further fermented at room temperature for 4 months 
(which was known as shade treatment) or transferred 
to drying cylinders for 4 months sun-drying fermenta-
tion (which was known as sun treatment). Subsequently, 
the mixtures were added with cutting red peppers, koji 
(Aspergillus oryzae, the pure strain was purchased from 
QuFu biological technology company (Chengdu, China)), 
10–12% sodium chloride (w/v), and 20% water (w/v) 
and fermented in the sun for 2 years. All samples were 
divided into two groups; one group was fermented in 
the sun (S) and the other in shade (Y) at 22–25 °C. These 
samples were labeled as follows: CT6_S, CT6_Y, HG3_S, 
HG3_Y, HG4_S, and HG4_Y. The experiment for each 
treatment was performed at least in triplicate.

DNA extraction and metabarcoding of bacterial and fungal 
communities
Each red pepper sauce sample (5 g) was mixed with ster-
ile water (25 mL), filtered through three layers of coarse 
sterile gauze to remove large particles, and centrifuged 
at 18,500 g for 10 min at 4 °C. The pellets were used for 
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genomic DNA extraction in accordance with the Zymo 
Research BIOMICS DNA Microprep Kit instruction 
(Cat# D4301). The concentration of red pepper sauce 
DNA samples was detected by using Tecan F200 (Tecan, 
Switzerland).

The 16S rRNA primers 515F (5′- GTG​YCA​GCMGCC​
GCG​GTAA -3′) and 806R (5′- GGA​CTA​CHVGGG​
TWT​CTAAT -3′) [10] and internal transcribed spacer 
(ITS) rRNA primers ITS1 (5′-GGT​CAT​TTA​GAG​GAA​
GTA​A-3′) and ITS4 (5′-AGCCTSCSCTTANTDATA​
TGC​-3′) [11] were used for amplification by Applied Bio-
systems PCR System 9700 (ABI, USA). The H2O and the 
Microbial Community DNA Standard (Zymo Research 
#D6305, USA) were used as negative and positive con-
trol. The PCR amplification program included an initial 
denaturation at 98  °C for 30  s, followed by 30 cycles of 
98  °C for 5  s, 54  °C for 15  s, and 72  °C for 45  s, and a 
final extension at 72  °C for 2  min. PCR products were 
analyzed using 1% (w/v) agarose gel electrophoresis. 
Bands with a correct size were purified using the Zymo-
clean Gel Recovery Kit (D4008) and quantified using the 
Tecan F200. The library was constructed in accordance 
with Illumina (NEB#E7645L) library preparation pro-
tocols and then sequenced by NovaSeq 6000 at Rhonin 
Biosciences Co. (Chengdu, China). All the raw metabar-
coding datasets in this study are publicly available in the 
NCBI BioProject with the accession PRJNA1127001.

Data analysis
Sequence data analysis was carried out using QIIME2 
[12]. Raw sequences were assembled and demultiplexed 
based on barcodes using FLASH [13] and Sabre, respec-
tively. Sequences failing to meet quality thresholds (aver-
age quality < 29 and maximum ambiguous > 1) were 
discarded by the quality-filtering module. Denoising and 
chimera checking were performed using DADA2 [14]. 
The Deblur algorithm was employed in QIIME2 to gen-
erating an Amplicon Sequence Variant (ASV) feature list 
and sequence. Microbial community structure  refers to 
the taxonomic composition and organization of micro-
bial populations within the ecosystem, characterized by 
phylogenetic diversity, alpha diversity, and beta diversity. 
It was analyzed as follows: The representative sequences 
from denoised 16S rRNA and ITS data were taxonomi-
cally classified using a Naïve Bayes classifier, employing 
the SILVA 138.1 database (release date: December 2020) 
for prokaryotic sequences and UNITE 9.0 for fungal 
identification (Note: The SILVA 138.1 database retains 
the historical nomenclature for  Lactobacillus  prior to 
its reclassification into multiple genera (e.g.,  Lacticasei-
bacillus,  Limosilactobacillus) proposed by Zheng et  al. 
[15]). Phylogenetic trees were constructed using muscle 
and FastTree [16, 17]. Faith’s phylogenetic diversity was 

measured by using the Picante package [18]. All sam-
ples were homogenized and resampling was carried out 
according to the least amount of data. Chao1, Simpson, 
and Shannon–Wiener indices were estimated by using 
the vegan package. Unifrac distances were computed 
using the GuniFrac package [19]. Bray–Curtis and Jaccard 
distances were calculated using the vegan package. Prin-
cipal co-ordinate analyses (pCoA) were performed using 
the ape package [20]. The Principal PCoA and non-metric 
multi-dimensional scaling analysis were performed using 
the vegan package. The ANOSIM (Analysis of Similarity) 
and PerMANOVA (Permutational Multivariate Analysis 
of Variance) were computed using the vegan package in R 
(https://​github.​com/​vegan​devs/​vegan/). Differential spe-
cies analysis was performed using Linear Discriminant 
Analysis Effect Size (LEfSe) tool [21] and Metastats based 
on machine learning [22]. Functional prediction was con-
ducted using Phylogenetic Investigation of Communities 
by Reconstruction of Unobserved States (PICRUSt) [23], 
and Fungi Functional Guild (FUNGuild) [24]. The coeffi-
cient of variation was used to measure the degree of vari-
ation in species abundance.

Changes in chemical composition of different red pepper 
sauces
Red pepper sauce samples (three biological replicates) 
were collected. pH was measured using a digital pH 
meter (PHS-3C pH Meters, Shanghai Kang Yi Instru-
ment Co., LTD., China) in accordance with the National 
Standard of China (GB 5009.237-2016). Similarly, water 
content was measured in accordance with the National 
Standard of China (GB 5009.3-2016). Total soluble solid 
content (SSC) was measured in accordance with the 
Agricultural Industry Standard of China (NY/T2637-
2014). Pigment content was measured in accordance 
with the National Standard of China (GB 1886.34-2015). 
Capsaicin content was measured in accordance with the 
National Standard of China (GBT21266-2007). Amino 
acid, lactic acid, pectin, reducing sugar (RS), flavonoid, 
phenolics, alcohol dehydrogenase (ADH), gamma-amin-
obutyric acid (GABA), nitrite, and carotenoid content 
were measured in accordance with the kit instructions 
(Ruixin Bio, Quanzhou, China).

Results
Chemical characteristics of different red pepper sauces
Fifteen biochemical indices were examined in six types 
of red pepper sauces, and eight biochemical indices were 
found to be remarkably different in part of red pepper 
pastes, including AA, lactate, pectin, reducing sugar, fla-
vonoid, phenolics, pigment, and ADH (Fig. 1A–O).

Analysis of 15 biochemical indices revealed significant 
interrelationships: Water content positively correlated 

https://github.com/vegandevs/vegan/
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with pigment levels, while negatively correlated with 
ADH activity. Notably, AA content exhibited strong posi-
tive associations with lactate, pectin, and flavonoid con-
centrations, but inversely correlated with nitrite levels. 
Furthermore, nitrite content showed negative correla-
tions with lactate, pectin, flavonoid, phenolics, and ADH 
activity (Additional File 1: Fig. S1).

Bacterial community structure in different red pepper 
sauces
In this study, 6 red pepper sauces were sequenced, and 
after removing low-quality reads, a total of 608,447 high-
quality reads were obtained, with an average of about 
33,800 reads per sample. The bacterial community com-
position of the six red pepper sauces varied considerably 
at the genus level, with CT6 (CT6_S and CT6_Y) hav-
ing a relative abundance of less than 34%. In addition, 
HG3 and HG4 had relative abundances higher than 42% 

(Fig. 2A). Overall, Pseudomonas was the most dominant 
species in the six red pepper sauces, followed by the gen-
era Bradyrhizobium, Janthinobacterium, and Ralstonia, 
and the relative abundance of these genera was higher 
than the relative abundance of CT6 in HG3 and HG4 
(Fig. 2A; Additional File 2: Table S1). Alpha diversity indi-
ces showed no significant differences in species richness 
between the two treatments for CT6 and HG3, but signif-
icant differences in species richness were found between 
HG4_S and HG4_Y. CT6_S and CT6_Y were also sig-
nificantly different from HG4_Y (Fig.  2B). Comparing 
the species richness among red pepper sauces of different 
varieties, no significant difference was observed (Addi-
tional File 3: Fig. S2A). However, a significant difference 
in species abundance was found between sun-fermented 
and shade-fermented red pepper sauces (Fig. 2C).

The results of PCoA showed that the bacterial composi-
tions of all red pepper sauces were mainly separated into 

Fig. 1  Chemical composition detected in different red pepper sauce. A Water content. B PH value. C Soluble solids content. D Amino acid content. 
E Lactate content. F Pectin content. G Reducing sugar. H Flavonoid content. I Phenolics content. J Pigment. K Capsaicin content. L ADH activity. M 
GABA content. N Nitrite content. O Carotenoid content. Roman letters indicate significant differences among different samples (p < 0.05). Values are 
means ± SD (n = three biological replicates). S, fermented in the sun; Y, fermented in shade
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two groups, where HG3_S, HG3_Y, HG4_S, and HG4_Y 
clustered into one group, and CT6_S and CT6_Y were 
relatively far away, with a large variation between sam-
ples. Using unweighted Jaccard, the first two axes (PCoA1 

and PCoA2) accounted for 23.7% and 10.1% of the total 
variance, respectively (Fig.  2D). Using unweighted Uni-
Frac, PCoA1 and PCoA2 accounted for 13.6% and 7.7% 
of the total variance, respectively (Additional File 3: Fig. 

Fig. 2  The bacterial abundance analysis of red pepper sauces. A Sankey plot of high abundance genus (sorted by total mean abundance). B alpha 
diversity of six red pepper sauces. C Alpha diversity of shade and sun treatment red pepper sauces. D PCoA based on Jaccard distance. E Venn plot 
of six red pepper sauces. F Venn plot of red pepper sauces made by three red pepper varieties. G Venn plot of shade and sun treatment red pepper 
sauces. H Heatmap at genus level. I Coefficient of variation at genus level. S, fermented in the sun; Y, fermented in shade
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S2B). This result indicates that changes in bacterial com-
munity may be due to changes in the relative abundance 
of OTUs.

For the bacterial composition of the six red pepper 
sauces, 251 common OTUs were found, and the spe-
cific strains to each red pepper sauce accounted for 
about 1.44–2.57% of the total number of strains (Fig. 2E). 
For the different pepper varieties, 495 common OTUs 
were identified. CT6 varieties had about 11.81% spe-
cific OTUs, which was more than the specific OTUs in 
HG3 and HG4 (Fig.  2F). Analyzing the strains of sun-
fermented and shade-fermented red pepper sauces, 886 
common OTUs were found (86.77%, Fig. 2G).

Analyzing the changes in bacterial abundance at the 
genus level, the red pepper sauces made by HG3 and 
HG4 varieties had higher relative abundance compared 
with most genera in CT6, such as Cluster II (including 
Ralstonia etc.). In addition, sun-fermented and shade-
fermented red pepper sauces differ between HG3 and 
HG4, and the difference was primarily found in Cluster 
III, including Polaromonas etc. In CT6, the differences 
were mainly concentrated in Cluster I, such as Cetobac-
terium (Fig.  2H). The genera with large fluctuations in 
abundance mainly include Cetobacterium (Fusobacteria), 
Lactococcus (Firmicutes), and Citrobacter (Proteobacte-
ria, Fig. 2I).

Fungal community structure
The ITS gene was used to evaluate fungal abundance. 
Using the abovementioned methods, 563,364 high-qual-
ity reads were obtained, with an average of about 31,300 
reads per sample. The fungal community composition of 
the six red pepper sauces varied considerably at the genus 
level. The relative abundance of Starmerella in CT6_S is 
high (~ 30% of the total), whereas that of Pichia spp. is 
low (~ 5% of the total). In addition, the relative abundance 
of Starmerella in CT6_Y decreases sharply (less than 5% 
of the total), whereas that of Pichia spp. increases sharply 
(~ 60% of the total). HG4_S had the lowest total rela-
tive abundance of genera (about 25%), and the relative 
abundance of Debaryomyces, Starmerella, and Candida 
in HG4_Y were all massively increased. The genera with 
large differences in relative abundance between HG3_S 
and HG3_Y included Debaryomyces, Pichia, Starmerella, 
Candida, etc. (Fig.  3A). Alpha diversity indices showed 
significant differences between CT6_S and CT6_Y, as 
well as between HG4_S and HG4_Y (Fig.  3B). Signifi-
cant differences were also found between HG3 and HG4 
varieties (Fig. 3C). In addition, a significant difference in 
species abundance was observed between sun-fermented 
and shade-fermented red pepper sauces (Fig. 3D).

The PCoA results indicated that the fungal compo-
sitions of all red pepper sauces greatly varied among 

samples. Using unweighted Jaccard, the first two axes 
(PCoA1 and PCoA2) accounted for 25.1% and 16.9% of 
the total variance, respectively (Fig.  3E). For the fungal 
composition of the six red pepper sauces, 34 common 
OTUs were identified, and the specific strains to each red 
pepper sauce were less than 0.5% of the total number of 
strains (Fig. 3F). For pepper sauces prepared with differ-
ent pepper varieties, 84 common OTUs were found. CT6 
varieties have 20 specific OTUs, whereas HG3 and HG4 
have 41 and 108 specific OTUs, respectively (Fig.  3G). 
Analyzing the strains of sun-fermented and shade-
fermented red pepper sauces, 99 common OTUs were 
found (86.77%, Fig. 3H).

After analyzing the changes in fungal abundance at 
the genus level, sun-fermented and shade-fermented 
red pepper sauces were found to be clustered together. 
Saccharomycetes and Leotiomycetes showed high rela-
tive abundance in shade-fermented red pepper sauces, 
whereas Agaricomycetes and Sordariomycetes showed 
high relative abundance in sun-fermented red pepper 
sauces (Fig.  3I). The genera with large fluctuations in 
abundance mainly include Diutina (Ascomycota), Cysto-
filobasidium (Basidiomycota), Toxicocladosporium (Asco-
mycota), etc. (Fig. 3J).

Different bacterial community structures and functions
In identifying important species with significant differ-
ences among the groups, random forest method analysis 
was performed, and the results showed 24 significantly 
different species (p < 0.05), including Lactobacillus (now 
reclassified into Lacticaseibacillus and other genera [15]), 
Nitrospira, Bacillus, Methylotenera, Thermomonas, Ral-
stonia, and Lacibacter (Fig.  4A). Further analyzing of 
the metabolic activities or ecological functions of dif-
ferent genera between red pepper sauces by using the 
random forest method, the results indicated: different 
genera between CT6 and HG3/4 are related with aro-
matic hydrocarbon degradation, non-photosynthetic 
cyanobacteria, aromatic compound degradation, ure-
olysis, methanol oxidation, aerobic chemoheterotrophy, 
hydrocarbon degradation, nitrate denitrification and so 
on (Fig. 4B).

Different fungal community structures and functions
The six red pepper sauces were further analyzed using 
the FUNGuild (Fungi Functional Guild) tool, and the 
results showed significant differences among Pichia, 
Starmerella, Hannaella, Dipodascus, and Didymella 
(Fig.  5A). The fungal function prediction showed that 
the predominant guild contained two types, namely, 
“animal endosymbiont–animal pathogen–plant patho-
gen–undefined saprotroph” and “undefined saprotroph” 
(Fig.  5B). The trait type is soft rot in six red pepper 
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sauces, and white rot accounts for a high percentage 
in HG4_S (Fig. 5C). Growth form analysis showed that 
yeast is the most dominant component of the six red 
pepper sauces (Fig. 5D).

Different microbial community effects of the chemical 
composition of red pepper sauce
Different microorganisms affected the biochemical indi-
ces of red pepper sauces. The bacterial analysis results 

Fig. 3  The fungal abundance analysis of red pepper sauces. A Sankey plot of high abundance genus (sorted by total mean abundance). B Alpha 
diversity of six red pepper sauces. C Alpha diversity of red pepper sauces made by three red pepper varieties. D Alpha diversity of shade and sun 
treatment red pepper sauces. E PCoA based on Jaccard distance. F Venn plot of six red pepper sauces. G Venn plot of red pepper sauces made 
by three red pepper varieties. H Venn plot of shade and sun treatment red pepper sauces. I Heatmap at genus level. J Coefficient of variation 
at genus level. S, fermented in the sun; Y, fermented in shade
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Fig. 4  Different bacterial community structure and function. A Random Forest analysis of different bacterial. B Random Forest analysis 
of bacterial function by FAPROTAX. The horizontal coordinate of the left figure is the average reduction value of Gini index, the vertical coordinate 
is the classification information of the genus, and the right figure is the box chart of the abundance of different groups. The * sign on the right 
represents the significance of the difference between groups (Kruskal–Wallis rank sum test) (***p < 0.001; **p < 0.01; *p < 0.05). S, fermented 
in the sun; Y, fermented in shade
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indicated that the content of water, pigment, and capsai-
cin was significantly and negatively correlated with the 
abundance of the genera Ferruginibacter, Methyloten-
era, Arcobacter, Acinetobacter, Methylorosula, Gemella, 
Dechloromonas, Sphingomonas, Romboutsia, Lacibac-
ter, and Bradyrhizobium. The content of lactate, phe-
nolics, pectin, AA, and flavonoid was significantly and 
negatively correlated with Thermomonas. Similarly, the 

level of lactate, pectin, AA, and flavonoid was also nega-
tively correlated with the abundance of Lactobacillus. 
ADH levels were significantly and positively correlated 
with the abundance of various bacteria, including Rom-
boutsia, Lacibacter, Rhizobacter, Rothia, Pseudomonas, 
Bradyrhizobium, Lysobacter, Ralstonia, and Lautropia. 
Moreover, the content of SSC was significantly and posi-
tively correlated with the abundance Herbaspirillum. 

Fig. 5  Different fungal community structure and function. A Random Forest analysis of different fungal. B the fungi functional Guild statistics. C The 
trait of fungal. D The Growth Form of fungal. S, fermented in the sun; Y, fermented in shade
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Similarly, nitrite content was significantly and positively 
correlated with the abundance of Hirschia, Cetobacte-
rium, Tolumonas, Lactobacillus, and Bacteroides. The 
pH was significantly and positively correlated with Ceto-
bacterium and Sphingomonas. RS was significantly and 
negatively correlated with Acidovorax and Bacteroides. 
Furthermore, the carotenoid content showed a signifi-
cantly negative correlation with Arenimonas and Lyso-
bacter (Fig. 6A).

The results of correlation analysis between fungal 
abundance and biochemistry indexes indicated that AA, 
flavonoid, pectin, and GABA content were significantly 
and negatively correlated with Didymella, Juncaceicola, 
Ogataea, Blumeria, Diutina, Toxicocladosporium, and 
Debaryomyces but positively correlated with Rhodo-
torula, Dipodascus, Leucosporidium, Hannaella, and 
Coniochaeta. The other biochemistry indexes were sig-
nificantly correlated with 1–4 genera (Fig. 6B).

Discussion
Although the Chinese national standard (GB/T 20560-
2006) of red pepper sauce has been formulated, the fer-
mentation of red pepper sauce was greatly affected by the 
environment and human factors, and obtaining a stable 
quality for skilled workers is difficult. Thus, in this study, 
the relationship between the structure of microbial com-
munities and the contents of different chemical compo-
nents and flavor substances in red pepper sauce produced 
by different raw materials (red pepper varieties) and dif-
ferent forms of fermentation was investigated to analyze 
the main factors affecting the quality of red pepper sauce 
during their preparation.

In this study, AA, flavonoid, and pectin content first 
showed significant differences between sun-fermented 
and shade-fermented red pepper sauce (Fig.  1D, F, and 
H), and a significantly positive correlation was found 
among these three biochemical indicators (Fig.  1P). A 
significant difference in biodiversity was also observed 
between sun-fermented and shade-fermented red pepper 
sauce (Figs.  2C, 3D), and the content of AA, flavonoid, 
and pectin was negatively correlated with Thermomonas 
and Lactobacillus (now reclassified into  Lacticaseibacil-
lus  and other genera [15]) (Fig.  6A). Lactobacillus and 
Thermomonas are prominent bacteria with differences 
in abundance among six red pepper sauces, which play 
important roles in aromatic hydrocarbon degradation, 
aerobic nitrite oxidation, aromatic compound degra-
dation, methanol oxidation, hydrocarbon degradation, 
nitrate denitrification, and regulation of AA, flavonoid, 
and pectin content (Fig. 4A, B). In addition, the observed 
correlations between the content of AA, flavonoid, pec-
tin, GABA and the relative abundance of fungi  (e.g., 
Didymella, Rhodotorula, Dioszegia) may reflect 

synergistic interactions within the microbial commu-
nity, where these taxa potentially contribute to metabolic 
pathways collectively rather than independently (Fig. 6B). 
The content of AA, flavonoid, GABA, and pectin may be 
relatively unaffected by bacteria but mainly related to the 
abundance of various fungi.

The content of AA was significantly higher in all three 
types of sun-treated red pepper sauces than in shade-
treated red pepper sauce, and its content had a greater 
effect on the flavor of red pepper sauce. Zhang et  al. 
(2020) found that Glu, Pro, Asp, Asn, and Arg were the 
major free amino acids found in red pepper sauce, which 
might contribute to the umami, sweet, and bitter tastes 
[25, 26]. Zofia et  al. found that proteolysis can enhance 
the amino acid compounds in fermented broad bean 
products [27]. Sun treatment can increase the tempera-
ture of red pepper sauce fermentation, which is favorable 
to the growth of some microorganisms. Debaryomyces 
can play a role in improving the flavor of bacon sausages 
and influence the microbial community in post-harvest 
fruits to reduce spoilage [28, 29].

Flavonoids exhibit significant antioxidant, anti-aging, 
and anti-inflammatory properties [30]. The differ-
ent abundance of microorganisms found in sun- and 
shade-treated red pepper sauces indicates that these sig-
nificantly correlated microorganisms can convert the fla-
vonoids bound in the raw materials into free flavonoids, 
and sun treatment may promote the activity of microor-
ganisms to increase flavonoid concentration. Although 
flavonoids can affect the color of red pepper sauces, only 
a significant difference in the pigment of HG3S red pep-
per sauces was observed, indicating that the method of 
fermentation and the raw materials used in the prepara-
tion of the red pepper sauces had a relatively small effect 
on the color of the red pepper sauces. Our results indi-
cate that multiple bacteria whose differences in abun-
dance were significantly and negatively correlated with 
pigmentation showed significantly negative correlations 
with WATER and capsaicin content, indicating that 
higher water content may primarily affect the optimal 
environment for the growth of these bacteria, with con-
comitant diluting effects on pigmentation and capsaicin 
content.

In addition, lactate, phenolics, pectin, and ADH were 
correlated with at least one of the factors, either in fer-
mentation method or chili variety. Lactate was sig-
nificantly and negatively correlated with two bacteria 
(Thermomonas and Lactobacillus) and four fungi (Didy-
mella, Juncaceicola, Ogataea, and Blumeria) but sig-
nificantly and positively correlated with three fungi 
(Plectosphaerella, Tausonia, and Dioszegia). Although 
no significant difference was found between HG4S and 
HG4Y, the significant difference in the other four bean 
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Fig. 6  Correlation analysis between high abundance genus and biochemistry indexes. A The correlation of bacterial and biochemistry indexes. B 
The correlation of fungal and biochemistry indexes. The horizontal coordinate is the name of the biochemical index, the vertical showed the genus. 
The 50 genera with the highest abundance were selected for calculation. The blue color means negative correlation, the red color showed positive 
correlation. The asterisk represents significance (***p < 0.001; **p < 0.01; *p < 0.05). Horizontal and vertical coordinates are arranged using hierarchical 
clustering. Correlation analysis indicates statistical associations between microbial taxa and biochemical indices, which may reflect community-wide 
metabolic interactions rather than direct causation by individual taxa
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pastes could be used for screening relevant strains for 
subsequent use. Li et  al. also found a significant corre-
lation between Lactobacillus and lactate [30]. Artilha-
Mesquita et  al. found that applying ultrasonication and 
thermosonication can improve the phenolics and flavo-
noid content in jalapeno pepper [31]. This finding also 
provides novel insights into improving the content of 
the corresponding components in the preparation and 
fermentation of bean paste. Pectin content was strongly 
influenced by the fermentation method, and it was sig-
nificantly higher in sun-dried dal than in shade-treated 
red pepper sauces, which indicated that sun-treated red 
pepper sauces may have promoted the accumulation of 
pectin by increasing the fermentation temperature.

Interestingly, ADH activity was higher in HG3 and 
HG4 sun-treated red pepper sauces, suggesting that 
elevated temperatures may favor the growth of vari-
ous bacteria significantly associated with ADH, thereby 
increasing ADH activity, promoting ethanol conver-
sion during the fermentation of red pepper sauces, and 
improving the flavor of red pepper sauces.

Although FUNGuild predicted potential pathogenic 
functions (e.g., ‘animal pathogen’), these classifications 
are based on phylogenetic inference rather than direct 
evidence of pathogenicity. The detected genera (e.g., 
Pichia, Debaryomyces) are commonly found in fermented 
foods and are generally recognized as safe. No known 
human pathogens were identified in our metagenomic 
data, suggesting negligible health risks under standard 
fermentation conditions.

Conclusion
In this study, metabarcoding genomic sequencing and 
biochemical indicators were used to investigate six red 
pepper sauces produced by sun and shade treatment, 
as well as different red pepper varieties. The results 
showed that different fermentation methods had signifi-
cant effects on indicators such as AA, flavonoid, pectin, 
and GABA, which were closely related to the changes in 
the abundance of bacteria and fungi. Water may affect 
the content of pigment and capsaicin; these indicators 
primarily affect the abundance of various bacteria. The 
results of this study provide comprehensive understand-
ing of the quality stability of red pepper sauces and an 
important reference for improving the nutrition, quality, 
and flavor of red pepper sauces.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s40793-​025-​00717-2.

Additional file 1: Fig. S1. Correlation analysis conducted by 15 types 
chemical composition in 6 red pepper sauces. The horizontal and vertical 
coordinates indicate the range of corresponding chemical composition 

in 6 red pepper sauces. Inside each plot of the diagonal is a density curve 
fitted. Each graph in the upper right triangle section is the correlation 
value and significance between the two indicators in the row and column. 
The text size is proportional to the absolute value of the numeric size. The 
asterisk represents significance (***p < 0.001; **: p < 0.01; *p < 0.05).

Additional file 2: Table S1. Relative abundance at genus level

Additional file 3: Fig. S2. The abundance analysis of red pepper sauces. 
(A) Alpha diversity of sauces by three red pepper varieties. (B) PCoA based 
on Unweighted unifrac distance.

Acknowledgements
The authors are grateful to Dr. Minshan Sun and Henan Assist Research Bio-
technology Co., Ltd. (Zhengzhou, China) for assisting in bioinformatics analysis 
and the English language editing of this manuscript.

Author contributions
ZS conceived and design the study. XG and YX was involved in data interpre-
tation. SH, HL and XC organized and performed the experiments. XG, YX and 
ZS wrote the manuscript. All authors read and approved the final version of 
the manuscript.

Funding
This work was supported by grants from ‘Breakthrough vegetable breeding 
materials, innovation methods and new variety breeding’, Sichuan Provincial 
Vegetable Breeding Key project (Grant No. 2021YFYZ0022), The Natural Sci-
ence Foundation of Sichuan Province (Grant No. 2023NSFSC1242), The Natural 
Science Foundation of Sichuan Province Project (Grant No. 2023NSFSC1240) 
and The 1 + 9 Program of SAAS (1 + 9KJGG03).

Data availability
All the raw metabarcoding datasets in this study are publicly available in the 
NCBI BioProject with the accession PRJNA1127001.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Horticulture Research Institute, Sichuan Academy of Agricultural Sciences, 
Chengdu 610066, China. 2 Vegetable Germplasm Innovation and Variety 
Improvement Key Laboratory of Sichuan Province, Chengdu 610066, China. 
3 Key Laboratory of Horticultural Crops Biology and Germplasm Enhancement 
in Southwest, Ministry of Agriculture and Rural Affairs, Chengdu 610066, 
China. 

Received: 4 September 2024   Accepted: 9 May 2025

References
	1.	 Li YJ. Analysis of pixian bean paste. China Brewing. 2008;11:83–6.
	2.	 Zhang L, Che Z, Xu W, Yue P, Li R, Li Y, Pei X, et al. Dynamics of physico-

chemical factors and microbial communities during ripening fermenta-
tion of Pixian Doubanjiang, a typical condiment in Chinese cuisine. Food 
Microbiol. 2020;86: 103342.

	3.	 Yang M, Huang J, Zhou R, Jin Y, Wu C. Exploring major variable factors 
influencing flavor and microbial characteristics of Pixian Doubanjiang. 
Food Res Int. 2022;152: 110920.

https://doi.org/10.1186/s40793-025-00717-2
https://doi.org/10.1186/s40793-025-00717-2


Page 13 of 13Gong et al. Environmental Microbiome           (2025) 20:59 	

	4.	 Li ZH, Dong L, Jeon J, Kwon SY, Zhao C, Baek HH. Characterization 
and evaluation of aroma quality in Doubanjiang, a Chinese traditional 
fermented red pepper paste, using aroma extract dilution analysis and a 
sensory profile. Molecules. 2019;24(17):3107.

	5.	 Liu P, Zhai G, Chen G, Huang Z, Li F, Xie B. Research and identification of 
characteristic flavor compounds from Pixian soybean pastes. China Brew-
ing. 2015;34(1):27–32.

	6.	 Li Z, Huang C, Wang Z, Yao Y, Dong L, Li P, Xie J, et al. Analysis of volatile 
components of Pixian Broad-bean Sauce with different after-ripening 
fermentation time. Food Sci Technol Int = Ciencia y tecnologia de los 
alimentos internacional. 2014;35(16):180–4.

	7.	 Li Z, Dong L, Zhao C, Zhu Y. Metagenomic insights into the changes in 
microbial community and antimicrobial resistance genes associated with 
different salt content of red pepper (Capsicum annuum L.) sauce. Food 
Microbiol. 2020;85:103295.

	8.	 Li Z, Dong L, Huang Q, Wang X. Bacterial communities and volatile com-
pounds in Doubanjiang, a Chinese traditional red pepper paste. J Appl 
Microbiol. 2016;120(6):1585–94.

	9.	 Li ZH, Rui JP, Li XZ, Li JB, Dong L, Huang QL, Huang C, et al. Bacterial com-
munity succession and metabolite changes during doubanjiang-meju 
fermentation, a Chinese traditional fermented broad bean (Vicia faba L.) 
paste. Food Chem. 2017;218:534–42.

	10.	 Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Lozupone CA, 
Turnbaugh PJ, Fierer N, et al. Global patterns of 16S rRNA diversity 
at a depth of millions of sequences per sample. Proc Natl Acad Sci. 
2010;108(1):4516–22.

	11.	 Lespinet O, Toju H, Tanabe AS, Yamamoto S, Sato H. High-coverage ITS 
primers for the DNA-based identification of ascomycetes and basidiomy-
cetes in environmental samples. PLoS ONE. 2012;7(7):e40863.

	12.	 Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith 
GA, Alexander H, et al. Reproducible, interactive, scalable and 
extensible microbiome data science using QIIME 2. Nat Biotechnol. 
2019;37(8):852–7.

	13.	 Magoč T, Salzberg SL. FLASH: fast length adjustment of short reads to 
improve genome assemblies. Bioinformatics. 2011;27(21):2957–63.

	14.	 Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJ, Holmes SP. 
DADA2: high-resolution sample inference from Illumina amplicon data. 
Nat Methods. 2016;13(7):581–3.

	15.	 Zheng JS, Wittouck S, Salvetti E, Franz CMAP, Harris HMB, Mattarelli P, 
O’Toole PW, et al. A taxonomic note on the genus Lactobacillus: descrip-
tion of 23 novel genera, emended description of the genus Lactobacillus 
Beijerinck 1901, and union of Lactobacillaceae and Leuconostocaceae. Int J 
Syst Evol Microbiol. 2020;70(4):2782–858.

	16.	 Poon AFY, Price MN, Dehal PS, Arkin AP. FastTree 2—approximately 
maximum-likelihood trees for large alignments. PLoS ONE. 2010;5(3): 
e9490.

	17.	 Edgar RC. MUSCLE: multiple sequence alignment with high accuracy and 
high throughput. Nucleic Acids Res. 2004;32(5):1792–7.

	18.	 Kembel SW, Cowan PD, Helmus MR, Cornwell WK, Morlon H, Ackerly DD, 
Blomberg SP, et al. Picante: R tools for integrating phylogenies and ecol-
ogy. Bioinformatics. 2010;26(11):1463–4.

	19.	 Yang L, Chen J. A comprehensive evaluation of microbial differential 
abundance analysis methods: current status and potential solutions. 
Microbiome. 2022;10(1):130.

	20.	 Paradis E, Schliep K. ape 5.0: an environment for modern phylogenetics 
and evolutionary analyses in R. Bioinformatics. 2019;35(3):526–8.

	21.	 Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS, Hutten-
hower C. Metagenomic biomarker discovery and explanation. Genome 
Biol. 2011;12(6):R60.

	22.	 Paulson JN, Stine OC, Bravo HC, Pop M. Differential abundance analysis 
for microbial marker-gene surveys. Nat Methods. 2013;10(12):1200–2.

	23.	 Langille MGI, Zaneveld J, Caporaso JG, McDonald D, Knights D, Reyes 
JA, Clemente JC, et al. Predictive functional profiling of microbial 
communities using 16S rRNA marker gene sequences. Nat Biotechnol. 
2013;31(9):814–21.

	24.	 Toju H, Kishida O, Katayama N, Takagi K. Networks depicting the fine-
scale co-occurrences of fungi in soil horizons. PLoS ONE. 2016;11(11): 
e0165987.

	25.	 Bassoli A, Borgonovo G, Caremoli F, Mancuso G. The taste of D- and 
L-amino acids: in vitro binding assays with cloned human bitter (TAS2Rs) 
and sweet (TAS1R2/TAS1R3) receptors. Food Chem. 2014;150:27–33.

	26.	 Poojary MM, Orlien V, Passamonti P, Olsen K. Enzyme-assisted extraction 
enhancing the umami taste amino acids recovery from several cultivated 
mushrooms. Food Chem. 2017;234:236–44.

	27.	 Lisiewska Z, Kmiecik W, Słupski J. Content of amino acids in raw and 
frozen broad beans (Vicia faba var. major) seeds at milk maturity stage, 
depending on the processing method. Food Chem. 2007;105(4):1468–73.

	28.	 Zhao Y, Song B, Li J, Zhang J. Rhodotorula toruloides: an ideal microbial 
cell factory to produce oleochemicals, carotenoids, and other products. 
World J Microbiol Biotechnol. 2021;38(1):13.

	29.	 Yu Y, Shi S. Development and perspective of Rhodotorula toruloides as an 
efficient cell factory. J Agric Food Chem. 2023;71(4):1802–19.

	30.	 Li Z, Ren Z, Zhao L, Chen L, Yu Y, Wang D, Mao X, et al. Unique roles 
in health promotion of dietary flavonoids through gut microbiota 
regulation: current understanding and future perspectives. Food Chem. 
2023;399: 133959.

	31.	 Artilha-Mesquita CAF, Stafussa AP, Rodrigues LM, Silva E, Pilau EJ, Madrona 
GS: Ultrasonication and thermosonication applied in the processing 
of jalapeno pepper (Capsicum annuum var. annuum) sauce. Food Sci 
Technol Int = Ciencia y tecnologia de los alimentos internacional 2023. 
10820132231193988.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Metabarcoding insights into microbial drivers of flavor development and quality stability in traditional Chinese red pepper sauce: impacts of varietal selection and solarshade fermentation
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Materials and methods
	Red pepper sauce preparation
	DNA extraction and metabarcoding of bacterial and fungal communities
	Data analysis
	Changes in chemical composition of different red pepper sauces

	Results
	Chemical characteristics of different red pepper sauces
	Bacterial community structure in different red pepper sauces
	Fungal community structure
	Different bacterial community structures and functions
	Different fungal community structures and functions
	Different microbial community effects of the chemical composition of red pepper sauce

	Discussion
	Conclusion
	Acknowledgements
	References


