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Abstract: Autochthonous microorganisms play critical roles in shaping the quality of Chi-
nese sausages and may be influenced by local climate and/or processing conditions. The
present study aimed to reveal the interprovincial differences in microbial community be-
tween Sichuan and Guizhou sausages, as well as driving factors based on high-throughput
sequencing and bioinformatic analysis. The results indicated that Cobetia, Debaryomyc-
etaceae, Kurtzmaniella, and Candida zeylanoides served as biomarkers for Sichuan sausages.
In contrast, Enterococcus, unclassified Cyanobacteriales, Lactobacillales, Aspergillus vitricola,
Mortierella, Fusarium, and Penicillium were identified as biomarkers for Guizhou sausages.
Furthermore, salt content and moisture level showed positive correlations with Cobetia,
Staphylococcus, Debaryomyces, and Kurtzmaniella, mainly found in Sichuan sausages. Con-
versely, pH and water activity (Aw) were positively associated with potential pathogenic
bacteria (e.g., Vibrio, Cyanobacteria, Enterococcus, and Aeromonas) and fungi (e.g., Aspergillus,
Fusarium, and Penicillium), which were mainly distributed in Guizhou sausages. Notably,
microbial composition discrepancies between Sichuan and Guizhou sausages were primar-
ily driven by processing conditions rather than regional climate factors. Collectively, these
findings provide valuable insight for developing novel specific starters.

Keywords: smoke-cured sausage; spontaneous fermentation; microbial community; high-
throughput sequencing; Cobetia

1. Introduction
Sausages are traditional fermented meat products widely favored by consumers

globally. In European countries, sausages such as salami are typically produced using
starters composed of functional microbes and are widely distributed in Italy, Spain, and
Germany [1]. In contrast, Chinese sausages are traditionally prepared by mixing pork
lean/fat meat with ingredients such as salt, sugar, pepper powder, chili powder, and
baijiu. The mixture is then stuffed into a natural casing (e.g., small intestine) and sub-
jected to smoke curing and spontaneous fermentation [2]. Accordingly, autochthonous
microorganisms—primarily derived from raw materials, processing tools, human skin, and
the environment—colonize the meat matrix due to its nutrient-rich composition. These
microorganisms excrete hydrolases to degrade carbohydrates, proteins, and lipids, gen-
erating flavor precursors and aromatic compounds. Meanwhile, they effectively inhibit
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undesired microbiota and mitigate the accumulation of harmful metabolites. Collectively,
microbial communities play a critical role in determining the flavor, quality, and safety of
sausages during spontaneous fermentation [3]. Thus, unveiling the microbial composition
of smoke-cured sausages is essential for improving their quality and safety.

Both culture-dependent and culture-independent approaches have been extensively
used to characterize microbial diversity in fermented sausages. Initially, functional microor-
ganisms in sausages were isolated and identified using traditional cultivation methods.
Staphylococcus species such as S. succinus and S. xylosus were largely isolated during the
maturation stage of Italian sausages, as well as lactic acid bacteria (LAB) [4]. Although
culture-dependent methods have identified numerous functional microbes, these methods
are limited by low reliability, accuracy, and efficiency. Moreover, rare species and uncultur-
able microorganisms often evade isolation, hindering comprehensive profiling of authentic
microbial communities [5,6]. Subsequently, polymerase chain reaction–denaturing gradient
gel electrophoresis (PCR-DGGE) was employed to analyze microbial profiles in fermented
sausages from Italy [7,8], Portugal [9], Argentina [10], and China [11,12]. High-throughput
sequencing (HTS) technology has since emerged as a superior tool, offering enhanced
accuracy, throughput, robustness, and speed for elucidating microbial community structure
and succession in complex ecosystems. HTS-based studies have provided in-depth insights
into microbial communities of fermented meat products, including air-dried beef, sausage,
and yak jerky, etc. [13–15].

Sichuan and Guizhou provinces, located in southwestern China, have traditional
practices of homemade smoke-cured sausage production during winter. Sichuan sausages
are typically prepared with a lean-to-fat pork ratio of 1.5:1, supplemented with 50–60 g/kg
NaCl, 2 g/kg sugar, 5 g/kg chili powder, 50 mg/kg pepper powder, and baijiu (Chinese
liquor). In contrast, Guizhou sausages use a lean-to-fat ratio of 1:1, 20–30 g/kg NaCl, 2 g/kg
sugar, 50 mg/kg pepper powder, and baijiu. Both sausages undergo smoke curing and
air-drying, differing primarily in processing duration. Sichuan sausages are initially smoke-
cured for one day using cypress leaf, orange peel, and peanut shell, followed by air-drying
for over 20 days. Guizhou sausages, however, are suspended in kitchens and exposed
to wood smoke during daily cooking for approximately one month. Sensorily, Sichuan
sausages are characterized by spiciness and saltiness, whereas Guizhou sausages exhibit a
mild sourness. These taste discrepancies are greatly influenced by microbial composition
and processing conditions. Although prior studies have reported microbial communities
in Sichuan sausages using HTS [12,14,16], comparative analyses of interprovincial micro-
bial profiles (Sichuan vs. Guizhou) remain scarce [17]. Additionally, the factors driving
microbial compositional differences between these sausages are poorly understood.

Therefore, this study aimed to (1) compare microbial compositions of smoke-cured
sausages at the interprovincial level and (2) identify key factors driving microbial commu-
nity divergence. The findings provide critical insights for developing novel specific starters
to optimize sausage quality and safety.

2. Materials and Methods
2.1. Sausages Collection

A total of five smoke-cured sausage samples were collected in March 2022. Two sam-
ples (labeled DZ and LZ) originated from Dazhou (107.2◦ E, 31.1◦ N) and Luzhou (105.8◦ E,
28.8◦ N) in Sichuan Province. The three remaining samples—CS, LPS, and TR—were
collected from Chishui (105.9◦ E, 28.6◦ N), Liupanshui (105.5◦ E, 26.1◦ N), and Tongren
(108.1◦ E, 28.3◦ N) in Guizhou Province, respectively. The geographical locations of the
sampling sites are illustrated in Figure 1. All samples were stored in an ice box and trans-
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ported to the laboratory within 24 h. Subsequently, the sausages were frozen at −20 ◦C for
physicochemical parameter detection and microbial community profiling.
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Figure 1. The appearances and sampling locations of five smoke-cured sausage samples that were
collected from Sichuan and Guizhou provinces in southwest China. DZ: Dazhou; LZ: Luzhou;
CS: Chishui; LPS: Liupanshui; TR: Tongren. Green and read circles denoted Sichuan and Guizhou
sausage samples, respectively.

2.2. Detection of Physicochemical Parameters

The moisture content of sausages was detected by a portable moisture meter (SFY-30,
Guanya, Shenzhen, China) according to the manufacturer’s instructions. Water activity
(Aw) was determined with a water activity instrument (HD-4B, Huake Apparatus Co.,
Shenzhen, China) at 25 ◦C. Briefly, 3 g of a homogenized sausage sample was evenly
distributed in the bottom of the water activity apparatus. The pH values of sausages were
recorded using a portable pH meter (Testo 205, Lenzkirch, Germany), by directly inserting
the probe into the samples. For salt content, 1 g of sausage was homogenized with 9 mL of
distilled water, and salinity was quantified using a salt meter (Pal-saltprobe, ATAGO Co.,
Fukuoka City, Japan). These four physicochemical parameters were measured in triplicate.

2.3. DNA Extraction, PCR Amplification, and High-Throughput Sequencing

About 1 g of sausage from each of the 15 duplicates was flash-frozen in liquid nitrogen
and then ground into powder. Genomic DNA was extracted using the TGuide S96 Magnetic
Beads Soil/Fecal DNA extraction kit (TIANGEN, DP812, Beijing, China) according to the
manufacturer’s instructions. Bacterial 16S rRNA gene V3–V4 regions were amplified with
primers 338F/806R, and fungal ITS1 regions were amplified with primers ITS1F/ITS2 via a
two-step PCR approach. First PCR (10 µL) consisted of 5–50 ng template DNA, 0.3 µL each
primer, 5 µL KOD FX Neo Buffer, 2 µL dNTP (2 mM), 0.2 µL KOD FX Neo, and nuclease-
free water to 10 µL. The PCR conditions were as shown below: initial denaturation at
95 ◦C for 5 min, 25 cycles of 95 ◦C for 30 s, 50 ◦C for 30 s, and 72 ◦C for 40 s, final
extension at 72 ◦C for 7 min. The second PCR reaction system (20 µL) was as follows: 5 µL
initial targeting PCR products, 2.5 µL MPPI-a/MPPI-b (2 µM), 10 µL 2 × Q5 High-Fidelity
Master Mix. The PCR reaction conditions were as follows: initial denaturation at 98 ◦C
for 30 s, 10 cycles of 98 ◦C for 10 s, 65 ◦C for 30 s, and 72 ◦C for 30 s, final extension at
72 ◦C for 5 min. The agarose gel electrophoresis (1.8% w/v) was used to check the target
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PCR products. After checked and quantified, the targeted products were used to build a
cloning library. The library quality was assessed on the Qubit@2.0 Fluorometer (Thermo
Scientific, Waltham, MA, USA). Finally, paired-end sequencing was performed on the
Illumina novaseq 6000 platform (Illumina, San Diego, CA, USA).

2.4. Bioinformatics Analysis

Raw sequences of bacterial 16S rRNA (V3-V4) and fungal ITS1 regions were firstly
filtrated by Trimmomatic (version 0.33). Removal of primer sequences was performed by
Cutadapt (version 1.9.1) to obtain clean reads. Then, the paired-end reads obtained were as-
sembled by USEARCH (version 10), followed by Chimera removal using UCHIME (version
8.1). Sequences with ≥97% similarity were clustered into the same operational taxonomic
units (OTUs). Taxonomic annotation was performed against the SILVA (v138) and UNITE
(v8.3) databases for bacteria and fungi, respectively. Alpha diversity (Chao1, Shannon,
Simpson, and PD whole tree, etc.) and beta diversity analyses were performed using QIIME
software (Version 1.7.0). Abundance analysis, principal component analysis (PCA), linear
discriminant analysis effect size (LEfSe), and Spearman’s correlation heatmaps were visual-
ized using R package (v2.15.3). Raw bacterial and fungal DNA sequences were deposited
in the NCBI Sequence Read Archive (SRA) under accession number: PRJNA870249.

3. Results
3.1. Physicochemical Parameters of Sausages from the Sichuan and Guizhou Region

The pH, moisture content, Aw, and salt content of the sausages were detected and
are shown in Table 1. The pH value of the five fermented sausages ranged from 5.51 to
6.22. As expected, sample TR showed the lowest pH value (5.51). Although no linear
relationship was observed between Aw and moisture content, a positive correlation was
noted. Specifically, sample CS (14.15% moisture) displayed the lowest Aw (0.761), whereas
samples with >20% moisture showed Aw > 0.8. Notably, the NaCl content in two Sichuan
sausages (DZ and LZ) exceeded 5%, roughly twice that of Guizhou sausages.

Table 1. Physicochemical parameters of Sichuan sausages and Guizhou sausages.

Sample ID 1 pH H2O (%) Aw NaCl (%)

DZ 5.97 ± 0.062 b 23.95 ± 0.071 b 0.805 ± 0.004 c 5.60 ± 0.067 a

LZ 5.68 ± 0.174 c 27.96 ± 0.067 a 0.818 ± 0.004 bc 5.13 ± 0.089 b

CS 5.94 ± 0.086 b 14.15 ± 0.173 e 0.761 ± 0.016 d 2.87 ± 0.156 d

LPS 6.22 ± 0.012 a 23.13 ± 0.324 c 0.865 ± 0.002 a 3.60 ± 0.133 c

TR 5.51 ± 0.073 c 19.83 ± 0.324 d 0.830 ± 0.007 b 2.27 ± 0.111 e

1: DZ, Dazhou; LZ, Luzhou; CS, Chishui; LPS, Liupanshui; TR, Tongren. Letters following values show significant
differences. These five sausage samples were measured in triplicate.

3.2. α-Diversity Analysis

Representative OTUs obtained from the Illumina Novaseq platform were used to
characterize the bacterial and fungal diversities of these 15 sausage duplicates. Abundance-
based indices (ACE and Chao1), diversity indices (Shannon and Simpson), and phylogenetic
diversity (PD whole tree) are summarized in Table 2. Usually, Shannon and Simpson indices
reflect microbial community diversity and evenness, while Chao1 and ACE estimate species
richness. For bacterial communities, sample DZ exhibited the lowest ACE, Chao1, Shannon,
and Simpson values, indicating reduced diversity and high evenness. In contrast, the
remaining four samples displayed bacterial Shannon indices >4.30, suggesting higher
diversity. Notably, fungal diversity (Shannon index) surpassed bacterial diversity in sample
TR. Furthermore, the fungal Shannon indices were highest in TR and CS, whereas DZ, LZ,
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and LPS showed minimal fungal diversity. The PD whole-tree values revealed distinct
genetic relationships: the bacterial communities in DZ and LPS exhibited the simplest
and most complex genetic profiles, respectively. Similarly, the fungal PD values indicated
simplified genetic relationships in DZ and LZ, contrasting with the complex profiles
observed in TR and CS.

Table 2. α-diversity indices of bacterial and fungal community of Sichuan and Guizhou fermented sausages.

Sample
ID 1

ACE Chao1 Simpson Shannon PD Whole Tree

B F B F B F B F B F

DZ 480.2 ±
55.9 c

350.5 ±
21.1 c

475.1 ±
54.5 c

338.6 ±
21.6 c

0.75 ±
0.01 c

0.4 ±
0.02 c

3.38 ±
0.16 c

1.54 ±
0.14 c

68.9 ±
15.4 c

81.2 ±
1.3 b

LZ 1627.4 ±
332.5 ab

257.3 ±
8.1 c

1622.5 ±
334.1 ab

246.1 ±
17.1 c

0.92 ±
0.02 a

0.17 ±
0.02 d

6 ± 0.64
a

0.7 ± 0.1
c

185 ±
26.8 b

62.7 ±
3.7 b

CS 1617.5 ±
113.2 ab

768.9 ±
261.1 a

1603.8 ±
114.3 ab

767.4 ±
259.4 a

0.91 ±
0.04 a

0.67 ±
0.14 b

5.81 ±
0.45 a

4.15 ±
1.33 b

203.8 ±
19.5 b

168.3 ±
45.8 a

LPS 1793.7 ±
83.8 a

465.1 ±
47 bc

1785.4 ±
84.4 a

457.5 ±
47.4 bc

0.93 ±
0.01 a

0.21 ±
0.05 d

6.12 ±
0.15 a

1.21 ±
0.3 c

313.8 ±
20.1 a

114.2 ±
23.4 ab

TR 1337.3 ±
93.2 b

704.1 ±
201.5 ab

1327.6 ±
94.1 b

703.6 ±
201.9 ab

0.85 ±
0.04 b

0.96 ±
0.03 a

4.75 ±
0.41 b

7.04 ±
0.79 a

200.5 ±
5.7 b

162.7 ±
42.6 a

1: DZ, Dazhou; LZ, Luzhou; CS, Chishui; LPS, Liupanshui; TR, Tongren. B, bacteria; F, fungi. Letters following
values show significant differences. These five sausage samples were measured in triplicate.

3.3. Abundance Analyses of the Bacterial and Fungal Community Composition of Sausages at the
Phylum and Genus Levels

Following taxonomic annotation, the relative abundances of the top 10 abundant
microbial phyla and genera are illustrated in Figure 2. At the phylum level, Firmicutes,
Proteobacteria, Cyanobacteria, Actinobacteriota, and Bacteroidota were the predominant phyla.
Firmicutes and Proteobacteria collectively accounted for >60% of the total abundance (reach-
ing up to 90% in most samples), except in CS1 and TR1. Notably, Firmicutes exhibited
a lower relative abundance (~30%) in the Sichuan sample DZ, whereas Proteobacteria ac-
counted for more than 50%. In contrast, the three Guizhou sausage samples displayed
an inverse pattern, with Firmicutes significantly surpassing Proteobacteria in abundance.
Intriguingly, the phylum Cyanobacteria were exclusively detected in sample TR with a
relative abundance >30%, which exhibited the lowest pH and NaCl values (Figure 2a).

At the genus level, the predominant bacterial genera in both Sichuan and Guizhou
sausages included Staphylococcus, Cobetia, unclassified Cyanobacteriales, Vibrio, and Entero-
coccus, and lactic acid bacteria (LAB; Latilactobacillus, Leuconostoc, Weissella, and Lactococcus)
were found. The genus Staphylococcus was present in all samples except TR, accounting
for approximately 15% in LZ and 40% in LPS. Meanwhile, unclassified Cyanobacteriales
and LAB (especially Leuconostoc) predominated in TR, which exhibited the lowest pH
and saline content. Intriguingly, halophilic Cobetia was exclusively identified in high-salt
Sichuan sausages, constituting >45% of DZ and ~20% of LZ. Potential pathogens such as
unclassified Cyanobacteriales, Vibrio, Enterococcus were mainly distributed in the Guizhou
samples TR, CS, and LPS (Figure 2b).
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Figure 2. Abundance analysis of bacteria (a,b) and fungi (c,d) obtained from five sausage samples
at the phylum level and genus level. DZ: Dazhou; LZ: Luzhou; CS: Chishui; LPS: Liupanshui; TR:
Tongren. These five sausage samples were measured in triplicate.

As regards fungal diversity, Ascomycota, Basidiomycota, and Mortierellomycota were
the dominant phyla in sausages. The phylum Ascomycota accounted for 96% of samples
DZ, LZ, and LPS, even near 100% in sample LZ. Additionally, the total proportion of both
phyla Mortierellomycota and Basidiomycota was 15–25% in sample TR, though Ascomycota
was still the dominant fungal phylum (Figure 2c). At the genus level, Debaryomyces, Kurtz-
maniella, Aspergillus, Penicillium, Fusarium, and Mortierella were the dominant genera in all
sausage samples. As expected, the most abundant genera, Debaryomyces and Kurtzmaniella,
accounted for over 90% of samples DZ and LZ with an elevated saline content. In contrast,
the genus Debaryomyces in sample TR was the least abundant among all sausage samples,
reflected by its <8% proportion. Accordingly, the abundances of the genera Aspergillus,
Penicillium, Fusarium, and Mortierella, and some potential pathogenic fungi were high in
sample TR, followed by sample CS (Figure 2d).
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3.4. Principle Component Analysis (PCA) and Heatmap Analysis

PCA was conducted to assess microbial community divergence between sausage
samples (Figure 3). Regarding bacterial communities, PC1 and PC2 explained 53.30% and
28.33% of the total variance, respectively. The Sichuan samples exhibited dispersion along
PC1 but clustered centrally along PC2, with distinct separation from the Guizhou samples
(Figure 3a). Fungal PCA revealed a pronounced variance explained by PC1 (93.86%)
and PC2 (2.97%). Similarly, the Sichuan fungal communities clustered tightly along PC1,
whereas the Guizhou samples showed broader dispersion (Figure 3c).
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Differentiation and similarities among the five sausage samples were further analyzed
based on heatmap clustering. Bacterial heatmap analysis suggested close similarity between
samples LZ and CS, which clustered distinctly from DZ. Sample TR exhibited marked
divergence from the other four samples (Figure 3b). Similarly, the fungal heatmap results
highlighted that sample TR was obviously distinct from the remaining four sausages,
whereas DZ, LZ, and LPS formed a cohesive cluster, which was reflected by the blue color
in Figure 3d, suggesting shared fungal community features among these three samples.

3.5. LEfSe Analysis

Linear discriminant analysis Effect Size (LEfSe), combined with cladogram analy-
sis, was employed to identify microbial biomarkers distinguishing Sichuan and Guizhou
sausages (Figure 4). The bacterial biomarkers of the Sichuan sausages were mainly com-
posed of Cobetia and Halomonadaceae. In contrast, Enterococcus, Streptococcaceae, Cyanobacte-
ria, and Lactobacillales were considered biomarkers of the Guizhou sausages (Figure 4a,b).
The fungal biomarkers further highlighted that yeasts Debaryomycetaceae, Saccharomyc-
etales, Kurtzmaniella, and Candida zeylanoides were the main biomarkers of the Sichuan
sausages. However, the biomarkers of the Guizhou sausages were mainly composed of
filamentous molds, such as Aspergillus, Mortierella, Fusarium, and Penicillium (Figure 4c,d).
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3.6. Correlation Analysis

To further reveal the effects of physiochemical parameters on microbial composition,
Spearman’s correlation analysis was conducted between four physicochemical parame-
ters (NaCl, pH, Aw, and moisture) and the top 20 dominating bacterial and fungal taxa
(Figure 5). Interestingly, the NaCl content showed positive correlations with the genera
Staphylococcus and Cobetia, indicating their adaptation to high-salinity conditions. How-
ever, NaCl exhibited negative correlations with unclassified Cyanobacteriales, Leuconostoc,
and Latilactobacillus, suggesting inhibitory effects on Cyanobacteria and LAB. Likewise,
pH was positively correlated with Vibrio and Brochothrix as well as Staphylococcus, while
it was negatively correlated with LAB (Latilactobacillus, Leuconostoc, and Weissella). Aw
was positively associated with unclassified Cyanobacteriales, Enterobacter, and Aeromonas
(Figure 5a). Furthermore, both NaCl and moisture exhibited positive correlations with
Debaryomyces and Kurtzmaniella but negative correlations with filamentous molds includ-
ing Aspergillus, Penicillium, Mortierella, and Fusarium. The positive correlation between
moisture and Debaryomyces implied that the growth of Debaryomyces in sausages is favored
by high humidity. Factor Aw showed positive correlations with Penicillium, Aspergillus,
and Fusarium, etc., indicating that high water activity facilitates the proliferation of these
filamentous molds (Figure 5b).
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4. Discussion
Although the number of sausages was relatively lower and the flavor profile of

the sausages was not tested, the present study performed a comparative analysis of the
microbial communities of Sichuan and Guizhou sausages at the inter-provincial level.
Beneficial and harmful microorganisms were preliminarily revealed. Meanwhile, the
combination of the correlation results and geographical information unveiled the factors
modifying the microbial composition of sausages.

Beneficial microorganisms, including halotolerant taxa (Staphylococcus, Cobetia, Debary-
omyces) and acid-producing bacteria (LAB), exhibited distinctive distribution in Sichuan
and Guizhou sausages. These functional microbiota played critical roles in enzyme ex-
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cretion and flavor development. Consistent with prior studies [18,19], Firmicutes and
Proteobacteria were the predominant phyla in both Sichuan and Guizhou sausages. A recent
study showed that Proteobacteria the most predominant in Sichuan sausages, followed by
Firmicutes. For Cantonese sausages, the dominating phyla included Firmicutes (68.4–80.8%)
and Proteobacteria (13.2–18.0%) [20]. In terms of abundance, our findings showed higher val-
ues in Cantonese sausages than in Sichuan sausages. At the genus level, Staphylococcus and
LAB (Latilactobacillus, Leuconostoc, Weissella, and Lactococcus) were ubiquitously detected
in all sausage samples. It is well known that Staphylococcus and LAB are considered func-
tional microorganisms in meat products during the fermentation and ripening periods [21].
Staphylococcus sp., such as S. xylosus and S. carnosus, can excrete protease and lipase to
produce polypeptides, free amino acids, and free fatty acids, leading to the synthesis of
flavor substances [22,23]. Nitrate-reductase in S. simulans and S. carnosus contributed to
redness [24]. S. xylosus exhibited amine oxidase activity, degrading histamine and other
biogenic amines [16,25]. This kind of functional genus was not only found in sausages
but also other fermented meat products such as dry-curing ham [26], Sichuan smoked
bacon [27], and Chinese sour meat [28]. With regard to LAB, Weissella is regarded as a
functional LAB because of its useful metabolites such as acids and bacteriocins, which
not only contribute to the formation of flavor compounds but also inhibit the growth of
pathogens and spoilage microbes. Lactobacillus and Lactococcus were responsible for flavors
production in sausages due to protease activity [29]. Hu et al. (2020) observed Leuconostoc
dominance in Northeastern Chinese sausages, reinforcing its prevalence across regional
styles and supporting our current findings in Guizhou [30]. In terms of application aspect,
starters, consisting of Staphylococcus and LAB, reshaped the microbial composition and were
facilitated by the production of the desired on-odors, accordingly influencing the quality
of sausages [16,31]. For example, inoculation of the starter including Lactobacillus sakei M2
and Staphylococcus xylosus Y4 significantly increased the contents of volatile compounds
such as heptanal, octanal, 2-pentanone, and 1-octen-3-ol [32].

Traditionally, the halophilic genus Cobetia inhabits marine environments with high-
salinity. Interestingly, Cobetia was obtained from Sichuan sausages characterized by an
elevated NaCl content (>5%), mirroring its reported presence in other high-salt fermented
meats such as Chinese traditional bacon and dry-cured ham [33,34]. Cobetia contributes to
flavor development through enzymatic activity and metabolite synthesis. In Mianning ham,
this genus promoted the formation of flavors such as benzaldehyde, 3-methylthio-propanal,
trans-2-nonenal, and (E,E)-2,4-decadienal [35,36]. Meanwhile, it also secreted a variety of
extracellular hydrolases, such as amylase, lipase, protease, and nuclease, and performed
higher hydrolysis activity under high-salinity conditions [37]. Cobetia was positively corre-
lated with five dipeptides and four glycerophospholipids in Chinese bacon [34], which not
only contributed to umami flavor but also facilitated biofilm formation via the production
of extracellular proteins and polysaccharides. Biofilm further helps Cobetia adapt to high-
salt environments like Sichuan sausages [38]. However, the metabolic pathways of Cobetia
in meat matrices remain poorly characterized.

Concerning the fungal community in fermented meats, yeasts produce a wide range
of esters, higher alcohols, carbonyl compounds, and fatty acid derivatives [39,40]. Molds
synthesize volatile compound precursors and flavors as a result of lipolytic and proteolytic
activities [41]. Consistent with prior studies on dry sausages [42,43], dominant fungal
genera in our study included Debaryomyces, Kurtzmaniella, Aspergillus, Fusarium, Penicillium,
and Mortierella. Debaryomyces sp. (e.g., D. hansenii) is indispensable for the fermentation
and ripening of dry sausages. This halotolerant yeast stabilizes the redness of fermented
sausages due to its ability to degrade peroxides [44]. Regardless of simple in vitro models
or complex sausage models, D. hansenii could synthesize volatile compounds in fermented
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sausages, including esters, acids, branched alcohols, and aldehydes, thus shaping the final
volatile profile due to its proteolytic and lipolytic activity [40,45]. As presented in Figure 5, a
positive correlation between moisture content and Debaryomyces suggested that the growth
of D. hansenii in sausage is favored by high humidity, which was not in agreement with a
previous finding reported by Bonaïti [46].

Kurtzmaniella zeylanoides (formerly Candida zeylanoides), a psychrotrophic yeast pre-
viously identified in Chinese traditional fermented fish [47], Italian fermented fish
sausage [48], and Portuguese cacholeira blood sausage [49], exhibited lipolytic activity [50]
and produced flavor compounds such as benzene ethanol and 3-methyl-1-butanol [51].
Furthermore, in the dry fermented sausage models, strains including D. hansenii SH4
and K. C. zeylanoides DQ7 showed significantly positive correlations with volatiles (acetic
acid, hexanoic acid, ethanol, phenethyl alcohol, ethyl acetate, and ethyl hexanoate) [52],
underscoring their metabolic versatility.

Regarding potential pathogens and spoiling bacteria, since Chinese smoke-cured
sausages are produced in an open environment under spontaneous fermentation, Cyanobac-
teria, Enterococcus, Psychrobacter, Brochothrix, Faecalibacterium, Aeromonas, and Vibrio are
generally introduced into sausages during the fermentation and ripening stages. Typically,
Cyanobacteria originate from water, soil, or environment. The occurrence of Cyanobacteria
was caused by hand-making procedures or unsanitary conditions [15]. Enterococcus faecium
has previously been found and isolated from dry fermented sausages [14,19,53]. This
species possibly transferred antibiotic resistance genes to Listeria monocytogenes [54]. Mean-
while, E. faecium and E. faecalis produced biogenic amines in dry fermented sausages [55].
Brochothrix, Psychrobacter, Aeromonas, Serratia, Pseudomonas, and Streptococcus were detected
from fermented sausages in different regions of China and recognized as spoilage bacteria
due to the production of off-odors and off-flavors [19,53]. Overall, Chinese dry fermented
sausages are highly susceptible to undesirable pathogenic and spoilage bacteria. In contrast,
opportunistic pathogenic and spoilage bacteria merely exist in western sausages due to
the use of starters, which was supported by a comparative analysis result [18]. In addi-
tion, the inoculation of starters strongly inhibited undesired microorganisms (e.g., Yersinia,
Enterobacter, Acinetobacter, Psychrobacter) and off-flavor substances [16,31].

With respect to adverse effects, many filamentous fungi showed an atoxigenic char-
acter, while some potential mycotoxin-producing fungi belonged to genera Penicillium,
Aspergillus and Fusarium, such as Penicillium nordicum, P. olsonii, P. expansum, P. viridica-
tum, P. granulatum, P. oxalicum, P. commune, Aspergillus versicolor, A. fischeri, A. ochraceus,
and Aspergillus carbonarius [56]. For instance, mycotoxin compound ochratoxin A poses a
great risk to human’s health and was primarily produced by P. nordicum in the high Aw
condition [57]. Cladosporium oxysporum and Penicillium spp. caused another undesired
effect—food spoilage—resulting in the production of off-odors and unpleasant taste [58].
Recently, it was shown that autochthonous microorganism Debaryomyces hansenii and
Staphylococcus xylosus in fermented meat products can significantly inhibit the growth of
P. nordicum and accordingly reduce the production of ochratoxin A [59,60]. Genera Staphy-
lococcus and Debaryomyces were predominant in the Sichuan and Guizhou sausages, except
sample TR, where the abundances of Penicillium and Aspergillus were very low, suggesting
a clear inhibitory effect (Figure 2b,d). Meanwhile, Staphylococcus and Debaryomyces are
possibly developed as potential sausage starters due to the capacity of flavor production
and their antagonistic effect of harmful fungi. With regard to Fusarium, previous studies
demonstrated that mycotoxins zearalenone and fumonisins were mainly produced by
Fusarium culmorum and Fusarium graminearum. These mycotoxins were distributed in food
and feed, posing a risk to animal and human health due to their global propagation and
serious economic loss [61,62].
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As suggested previously, differences in the microbial communities of other fermented
foods, such as traditional Sichuan bacon [63], Tibetan yak jerky [15], and Xinjiang Kazak
cheese [64], were attributed to the raw materials, climate conditions, and processing meth-
ods. In this case study, from a geographic perspective, although both cities belong to
Sichuan Province, Luzhou city is far from Dazhou city, and the climate conditions in winter
are different between these two cities. Conversely, Luzhou city and Chishui county are
very close, and their climate conditions are also similar (Figure 1). However, the micro-
bial communities, especially the fungal communities, of samples LZ and DZ were highly
similar, while the distinction between LZ and CS was significant (Figures 2 and 3). The
four physiochemical parameters of samples DZ and LZ were approximate. However,
Aw, the water content, and NaCl content of sample CS were much lower than those of
two Sichuan sausages (Table 1). Accordingly, the argument that differences in microbial
community of sausages between Sichuan sausages and Guizhou sausages are possibly
caused by processing conditions such as the addition of salt rather than climate factors
is made.

5. Conclusions
In conclusion, a comparative analysis of the bacterial and fungal communities in

Sichuan and Guizhou sausages was conducted in the present study despite limitations in
sample size and flavor profile characterization. The dominating bacteria Staphylococcus and
Cobetia, and yeasts Debaryomyces, Kurtzmaniella mainly inhabited Sichuan sausages. How-
ever, acid-tolerant lactic acid bacteria (Lactococcus, Leuconostoc, Weissella, and Lactobacillus)
and molds (Aspergillus, Mortierella, Fusarium, and Penicillium) were largely distributed in
Guizhou sausages, especially TR. Integrative analysis of geographic, climatic, and physio-
chemical data suggested that the discrepancy in the microbial composition of sausages from
Sichuan and Guizhou provinces was possibly attributed to the processing conditions (salt
addition) rather than climate. Key beneficial microbiota (e.g., Staphylococcus, Debaryomyces,
Cobetia, LAB) and potential harmful microbes (Cyanobacteria, Enterococcus, Penicillium,
Aspergillus and Fusarium) were identified, which are facilitated by the development of novel
starters composed of defined functional microorganisms. Subsequently, isolating functional
strains and characterizing flavor profiles are required in further studies.
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