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Editorial on the Research Topic

Insights into the role of microorganisms on food quality and food safety

With increasing health awareness, food safety and quality have been a growing demand

globally. Food safety and quality depend upon many factors, including microbes in food

production, processing, preservation, and storage. On the one hand, microbes such as

bacteria, molds, and yeasts have a long history of application in food production, such as

in the production of wine, beer, bread, and dairy products. On the other hand, the growth

of microorganisms and contamination by microorganisms lead to food spoilage or even

foodborne illness, threatening the development of the food industry.

Microorganisms play a crucial role in the production, preservation, and improvement

of food. By transforming the chemical constituents of raw materials of plant/animal

sources, functional microorganisms, particularly bacteria and yeast, can improve the sensory

quality of food, enhance the bioactivity of nutrients, produce antioxidant and antimicrobial

compounds, and promote food safety.

The physicochemical properties and the volatile flavor compounds of food are closely

related to the nature of microorganisms, especially in fermented food. Liu, Cao et al.

utilized a mixture of yeast and Lactobacillus rhamnosus YL-1 as a starter in the fermentation

process of salami sausage, which could effectively decrease the degree of lipid oxidation

and result in changes in flavor profiles. The combination of Lactobacillus fermentum YZU-

06, Staphylococcus saprophyticus CGMCC 3475, and leucine has also been applied in the

production of fermented sausage, which improves not only the diversity of flavor compounds

but also the overall quality of sausages (Liu R. et al.). Liao et al. compared the quality

and the main metabolic changes of instant dark teas fermented by different fungi, such as

Aspergillus cristatus,Aspergillus niger, andAspergillus tubingensis, revealing that the chemical

constituents of instant dark teas were affected by the fungi. Tao et al. reviewed the utilization

of microbiome in the fermentation process, which could remove the unpleasant beany

flavors and enhance the aroma profile of plant-based meat analogs. Probiotics make a great
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contribution to gut health by improving digestion and enhancing

nutrient absorption. Zhu Y. et al. demonstrated that feeding

patterns can affect gut microbiota and the metabolites of Tibetan

pigs, which further led to changes in meat quality.

The process of fermentation is influenced by several factors

such as temperature, time, pH, oxygen levels, and microbial

starter cultures. Food quality can be monitored through the

regulation of fermentation conditions. Yu et al. found that the

temperature of beef aging could affect the microbial community,

physiochemical attributes, and flavor profiles of beef. Liu A. et al.

observed significant differences between the bacterial community

of vinegar from the same day with different fermentation depths,

but no apparent difference appeared in the fungal community. In

addition, the function of microbiota and volatile flavor compounds

were affected by the microbial community at different depths.

By comparing the physicochemical properties and microbial

community compositions of Jinhua fat ham and lean ham,

Zhang et al. explored the potential mechanism of characteristic

microorganisms affecting the formation of flavor in lean dry-

cured hams.

Spoilage and pathogenic microorganisms are considered one

of the main factors threatening food quality and safety (Liu C.

et al.; Guo et al.; Fulano et al.). Unscientific storage of food can

cause an infestation of harmful microorganisms. For example,

various fungal strains have been found in the production and

preservation of dark tea, leading to the proliferation of fungi

toxins. Xu et al. reviewed the contamination levels of common

mycotoxin species, the main microbial sources of mycotoxin,

and the possible ways to cause mycotoxin contamination

in dark tea, providing a foundation for the prevention of

harmful fungi.

To avoid illness and prevent food from spoiling, various

technologies of food preservation have been developed to control

the growth of microorganisms. Some microorganisms produce

antimicrobial compounds and organic acids that inhibit the growth

of spoilage-causing bacteria. Chen et al. found that the microbiota,

mainly Lactobacillus, inhibited the formation of biogenic amines

during the traditional fermentation of Scomber japonicus. To

extend the shelf life of food, packaging materials have been

explored to protect food from chemical and microbiological

changes. Schmid et al. investigated the contaminating bacterial

growth and survival in different fiber-based food packaging

materials and evaluated the role of pH as an intrinsic antimicrobial

factor. Furthermore, some active substances have been found to

have inhibitory effects on the growth and toxicity production

of microorganisms. Some Aspergillus niger produce ochratoxin

A, which has harmful effects on human health, whereas tea

polyphenols and epigallocatechin gallate were found to inhibit the

growth of Aspergillus niger and ochratoxin synthesis, according

to Zhao et al.’s study. Based on Propidium Monoazide combined

with real-time PCR, Liu, Huang et al. developed a new method

for fast detection of the antibacterial and bacteriostatic activity

of disinfectants.

In conclusion, this Research Topic explored the beneficial and

harmful effects of microorganisms on food quality and safety,

highlighting the correlation between microbial community and

volatile compounds. The reasonable application of beneficial

microorganisms and the regulation of harmful microbial

infestation are essential to achieve the desired properties, leading

to reliable food products and ensuring food quality, safety,

and consistency.

Author contributions

YW, CZ, and FG collected literatures, organized information,

and wrote the first draft of the article. JC provided writing ideas

and checked and revised the first draft. All authors contributed to

the article and approved the submitted version.

Funding

This study was supported by the National Natural Science

Foundation of China (No. 41927806), the Fundamental Research

Funds for the Central Universities (No. lzujbky-2021-ct04), and the

Education Science and Technology Innovation Project of Gansu

Province (Grant No. 2021A-008).

Acknowledgments

We deeply thank all the authors and reviewers who have

participated in this Research Topic.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Frontiers inMicrobiology 02 frontiersin.org6

https://doi.org/10.3389/fmicb.2023.1237508
https://doi.org/10.3389/fmicb.2022.1076123
https://doi.org/10.3389/fmicb.2022.1091486
https://doi.org/10.3389/fmicb.2023.1135912
https://doi.org/10.3389/fmicb.2023.1124770
https://doi.org/10.3389/fmicb.2022.1100889
https://doi.org/10.3389/fmicb.2023.1110720
https://doi.org/10.3389/fmicb.2023.1126940
https://doi.org/10.3389/fmicb.2023.1120659
https://doi.org/10.3389/fmicb.2022.1030789
https://doi.org/10.3389/fmicb.2023.1099906
https://doi.org/10.3389/fmicb.2022.1073950
https://doi.org/10.3389/fmicb.2022.1051162
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Frontiers in Microbiology 01 frontiersin.org

Exploration of the roles of 
microbiota on biogenic amines 
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1 College of Food and Pharmaceutical Sciences, Ningbo University, Ningbo, China, 2 Faculty of Food 
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The influence of microbiota composition and metabolisms on the safety and 

quality of fermented fish products is attracting increasing attention. In this 

study, the total viable count (TVC), pH, total volatile base nitrogen (TVB-N) 

as well as biogenic amines (BAs) of traditional fermented Scomber japonicus 

(zaoyu) were quantitatively determined. To comprehend microbial community 

variation and predict their functions during fermentation, 16S rRNA-based high-

throughput sequencing (HTS) and phylogenetic investigation of communities 

by reconstruction of unobserved states (PICRUSt) were employed, respectively. 

The fresh samples stored without fermentation were used as controls. TVC 

and TVB-N values increased rapidly, and the content of BAs exceeded the 

permissible limit on day 2  in the controls, indicating serious spoilage of the 

fish. In contrast, a slower increase in TVC and TVB-N was observed and the 

content of BAs was within the acceptable limit throughout the fermentation 

of zaoyu. Significant differences in microbiota composition were observed 

between zaoyu and the controls. The bacterial community composition of 

zaoyu was relatively simple and Lactobacillus was identified as the dominant 

microbial group. The accumulation of histamine was inhibited in zaoyu, which 

was positively correlated with the relative abundance of Vibrio, Enterobacter, 

Macrococcus, Weissella, et  al. based on Redundancy analysis (RDA), while 

Lactobacillus showed a positive correlation with tyramine, cadaverine, and 

putrescine. Functional predictions, based on Kyoto Encyclopedia of Genes and 

Genomes (KEGG) pathways analysis, revealed that the relative abundance of 

metabolic function exhibited a decreasing trend with prolonged fermentation 

time and the abundance of metabolism-related genes was relatively stable in 

the later stage of fermentation. Those metabolisms related to the formation of 

BAs like histidine metabolism and arginine metabolism were inhibited in zaoyu. 

This study has accompanied microbiota analysis and functional metabolism 

with the accumulation of BAs to trace their correspondences, clarifying 

the roles of microorganisms in the inhibition of BAs during fermentation of 

Scomber japonicus.
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Introduction

Scomber japonicus is an economically important fish species 
extensively distributed in the East China Sea, the Yellow Sea, and 
the Sea of Japan (Yu et al., 2018). It is noted for its pleasant aroma 
and high nutritional value, whereas it is rich in free histidine in 
muscle tissues, which is commonly implicated in incidents of 
histamine poisoning (Visciano et  al., 2012). Hence the 
preservation of Scomber has been a quite challenging issue. 
Fermentation plays a vital role around the world for the 
preservation of aquatic products, such as Narezushi in Japan (Doi 
et al., 2021), Gravlax in Northern Europe (Wiernasz et al., 2020) 
and zaoyu in China. Zaoyu is a traditional fermented product 
made by mixing fish and fermented rice, then sealed in the vessel 
for a long-term fermentation under anaerobic conditions, which 
is usually made from several marine species such as Scomber 
japonicus, Miichthys miiuy, Trichiurus lepturus, Muraenesox 
cinereus, and freshwater species (Chen et  al., 2021). The 
fermentation process imparts a distinctive flavor to the final 
products. Typically high levels of biogenic amines (BAs) have been 
found in some fermented fish products like fish sauce (Kuda et al., 
2012) and dried fish (Huang et al., 2010), owing to the availability 
of amino acids, which may be the potential precursors of BAs. 
However, it’s worth noting that the formation of BAs was inhibited 
during the preparation of zaoyu.

BAs are low molecular weight organic bases with biological 
activity that are formed by microbial decarboxylase of the 
corresponding amino acid or transamination of aldehydes and 
ketones by amino acid transaminases (Zhai et al., 2012). The 
intake of foods with high concentration of BAs could provoke 
those adverse reactions like migraine, brain hemorrhage, heart 
failure, hypertension, urticaria, and headache as well (Rice 
et al., 1976). The most common sources of BAs intoxication are 
histamine (His) and tyramine (Tyr) (Smith, 1981), produced by 
the decarboxylation of histidine and tyrosine, respectively. 
Putrescine (Put) and cadaverine (Cad) could enhance histamine 
toxicity through interfering with the histamine detoxification 
system (Kim et al., 2009). The formation of BAs in fermented 
foods might result from a complex process and could 
be  influenced by many factors and their interactions (Sang 
et al., 2020).

Spontaneously fermented fish has a unique flavor, while it 
is restricted by the relatively long production period and the 
risk of spoilage is higher. Hence the inoculum of suitable 
microorganisms, defined as starter cultures, has become a 
widely adopted approach in fermented food. Bover-Cid et al. 
have shown that the incorporation of pure or mixed 

amine-negative starter cultures is capable of inhibiting 
microorganisms with amino acid-decarboxylase activity in 
fermented products (Bover-Cid et al., 2000; Hu et al., 2007). 
However, the use of commercial starter cultures may reduce the 
microbial diversity of fermented food, and the dominant 
bacteria may inhibit the growth of other microorganisms 
including those contributing to the flavor formation. Zaoyu is 
produced on the basis of the traditional fermentation method, 
mostly relying on the community of autochthonous 
microorganisms from fermented rice. The addition of fermented 
rice as natural starter culture differs from spontaneous 
fermentation, which could not only promote the appearance of 
dominant bacteria, but also be  used as the supplementary 
substrate for carbon sources during traditional fermentation 
(Bassi et  al., 2015). Besides, figuring out the microbiota 
composition of zaoyu is vital for the application of synthetic 
microbial community (SMC) in fermented foods, which could 
construct a controllable and stable microbial interaction 
network and might serve as a potential strategy to control the 
quality of fermented fish in the future (Han et al., 2022).

Dynamic changes and interactions of the microbiota 
during fermentation were found to play a critical role in the 
quality characterization. Since spoilage potentials and 
metabolic characteristics of different microbes vary 
significantly and could be affected by microbial interactions 
(Lu et al., 2018). High-throughput sequencing (HTS) with the 
properties of high flux and short experimental cycle has 
recently been applied to the analysis of microbial systems in 
different food matrices, such as fish sauce (Wang et al., 2018), 
reef fishes (Gao et al., 2020), and Pacific white shrimp (Guan 
et  al., 2021). A great potential of HTS is facilitating the 
exploration of the relationships between the microbiota 
composition and specific variables like BAs (Hao and Sun, 
2020), salinity (Mengjuan et  al., 2021). Phylogenetic 
investigation of communities by reconstruction of unobserved 
states (PICRUSt), a technique predicting metagenomes based 
on 16S rRNA gene data and a reference genome database (Yan 
et al., 2019), provides a great amount of information about the 
genetic profile and metabolic potential of microbiota 
composition. Combined with both technologies could 
determine the dynamic changes of microbial community in 
zaoyu and get a comprehensive view of the role that 
fermentation played in inhibiting the accumulation of BAs 
from the perspective of microorganism.

The aim of this study is to explore microbial succession during 
fermentation of Scomber japonicus and demonstrate the 
correlation among the microbiota composition, functional 
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metabolism and the formation of BAs. The microbiota 
composition of zaoyu also may serve as a promising model system 
to study eco-evolutionary dynamics, such multidisciplinary 
approach is expected to improve the property and quality of 
fermented foods.

Materials and methods

Source of samples

Fresh Scomber japonicus was obtained from a local market in 
Ningbo, Zhejiang Province, China, and filleted to collect the 
dorsal muscle. The dorsal muscle was cut with a knife into blocks 
of 7 × 7 × 4 cm and were cleaned with tap water and mixed with 
12% saline marinate in a barrel for 3 h, then drained the water for 
12 h. Zaoyu was prepared according to the traditional techniques 
by mixing fresh fish with fermented rice and were neatly stacked 
layer-by-layer in a barrel for fermentation. Then Zaoyu samples 
were collected at 0, 1, 2, 4, 6 and 8 days of the fermentation stages 
for further analysis as experimental group. The fresh Scomber 
japonicus stored at 28°C under the same conditions were used as 
controls, and fermented rice was collected as the other controls 
named Z. All of the experiments were conducted in 
three replications.

Methods

Enumeration of cultivable microbes
The TVC was determined based on the National Standards of 

the People’s Republic of China (GB 4789.2-2016). Briefly, an 
aliquot of 2.5g fish filets was collected in an aseptic manner, put 
into aseptic bag, and homogenized in 22.5 ml of physiological 
saline for 2 min. The homogenates were serially diluted with sterile 
physiological saline (1:10), and 1.0 ml aliquots of the dilutes were 
poured onto a 15–20 ml of plate count agar medium to obtain a 
mixture. Colonies on the plates were identified posterior to 
incubation under 30°C for 72 h. The total number of the colony 
was described as lg CFU/g.

Determination of physicochemical indices.
The water content was measured with a moisture analyzer 

(MB27; OHAUS, American). An aliquot of 2.0 g samples was 
homogenized in 20 ml of distilled water at room temperature and 
then recorded via a digital pH meter (PHS-2F, Leici, Shanghai, 
China). TVB-N levels were identified via a semi-micro 
determination of nitrogen approach as per the Chinese Standard 
(GB 5009.288-2016). All samples for analysis were ground 
individually using a meat grinder. An aliquot of 4.0 g ground filets 
was taken into a beaker, blended with 20 ml distilled water, then 
impregnated still for 30 min and shook the beaker every 10 min. 
Next, the solution was filtered through the filter paper, then 5 ml 
of filtrate was made alkaline by adding 5 ml of 10 g/L Magnesia 

(MgO). Steam distillation was distilled for 5 min using a Kjeldahl 
distillation unit. The distillate was absorbed by 10 ml of 20 g/L 
boric acid, and titrated with 0.01 mol/L HCl. The result stated for 
each sample is the mean value of two measurements, TVB-N 
content was calculated and expressed with a unit of mg/100 g.

Determination of biogenic amines
The separation and quantification of BAs were carried out 

according to the liquid chromatography–tandem mass 
spectrometry method (Waters Alliance e2695) using 
1,7-diaminoheptane as internal standard. For the analysis, 2 g of 
sample was ground in a Waring blender for 60 s and thoroughly 
homogenized with 20 ml of distilled water. The obtained 
homogenate was decanted into centrifuge tubes and added 
acetonitrile (20 ml), ethanol (3 ml), n-hexane (5 ml), followed by 
centrifugation (5,000 rpm, 5 min). The supernatant was collected 
and cleaned with methylene chloride (2 × 2 ml) twice. The solution 
was then filtered with 0.45 μm filter paper and diluted 1:4 with 
pure water before injection in the column equipped with 
ACQUITY HSS T3 (100 mm × 2.1 mm, 1.8 μm; Waters 
Technologies (Shanghai) Limited). The mobile phases of LC–MS/
MS were A: 2 mM/L ammonium acetate, and B: methanol 
containing 0.1% formic acid. The flow rate was 0.2 ml/min.

Total DNA extraction, PCR reaction and MiSeq 
sequencing

Total genomic DNA was extracted from the muscle of 
mackerel samples (10 g) with the instructions of the E.Z.N.A® 
Bacterial DNA kit following the manufacturer’s instructions. DNA 
samples were then stored at −80°C before amplification. The 
V3-V4 (341F: 5′-CCTACGGGNGGCWGCAG-3′, 806R: 
5′-GGACTACNNGGGTATCTAAT-3′) hypervariable regions of 
the bacterial 16S rRNA genes were, respectively, amplified using 
the genomic DNA extracts for each sample. The reactions mixture 
(25 μl) included 2.5 μl of 10 × PCR buffer, 2.0 μl of dNTP, 0.5 μl of 
each primer, 1.0 μl of DNA, 0.5 μl of TaqE and 18 μl of ddH2O. PCR 
reactions were conducted in a Thermal Cycler under the following 
conditions: initial denaturation at 95°C for 3 min, followed by 
30 cycles of denaturation at 95°C for 30 s, primer annealing at 
57°C for 1 min, and extension at 72°C for 45 s, and a final 
extension step at 72°C for 10 min. The PCR products and expected 
size were checked by 1% agarose gel electrophoresis and were 
purified with a quick gel extraction kit. The concentration and 
quality of amplicons were measured using a NanoDrop-1000 
spectrophotometer. Sequencing was performed on an Illumina 
MiSeq platform at Novogene Bioinformatics Technology Co. Ltd.

Statistical analysis
The bioinformatics analysis was performed with QIIME 2 

(2021.11). Then quality filter, denoising, merging, and chimera 
removal were conducted by the DADA2 plugin. The sequences 
were clustered at the level of 97% similarity and the 
representative sequence of each operational taxonomic unit 
(OTU) was annotated by Silva database. Analysis of α-diversity 
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and β-diversity was completed based on the platform of 
Personalbio.1 The Linear discriminant analysis Effect Size 
(LEfSe) tool2 was used to analyze the different species among 
the sample groups. Phylogenetic investigation of communities 
by reconstruction of unobserved states (PICRUSt) software and 
database was used to obtain Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway information. Redundancy analysis 
(RDA) on interrelationships between microbiota composition 
and BAs was analyzed by canoco5. Physiochemical properties 
of samples were analyzed, expressed on mean ± standard 
deviation. One-way analysis of variance (ANOVA) with Tukey 
pairwise comparisons at p < 0.05 was used to assess the 
significance between alpha diversity indices and relative 
abundance rates among each group using SPSS16.0.

Results

Microbiological and chemical analysis

As shown in Figure 1, an increase in TVB-N value was 
observed during both storage and fermentation, which was in 
agreement with the microbial load. TVC values in the controls 
displayed an obvious upward trend and exceeded 7.0 lg CFU/g 
on day 2, which is the largest value that marine species are 
suitable for human consumption proposed by the ICMSF 
(ICMSF, 1986), and this observation was consistent with the 

1 https://www.genescloud.cn

2 http://huttenhower.sph.harvard.edu/galaxy/

root?tool_id=PICRUSt_normalize

trend in TVB-N value. Owing to the degradation of amino 
acids by microorganisms, the initial TVB-N value increased 
from 11.79 mg/100 g to 52.18 mg/100 g on day 2 of storage, 
which exceeded the upper acceptability limit of TVB-N in 
marine species of 30 mg/100 g according to the Chinese 
Standard GB/T 2733-2015, indicating it was already in a 
seriously spoiled state. Whereas it was observed that the 
amount of TVB-N increased relatively slighter in zaoyu, and 
TVC increased at a slower rate, being 6.67 lg CFU/g on the 8th 
day of fermentation, According to the microbial analysis 
below, the dominant microorganism was identified as 
Lactobacillus, which meant that the fermentation inhibited the 
growth of spoilage microorganisms. The formation of 
nitrogenous compounds in aquatic products is closely 
correlated with microbial metabolism indeed (Yu et al., 2019). 
The lower TVB-N and TVC values may be attributed to that 
the growth of some microorganisms is partially inhibited by 
the roles of fermentation. In addition, salting could also be an 
effective operation for inactivating microbes in the initial 
fermentation stage (Han et al., 2004).

Physicochemical features

The changes in moisture and pH were displayed in Figure 2. 
The increase in pH value during storage reflected the accumulation 
of TVB-N from bacterial activity and protein degradation (Moradi 
et al., 2019). In general, no significant changes in pH of zaoyu 
samples were observed. The initial pH presented a decreasing 
trend and reached a relatively stable value with slight fluctuation 
in the later period of fermentation. The decrease of pH was 
supposedly the result of the production of organic acids by 
fermentation (Jung et al., 2013), which was associated with the 
growth of Lactobacillus. The microbiota composition reached 
equilibrium in the late fermentation stage, which was also reflected 
in the pH changes. The slight increase in water content of zaoyu 
in the early stage may be attributed to the rehydration of the semi-
dried fish soaked in the fermented rice, and the decrease on day 4 
may be attributed to the changes in the water holding capacity 
of protein.

BAs analysis

Totally 8 BAs were detected, including His, Tyr, Put, Cad, 
2-Phenethylamine (2-Phe), spermidine (Spd), spermine (Spm) 
and tryptamine (Try), while octopamine (Oct) was not 
detected in any samples analyzed (Table 1). His, Cad and Put 
were the major amines in the spoilage of Scomber japonicus, 
among which His was the most dominant and increased 
rapidly, reaching 479.64 mg/kg on day 2 of storage, which far 
exceeded the limit level suggested by the U.S. Food and Drug 
Administration (FDA; 50 mg/kg). Compared with the controls, 
the content of His in zaoyu increased slightly and was below 

FIGURE 1

Changes in TVB-N and TVC values. Notes: S0, S1, S2 denote the 
controls on day 0, 1, 2, respectively; F0, F1, F2, F4, F6, F8 denote 
zaoyu on day 0, 1, 2, 4, 6, 8, respectively; Z denotes the 
fermented rice. Different letters (a, b, c etc.) indicate significantly 
different means at p < 0.05 (analysis of variance; ANOVA). The 
same below.
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the allowable limit (50 mg/kg) suggested by FDA, indicating 
that the formation of His or the growth of microorganisms 
involved in the accumulation of His was inhibited during  
fermentation.

Put, Cad and Tyr were relatively abundant BAs in zaoyu 
samples, and the content kept an upward trend during 
fermentation. Whereas the content of Tyr was still lower than 
the potentially dangerous level of 100–800 mg/kg (Elena et al., 
2014), and neither legal limits nor toxic dose has been 
established for Put and Cad. A combination of Put and Cad 
has been suggested as an acceptable index in fresh meat, 
whereas it has proven not suitable to apply to fermented 
products (Ruiz-Capillas and Jiménez-Colmenero, 2004). The 
content of Spd and Spm in zaoyu was nearly unchanged, 
indicating that both BAs had negligible correlation with 
microorganisms. They are often considered to be physiological 

polyamines in organisms related to variety, location and 
physiological status (Önal, 2007). Zhai et al. have shown that 
Spm and Spd cannot be used as indicators for the evaluation 
of spoilage in fish fermentation (Zhai et al., 2012).

Sequencing results and diversity indices

The number of reads per sample ranged from 16,154 to 
36,342, 1,690 OTUs were obtained based on 97% similarity 
threshold. Alpha diversity indices were compared in different 
samples (Table 2). The coverage of sequences was over 0.99, 
showing that the data of amplicon sequencing with sufficient 
authenticity and depth. Shannon and Simpson are two main 
indices which comprehensively take the richness and evenness 
of microbial community of samples into account (Aregbe 

FIGURE 2

Variation in water content and pH.

TABLE 1 Changes in the content of BAs.

Sample Content of biogenic amines (mg/kg)

His Cad Put Phe Oct Tyr Spd Try Spm

S0 ND ND ND ND ND 0.06 ± 0.02C 1.57 ± 0.39BC 0.04 ± 0.02D 1.97 ± 0.59A

S1 145 ± 39.23C 10.42 ± 1.85C ND ND ND 6.45 ± 2.77C 1.04 ± 0.16CD 0.03 ± 0.00D 2.28 ± 0.87B

S2 479.64 ± 46.95B 100.01 ± 5.92B 15.52 ± 2.18D ND ND ND 0.65 ± 0.12D 0.03 ± 0.00D 2.10 ± 0.09B

F0 ND ND 5.82 ± 0.09D ND ND ND 1.44 ± 0.19BC 0.01 ± 0.00D 2.19 ± 0.33B

F1 ND ND 8.40 ± 0.44D ND ND 26.53 ± 3.68B 2.26 ± 0.18A 2.18 ± 0.35D 2.07 ± 0.03B

F2 5.01 ± 0.16A 12.3 ± 0.66C 132.41 ± 3.28C 3.95 ± 0.15C ND 87.91 ± 4.65A 1.7 ± 0.1AB 11.41 ± 0.94C 1.88 ± 0.06B

F4 0.95 ± 0.06A 8.47 ± 0.25C 134.3 ± 10.82C 3.90 ± 0.38C ND 74.28 ± 4.53C 1.81 ± 0.45AB 10.76 ± 2.26C 1.73 ± 0.07B

F6 12.36 ± 0.64A 313.25 ± 24.96A 282.33 ± 23.62B 9.71 ± 1.04B ND 99.01 ± 6.04A 1.88 ± 0.11AB 17.80 ± 1.39B 1.71 ± 0.04B

F8 4.38 ± 0.37A 287.58 ± 25.22A 342.99 ± 37.84A 14.21 ± 0.27A ND 92.81 ± 6.93A 1.23 ± 0.03BCD 27.88 ± 0.43A 1.73 ± 0.00B

Values with different capital letters are significantly different (p < 0.05). S0, S1, S2 denote the controls on day 0, 1, 2, respectively; F0, F1, F2, F4, F6, F8 denote zaoyu on day 0, 1, 2, 4, 6, 8, 
respectively; Z denotes the fermented rice, and the same below. The same below.
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et  al., 2019). In general, the four indices of bacterial 
communities presented a decreasing trend during 
fermentation, indicating that the richness of bacterial 
community decreased over time and a subset of bacteria 
became dominant in samples.

Beta-diversity analysis of bacterial 
community

An NMDS (Non-metric Multidimensional Scaling analysis) 
ordination biplot demonstrated clear clustering of microbiota 
composition (Figure 3). Every point represented a sample, and 
the higher similarity of microbial community was, the closer the 
sample points were. Overall, the microbiota composition was 
different between fermentation and storage categories. Zaoyu 
samples on day 0 were distinct from the samples on day 1, 
revealing that the bacterial community changed significantly in 
the early fermentation. The closer distance between samples in 
the later fermentation stage (F2, 4, 6, 8) indicated that their 
bacterial community was more similar. As the fermentation 
system established, a dynamic and stable environment was 
gradually formed, leading to the similarity of microbiota 
composition (Shen et al., 2021).

The distinct flora of Scomber japonicus during different 
fermentation periods could be  obtained based on the Lefse 
(Linear discriminant analysis effect size) analysis demonstrated 
in Figure 3B, showing those microorganisms meeting the linear 
discriminant analysis significance threshold of 4.0. The results 
revealed that the biomarkers of different samples were 
significantly different. The biomarker of samples of F1 was 
Psychrobacter spp., and samples of F0 featured a higher 
abundance of Bacillus spp. Compared with the controls, zaoyu 
had greater proportions of Lactobacillus spp. and Lactococcus 
spp. belonging to the Lactobacillales. These key representative 
bacterial taxa contributed to the differences of microbiota 
composition in different samples.

Taxonomic composition of bacterial 
communities

To explore microbial community succession during 
fermentation of Scomber japonicus, the microbial taxonomic 
compositions of samples were determined at the phylum 
(Figure 3A) and genus (Figure 3B) levels, respectively. Among the 
phylum, Firmicutes and Proteobacteria possessed the highest 
abundance throughout the fermentation. Such results were found 
in other fermented seafood, like Yu-lu (Wang et al., 2018), and 
tilapia sausage (Li et al., 2022). As fermentation progressed, the 
relative abundance of Firmicutes presented an increasing trend, 
while the bacteria from Proteobacteria and Actinobacteria were 
inhibited and presented in minor percentages (Figure 4).

Analysis at genus level showed that the type of bacterial 
community in zaoyu samples was significantly lower than that 
of the controls, indicating that the microbial community is 
relatively simple during fermentation, which was in accord 
with the analysis of alpha diversity. Vibrio, Psychrobacter, and 
Acinetobacter were dominant bacterial species in the storage 
of Scomber japonicus and they were active in inducing fish 
spoilage, among which Enterobacteriaceae and Vibrio, two 
typical spoilage microorganisms playing a vital role in the 
formation of BAs (Kim et al., 2009), were inhibited during 
fermentation. The relative abundance of Vibrio, Acinetobacter, 
and Psychrobacter decreased rapidly along with the 
fermentation, whereas the relative abundance of Lactobacillus 
increased and quickly occupied the dominant position 
in zaoyu.

Correlation between microbial 
community and BAs

The RDA results demonstrated the relationship between the 
accumulation of BAs and bacterial community. The blue arrows 
expressed 7 BAs, and the red represented core microbes. The 

TABLE 2 Alpha diversity of bacterial community.

Sample Shannon Simpson Chao1 ACE Good coverage

Mean SD Mean SD Mean SD Mean SD Mean SD

F0 3.77c 0.25 0.92c 0.02 388.97f 44.20 376.07 39.73 0.9983a 4.02E-04

F1 1.97b 0.29 0.73b 0.03 158.63bc 39.23 151.30bc 31.76 0.9995cde 1.59E-04

F2 2.13b 0.23 0.76b 0.03 115.44ab 21.57 115.64ab 21.19 0.9997def 1.17E-04

F4 1.45a 0.05 0.67a 4.70E-03 111.79ab 11.97 112.87ab 12.23 0.9998def 1.46E-04

F6 2.10b 0.07 0.76b 0.01 87.23a 9.12 87.55a 9.20 0.9998ef 1.06E-04

F8 1.52a 0.07 0.67a 0.01 61.61a 9.37 61.48a 9.10 0.9999f 6.22E-05

S0 3.89c 0.08 0.93cd 0.01 347.78f 30.96 344.86f 28.84 0.9991bc 2.63E-04

S1 3.89c 0.20 0.96e 0.01 224.28de 47.54 222.78de 52.55 0.9990b 2.28E-04

S2 3.81c 0.04 0.95de 3.85E-03 183.33cd 8.29 178.56cd 12.35 0.9992bc 1.79E-04

Z 3.98c 0.24 0.96e 0.01 252.82e 49.54 249.48ef 55.96 0.9994cd 1.52E-04

Values with different lowercase letters are significantly different (p < 0.05).
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length of arrows determined the degree of importance, and the 
angle between the lines indicated the correlation between them. 
An acute angle indicated a positive correlation, while an obtuse 
angle indicated a negative correlation. Changes in bacterial 
communities were significantly correlated with the formation of 
different BAs. As shown in Figure 5, the accumulation of His was 
positively correlated with the relative abundance of Vibrio, 
Enterobacter, Macrococcus, and Weissella, et al., while negatively 
correlated with Lactobacillus spp. and Pediococcus spp. 
Lactobacillus presented positive relation to Cad, Tyr, Put and Try 
but negatively related to the growth of some microorganisms 
which was positively related to the formation of His including 
Klebsiella, Acinetobacter, Vibrio, and Enterobacter. These results 
indicated that diverse microbes like Vibrio spp., Enterobacter spp., 
Macrococcus spp., Weissella spp., and Weissella spp. belonging to 
gram-negative bacteria might facilitate the accumulation of His, 
and Lactobacillus may have an inhibition effect on His production 
by some microorganisms.

Potential metabolic prediction By 
PICRUSt-KEGG

Since the type and abundance of metabolic pathways of 
microbiota determines the process of fermentation and food 
spoilage, the prediction of metabolic profiles may provide useful 
information on the potential of metabolic activities (Zhuang et al., 
2020a). A total of 328 KEGG Orthology (KO) categories were 
obtained by assigning homologous sequences in metagenomes 
based on KEGG gene and pathway database. There were 12 genes 
related to metabolism during fermentation and storage 
(Figure  6A). Notably, carbohydrate metabolism presented the 
most enrichment among the 12 pathways, amino acid and energy 
metabolism were also important throughout the fermentation. 
Amino acid metabolism plays an important role in the spoilage of 
fish due to its producing carbon skeletons, especially keto acids 
like pyruvic acid and oxoglutarate for microbial activities and 
biosynthesis (Zhuang et al., 2020c).

A

C

B

FIGURE 3

The analysis of differences of species diversity. (A) Two-dimensional NMDS of microbiota compositions of samples, (B) horizontal bar chart, 
(C) microbiota cladogram produced by LEfSe.
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Figure  6B showed the relative abundance of carbohydrate 
metabolism, amino acid metabolism, and energy metabolism of 
samples. Considering that all zaoyu samples in this study were 
collected in the early fermentation stage of Scomber japonicus, the 
relative gene abundance of the three metabolisms during 

fermentation was relatively low and changed slightly. The changes 
of microbiota composition may explain well why the relative 
enrichment levels of the metabolism-related genes decreased first, 
then in equilibrium during fermentation. LAB as dominant 
bacteria in the process of fermentation inhibited the growth of 
other microorganisms and caused bacteria type single.

To analyze and compare the distribution characteristics of 
microbial metabolism, a heatmap that represented the related 
gene abundances of metabolism was constructed in Figure  7, 
which successfully visualized the dynamic changes of various 
metabolisms. These main metabolic pathways presented a 
decreasing trend in controls, however, the changes of the 
metabolic features in zaoyu were more stable. In amino acid 
metabolism, histidine is a precursor substance of His, and Tyr was 
formed by decarboxylation of tyrosine, whereas several amino 
acid metabolisms including histidine, glycine, serine, and 
threonine metabolism were obviously inhibited during 
fermentation. Hence the formation of BAs in zaoyu was inhibited. 
In addition, the proteins and lipids during fermentation were 
mainly hydrolyzed by enzymes produced by microbial 
metabolism, so the relative abundance of enzyme-related genes 
related to amino acid metabolism was the highest in the 
whole process.

In carbohydrate metabolism, the main metabolic types were 
pyruvate metabolism, amino sugar and nucleotide sugar 
metabolism, as well as glycolysis. Glycolysis and pyruvate 
metabolism imparted a sweet taste to fermented rice, which is an 
essential factor affecting the flavor formation of zaoyu. Glycolysis 
is one of the most common carbohydrate metabolic pathways in 
bacterial communities. Pyruvate produced by glycolysis is 
oxidized by bacteria to acetyl-CoA for TCA cycling (Bomberg 
et al., 2016), and TCA cycle provides a source of many amino acid 
metabolisms such as lysine and glutamate.

Discussion

The quality of zaoyu is closely associated with the complex 
metabolism of microbiota. Microbiota composition of fish flesh 
undergoes massive changes throughout storage and fermentation, 
reflected as the changes of bacterial alpha-diversity based on 
Shannon, Chao1, Simpson, Ace indices and the differences of 
dominant bacteria. It’s noteworthy that despite the highest alpha 
diversity in fresh samples, most species have no effect on the 
fermentation process due to that they originated from processing 
tools and environment, while these exogenous microorganisms 
could be inhibited under continuous fermentation and certain salt 
concentrations (Shen et al., 2021). Noticeable differences were 
observed between zaoyu and the controls. The bacterial diversity 
was relatively low in zaoyu, which may be  attributed to the 
presence of dominant microorganisms such as LAB with the 
ability of acid tolerance. Numerous studies have shown that  
the presence of dominant microorganisms in aquatic products 
during storage or processing inhibited the growth of other 

A

B

FIGURE 4

Relative abundance at the phylum level (A) and the genus level 
(B) of bacterial community.

FIGURE 5

RDA for relationship between BAs and microbiota 
composition based on the top 10 dominant microbes at 
genus levels.
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microorganisms and led to a decrease in microbial diversity 
(Silbande et al., 2016).

The relationship between microbiota and quality of 
fermented seafood remained not comprehensively clear 
though, there has been increasing interests in forging bonds 
between microbiota composition and different quality indices 
like BAs as well as exploring the potential role of relevant 
microorganisms (Bover-Cid et al., 2003; Hao and Sun, 2020). 
Different microbes may excrete different amino acid 

decarboxylases to produce specific BAs, and some could also 
produce amine oxidases to degrade BAs in turn (Lu et al., 
2018). In fermented foods, the mutual growth and interaction 
of LAB and yeast are universal as the growth environment is 
analogous (Wang et al., 2022). The majority of LAB is able to 
contribute to the flavor formation of fermented foods and 
displays some specific metabolic cross-feeding with yeast 
(Mukisa et al., 2017). Thus, LAB plays a solemn role in the 
effective fermentation of seafood. In the process of 

A

B

FIGURE 6

Functional genes related to metabolism. (A) distribution of KEGG pathways, (B) amino acid metabolism, carbohydrate metabolism and energy 
metabolism.
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fermentation, diverse microbial interactions are thought to 
be  more like those of an evolutionary community able to 
adapt to the raw material (Alekseeva et  al., 2021), when 
microbiota have adapted to the acidic conditions, it shifts 
sequentially to a more acidic-tolerant group that is more 
adaptable to the acidic (Wang et al., 2022). Lactobacillus spp. 
occupied the dominant position throughout the whole 
fermentation, which is due to that it is a facultative anaerobe 
with the ability to survive under hypoxic and acid conditions, 
thus it is not restricted by the fermentation environment and 
maintains a constant quantity. Besides, arginine degradation 
has been regarded a significant source of cell energy for 
Lactobacillus, thus it could obtain energy from the formation 
of Put and thus keep more energetic advantages in bacterial 
competition (Zhuang et al., 2022). Lactobacillus could utilize 
carbohydrates in zaoyu to generate a large amount of lactic 
acid, and inhibit the growth of other spoilage bacteria like 
Vibrio, thereby reducing the content of BAs (Khouadja 
et al., 2017).

As the most important type of BA in the spoilage of 
Scomber japonicas, the formation of His is mainly caused by 
the secretion of histidine decarboxylase by some 
microorganisms with the ability of histidine decarboxylation 
to produce free histidine (Kuda et al., 2012). Some species with 
the ability to degrade in vitro Tyr and His, such as Lactobacillus 
plantarum, Lactobacillus pentosus, Lactobacillus sakei, 
Pediococcus acidilactici, belong to the Lactobacillus spp. and 

Pediococcus spp. that occupied the dominant proportions in 
zaoyu samples (Arena and Manca de Nadra, 2001; Emmanuel 
et al., 2010), this observation is consistent with the results of 
RDA analysis in this study. Therefore, it is speculated that the 
growth of dominant microorganisms leads to antagonism 
between microorganisms and thus inhibits the growth of 
histamine-forming bacteria. Furthermore, LAB also shows a 
stimulative effect on the formation of BAs. Lactococcus, 
Lactobacillus, Enterococcus, and Pediococcus are considered as 
strong producers of BAs (Ladero et al., 2012). Tyr is one of the 
most common and abundant BA in fermented meat products 
(Ruiz-Capillas and Jiménez-Colmenero, 2004), in which LAB 
strains of Enterococcus faecalis, Enterococcus faecium, and 
Enterococcus durans strains are strong tyramine-producers 
(Özogul and Hamed, 2017). Put could be produced through 
the catabolism of agmatine, a decarboxylated derivative of 
arginine through the agmatine deiminase (AGDI) pathway 
(del Rio et  al., 2015). Species like Lactobacillus brevis, 
Lactobacillus curvatus, and Enterococcus faecalis have been 
reported to be able to produce putrescine via AGDI.

Proteobacteria was one of the predominant bacterial phyla 
during storage, many studies have shown that Proteobacteria 
is the main bacterial species in the process of seafood spoilage 
and plays an essential role in its quality changes 
(Chaiyapechara et al., 2012). It was reported that the formation 
of TVB-N was mainly related to Pseudomonas and 
Enterobacteriaceae, which were responsible for the enzymatic 
decarboxylation of specific amino acids (Li et al., 2019), hence 
it was also responsible for the accumulation of BAs. The 
microbial populations in the controls increased significantly 
and were mainly dominated by spoilage bacteria, including 
Psychrobacter, Klebsiella, Vibrio, and Acinetobacter, which was 
actively associated with the accumulation of His based on 
RDA analysis. The synergistic action of various 
microorganisms during fermentation promotes the production 
of Put and Cad. LAB could degrade arginine and its amino 
acid-derived ornithine, and then the degradation products are 
metabolized by Enterobacteriaceae to produce Put (Arena and 
Manca de Nadra, 2001), which may cause a symbiotic 
relationship between them, thus leading to a rapid increase in 
Put during fermentation. Kim et al. have revealed that many 
stains of Enterobacter spp. were identified as amine-forming 
bacteria with strong decarboxylation activity, being strong 
producers of Put and Cad (Kim et al., 2009). It’s noted that 
Aeromonas belonging to the Vibrio specie could be active in 
producing Cad (Zhuang et  al., 2020b), which may 
be responsible for the relatively high content of Cad in control 
samples. Most Proteobacteria, including Enterobacter, 
Salmonella, Vibrio, etc. are gram-negative bacteria, indicating 
that the spoilage of Scomber japonicus is more suitable for 
gram-negative bacteria. Vibrio also may reduce trimethylamine 
oxides to the fishy smelling compound trimethylamine 
(TMA), and most strains also produce H2S (Lin et al., 2021). 
Macrococcus caseolyticus and Staphylococcus sciuri, two 

FIGURE 7

Functional prediction of amino acids, carbohydrates and energy 
metabolism of the microbiota.
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histamine-producing bacteria (HPB) reported before (Zhou 
et al., 2012), belonging to Macrococcus and Staphylococcus, 
respectively, were inhibited during fermentation, which could 
be  potentially associated with the reduction of His in the 
whole fermentation. Staphylococcus has exhibited high esterase 
and lipase activities, and Micrococcus has the ability of lipolysis 
in fermented fish products. It could decompose proteins, free 
amino acids and fats fatty acids into some small molecules 
such as aldehydes and ketone, promoting the formation of 
product flavor (Lin et al., 2021).

Combined with the analysis of metabolic pathways, the 
metabolism of carbon and nitrogen source compounds plays 
an essential role during spoilage and fermentation of fish. 
Microbial catabolism of nitrogen-containing compounds and 
carbon sources could be related through biochemical reactions 
like amino acid transamination, which crosslinks various 
metabolic pathways into a complex network (Zhuang et al., 
2020a). Carbohydrate metabolism and amino acid metabolism 
are primary metabolic pathways during storage and 
fermentation. The muscles of fish are rich in amino acids, 
providing sufficient substrate for the microorganisms. 
Previous studies have shown that proteins could be hydrolyzed 
into peptides and amino acids by microbial protease 
(Masniyom, 2011; Zhuang et al., 2019), then metabolized into 
a variety of BAs and ammonia metabolized through 
transamination, deamination, and decarboxylation (Biji et al., 
2016). In this study, the abundance of metabolic pathways 
related to the formation of biogenic amines and sulfide in 
zaoyu was lower compared with the controls, such as 
phenylalanine, tyrosine and tryptophan metabolism, and these 
metabolisms have been reported to be  associated with 
Enterobacteriaceae and Pseudomonas (Li et al., 2019).

Carbohydrate metabolism not only provides building 
blocks for the construction and assembly of complex 
macromolecules in cells, including nucleic acids, proteins and 
lipids, but is also used to generate energy required for 
microbial growth (Wu et  al., 2021). Carbohydrates could 
be used as an energy source for LAB, belonging to the phylum 
Firmicutes which is the main microorganism of carbohydrate 
metabolism during fermentation (Stellato et al., 2016). LAB 
could compete and inhibit competitors by the rapid utilization 
of abundant carbohydrates with the accumulation of organic 
acids (Wang et  al., 2022). Lactate is the main product of 
metabolism when the fermentable carbohydrates are abundant 
and generally remains the major metabolite of most LAB 
growing aerobically (Gänzle, 2015). A large amount of LAB 
produced carbon dioxide making the fermentation 
environment anaerobic, then synthesized pyruvic acid by 
anaerobic respiration. Therefore, pyruvate metabolism is the 
primary metabolic type of anaerobic respiration, mainly in the 
late stage of fermentation. Oxidative phosphorylation is a 
crucial type of energy metabolism in fermentation and is 
considered one of the most vital metabolic pathways in 

bacterial communities (Bomberg et  al., 2016). However, 
further research is needed on the relationship between the 
metabolic pathways of exact metabolism and microbes 
in zaoyu.

Conclusion

In this study, we characterized the complex microbiota 
composition during fermentation of Scomber japonicus using 
metagenomics and explored the relationships among the 
microbiota composition, functional metabolisms, and the 
formation of 8 BAs. This study revealed that the accumulation 
of His was inhibited and it was positively correlated with the 
relative abundance of Vibrio, Enterobacter, Weissella, et al., 
but negatively related to Lactobacillus spp. and Pediococcus 
spp., suggesting that Lactobacillus spp. and Pediococcus spp. 
may improve the safety of the zaoyu from a microbial point 
of view, which provided theoretical basis for the control of 
BAs during fermentation of Scomber japonicus. The predicted 
metabolic pathways revealed that some metabolisms related 
to the formation of BAs were inhibited throughout the 
fermentation. Nevertheless, the obtained functional profiles 
are merely rough functional hierarchy levels, detailed analyses 
of specific metabolic pathway and the roles of certain 
microorganism on the formation mechanisms of BAs are 
needed to be further elucidated.

Data availability statement

The data presented in the study are deposited in the NCBI 
repository, accession number: PRJNA876092.

Author contributions

JC performed the formal analysis, data visualization, and 
finished the final manuscript. HT contributed to the conception 
and design of the study. MZ finished the experiment. SS 
contributed significantly to analysis and manuscript revision. LJ 
helped to perform the analysis with constructive discussions. CO 
and HT contributed to the conception and design of the study. 
All authors contributed to the article and approved the 
submitted version.

Funding

This work was supported by the National Key  
Research and Development Program of China under Grant  
2019YFD0901705.

17

https://doi.org/10.3389/fmicb.2022.1030789
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Chen et al. 10.3389/fmicb.2022.1030789

Frontiers in Microbiology 12 frontiersin.org

Conflict of interest

The authors confirm that they have no known competing 
financial interests or personal relationships which could influence 
the work reported in this paper.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 

organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.1030789/
full#supplementary-material

References
Alekseeva, A. Y., Groenenboom, A. E., Smid, E. J., and Schoustra, S. E. (2021). 

Eco-evolutionary dynamics in microbial communities from spontaneous fermented 
foods. Int. J. Environ. Res. Public Health 18:10093. doi: 10.3390/ijerph181910093

Aregbe, A. Y., Mu, T., and Sun, H. (2019). Effect of different pretreatment on the 
microbial diversity of fermented potato revealed by high-throughput sequencing. 
Food Chem. 290, 125–134. doi: 10.1016/j.foodchem.2019.03.100

Arena, M. E., and Manca de Nadra, M. C. (2001). Biogenic amine production by 
lactobacillus. Eur. J. Appl. Microbiol. 90, 158–162. doi: 10.1046/j.1365-2672.2001. 
01223.x

Bassi, D., Puglisi, E., and Cocconcelli, P. S. (2015). Comparing natural and selected 
starter cultures in meat and cheese fermentations. Curr. Opin. Food Sci. 2, 118–122. 
doi: 10.1016/j.cofs.2015.03.002

Biji, K. B., Ravishankar, C. N., Venkateswarlu, R., Mohan, C. O., and Gopal, T. K. 
(2016). Biogenic amines in seafood: a review. J. Food Sci. Technol. 53, 2210–2218. 
doi: 10.1007/s13197-016-2224-x

Bomberg, M., Lamminmäki, T., and Itävaara, M. (2016). Microbial communities 
and their predicted metabolic characteristics in deep fracture groundwaters of the 
crystalline bedrock at Olkiluoto. Finland. Biogeosci. 13, 6031–6047. doi: 10.5194/
bg-13-6031-2016

Bover-Cid, S., Hernández-Jover, T., Miguélez-Arrizado, M. J., and 
Vidal-Carou, M. C. (2003). Contribution of contaminant enterobacteria and lactic 
acid bacteria to biogenic amine accumulation in spontaneous fermentation of 
pork sausages. Eur. Food Res. Technol. 216, 477–482. doi: 10.1007/s00217-003- 
0691-6

Bover-Cid, S., Hugas, M., Izquierdo-Pulido, M., and Vidal-Carou, M. C. (2000). 
Reduction of biogenic amine formation using a negative amino acid-decarboxylase 
starter culture for fermentation of Fuet sausages. J. Food Prot. 63:237. doi: 
10.1089/10665270050081559

Chaiyapechara, S., Rungrassamee, W., Suriyachay, I., Kuncharin, Y., Klanchui, A., 
Karoonuthaisiri, N., et al. (2012). Bacterial community associated with the intestinal 
tract of P. monodon in commercial farms. Microb. Ecol. 63, 938–953. doi: 10.1007/
s00248-011-9936-2

Chen, Z., Tang, H., Ou, C., Xie, C., Cao, J., and Zhang, X. (2021). A comparative 
study of volatile flavor components in four types of zaoyu using comprehensive 
two-dimensional gas chromatography in combination with time-of-flight mass 
spectrometry. J. Food Process. Preserv. 45:e15230. doi: 10.1111/JFPP.15230

del Rio, B., Linares, D. M., Ladero, V., Redruello, B., Fernández, M., Martin, M. C., 
et al. (2015). Putrescine production via the agmatine deiminase pathway increases 
the growth of Lactococcus lactis and causes the alkalinization of the culture 
medium. Appl. Microbiol. Biotechnol. 99, 897–905. doi: 10.1007/s00253-014-6130-8

Doi, R., Wu, Y., Kawai, Y., Wang, L., Zendo, T., Nakamura, K., et al. (2021). 
Transition and regulation mechanism of bacterial biota in Kishu saba-narezushi 
(mackerel narezushi) during its fermentation step. J. Biosci. Bioeng. 132, 606–612. 
doi: 10.1016/j.jbiosc.2021.09.002

Elena, B., Vita, K., Grazina, J., Daiva, V., and Zita, M. (2014). Solid state 
fermentation with lactic acid bacteria to improve the nutritional quality of lupin and 
soya bean. J. Sci. Food Agric. 95, 1336–1342. doi: 10.1002/jsfa.6827

Emmanuel, C., Niels, M., Monika, C., Sylvie, P., Hein, T., and Lolkema, J. S. (2010). 
Origin of the putrescine-producing ability of the coagulase-negative bacterium 
Staphylococcus epidermidis 2015B. Appl. Environ. Microbiol. 76, 5570–5576. doi: 
10.1128/AEM.00441-10

Gänzle, M. G. (2015). Lactic metabolism revisited: metabolism of lactic acid 
bacteria in food fermentations and food spoilage. Curr. Opin. Food Sci. 2, 106–117. 
doi: 10.1016/j.cofs.2015.03.001

Gao, Y., Zou, K., Zhou, L., Huang, X., Li, Y., Gao, X., et al. (2020). Deep insights 
into gut microbiota in four carnivorous coral reef fishes from the South China Sea. 
Microorgansims. 8:426. doi: 10.3390/microorganisms8030426

Guan, W., Li, K., Zhao, S., and Li, K. (2021). A high abundance of Firmicutes in 
the intestine of chinese mitten crabs (Eriocheir sinensis) cultured in an alkaline 
region. AMB Express 11:141. doi: 10.1186/S13568-021-01301-W

Han, B., Cao, C., Rombouts, F. M., and Nout, M. J. R. (2004). Microbial changes 
during the production of Sufu––a Chinese fermented soybean food. Food Control 
15, 265–270. doi: 10.1016/s0956-7135(03)00066-5

Han, J., Kong, T., Wang, Q., Jiang, J., Zhou, Q., Li, P., et al. (2022). Regulation of 
microbial metabolism on the formation of characteristic flavor and quality 
formation in the traditional fish sauce during fermentation: a review. Crit. Rev. Food 
Sci. Nutr. 21-20. doi: 10.1080/10408398.2022.2047884

Hao, Y., and Sun, B. (2020). Analysis of bacterial diversity and biogenic amines 
content during fermentation of farmhouse sauce from Northeast China. Food 
Control 108:106861. doi: 10.1016/j.foodcont.2019.106861

Hu, Y., Xia, W., and Liu, X. (2007). Changes in biogenic amines in fermented silver 
carp sausages inoculated with mixed starter cultures. Food Chem. 104, 188–195. doi: 
10.1016/j.foodchem.2006.11.023

Huang, Y. R., Liu, K. J., Hsieh, H. S., Hsieh, C. H., Hwang, D. F., Tsai, Y. H., et al. 
(2010). Histamine level and histamine-forming bacteria in dried fish products sold 
in Penghu Island of Taiwan. Food Control 21, 1234–1239. doi: 10.1016/j.
foodcont.2010.02.008

ICMSF (1986). Microorganisms in Foods. 2: Sampling for Microbiological Analysis: 
Principles and Specific Applications, 2nd ed. Univ. of Toronto Press, Toronto.

Jung, J. Y., Lee, S. H., Lee, H. J., and Jeon, C. O. (2013). Microbial succession and 
metabolite changes during fermentation of saeu-jeot: traditional Korean salted 
seafood. Food Microbiol. 34:360. doi: 10.1016/j.fm.2013.01.009

Khouadja, S., Haddaji, N., Hanchi, M., and Bakhrouf, A. (2017). Selection of lactic 
acid bacteria as candidate probiotics for Vibrio parahaemolyticus depuration in 
pacific oysters (Crassostrea gigas). Aquac. Res. 48, 1885–1894. doi: 10.1111/
are.13026

Kim, M. K., Mah, J. H., and Hwang, H. J. (2009). Biogenic amine formation and 
bacterial contribution in fish, squid and shellfish. Food Chem. 116, 87–95. doi: 
10.1016/j.foodchem.2009.02.010

Kuda, T., Izawa, Y., Ishii, S., Takahashi, H., Torido, Y., and Kimura, B. (2012). 
Suppressive effect of Tetragenococcus halophilus, isolated from fish-nukazuke, on 
histamine accumulation in salted and fermented fish. Food Chem. 130, 569–574. doi: 
10.1016/j.foodchem.2011.07.074

Ladero, V., Fernandez, M., Calles-Enriquez, M., Sanchez-Liana, E., Canedo, E., 
Martin, M. C., et al. (2012). Is the production of the biogenic amines tyramine and 
putrescine a species-level trait in enterococci? Food Microbiol. 30, 132–138. doi: 
10.1016/j.fm.2011.12.016

Li, N., Zhang, Y., Wu, Q., Gu, Q., Chen, M., Zhang, Y., et al. (2019). High-
throughput sequencing analysis of bacterial community composition and quality 
characteristics in refrigerated pork during storage. Food Microbiol. 83, 86–94. doi: 
10.1016/j.fm.2019.04.013

Li, C., Zhao, Y., Wang, Y., Li, L., Huang, J., Yang, X., et al. (2022). Contribution of 
microbial community to flavor formation in tilapia sausage during fermentation 
with Pediococcus pentosaceus. LWT – Food Sci. Technol. 154:112628. doi: 10.1016/J.
LWT.2021.112628

Lin, F., Nianchu, T., Ruijie, L., Mengyue, G., Zhangtie, W., Yiwen, G., et al. (2021). 
The relationship between flavor formation, lipid metabolism, and microorganisms 
in fermented fish products. Food Funct. 12, 5685–5702. doi: 10.1039/D1FO00692D

18

https://doi.org/10.3389/fmicb.2022.1030789
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1030789/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1030789/full#supplementary-material
https://doi.org/10.3390/ijerph181910093
https://doi.org/10.1016/j.foodchem.2019.03.100
https://doi.org/10.1046/j.1365-2672.2001.01223.x
https://doi.org/10.1046/j.1365-2672.2001.01223.x
https://doi.org/10.1016/j.cofs.2015.03.002
https://doi.org/10.1007/s13197-016-2224-x
https://doi.org/10.5194/bg-13-6031-2016
https://doi.org/10.5194/bg-13-6031-2016
https://doi.org/10.1007/s00217-003-0691-6
https://doi.org/10.1007/s00217-003-0691-6
https://doi.org/10.1089/10665270050081559
https://doi.org/10.1007/s00248-011-9936-2
https://doi.org/10.1007/s00248-011-9936-2
https://doi.org/10.1111/JFPP.15230
https://doi.org/10.1007/s00253-014-6130-8
https://doi.org/10.1016/j.jbiosc.2021.09.002
https://doi.org/10.1002/jsfa.6827
https://doi.org/10.1128/AEM.00441-10
https://doi.org/10.1016/j.cofs.2015.03.001
https://doi.org/10.3390/microorganisms8030426
https://doi.org/10.1186/S13568-021-01301-W
https://doi.org/10.1016/s0956-7135(03)00066-5
https://doi.org/10.1080/10408398.2022.2047884
https://doi.org/10.1016/j.foodcont.2019.106861
https://doi.org/10.1016/j.foodchem.2006.11.023
https://doi.org/10.1016/j.foodcont.2010.02.008
https://doi.org/10.1016/j.foodcont.2010.02.008
https://doi.org/10.1016/j.fm.2013.01.009
https://doi.org/10.1111/are.13026
https://doi.org/10.1111/are.13026
https://doi.org/10.1016/j.foodchem.2009.02.010
https://doi.org/10.1016/j.foodchem.2011.07.074
https://doi.org/10.1016/j.fm.2011.12.016
https://doi.org/10.1016/j.fm.2019.04.013
https://doi.org/10.1016/J.LWT.2021.112628
https://doi.org/10.1016/J.LWT.2021.112628
https://doi.org/10.1039/D1FO00692D


Chen et al. 10.3389/fmicb.2022.1030789

Frontiers in Microbiology 13 frontiersin.org

Lu, L., Liying, R., Ji, A., Wen, Z., Chen, S., Ling, W., et al. (2018). Biogenic amines 
analysis and microbial contribution in traditional fermented food of Douchi. Sci. 
Rep. 8:12567. doi: 10.1038/s41598-018-30456-z

Masniyom, P. (2011). Deterioration and shelf-life extension of fish and fishery 
products by modified atmosphere packaging. Songklanakarin J. Sci. Technol. 33, 
181–192.

Mengjuan, C., Yeyou, Q., Fangming, D., Hui, Z., Rongrong, W., Pao, L., et al. 
(2021). Illumina MiSeq sequencing reveals microbial community succession in 
salted peppers with different salinity during preservation. Food Res. Int. 143:110234. 
doi: 10.1016/J.FOODRES.2021.110234

Moradi, M., Tajik, H., Almasi, H., Forough, M., and Ezati, P. (2019). A novel pH-
sensing indicator based on bacterial cellulose nanofibers and black carrot 
anthocyanins for monitoring fish freshness. Carbohydr. Polym. 222:115030. doi: 
10.1016/j.carbpol.2019.115030

Mukisa, I. M., Byaruhanga, Y. B., Muyanja, C. M. B. K., Langsrud, T., and 
Narvhus, J. A. (2017). Production of organic flavor compounds by dominant lactic 
acid bacteria and yeasts from Obushera, a traditional sorghum malt fermented 
beverage. Food Sci. Nutr. 5, 702–712. doi: 10.1002/fsn3.450

Önal, A. (2007). A review: current analytical methods for the determination of 
biogenic amines in foods. Food Chem. 103, 1475–1486. doi: 10.1016/j.
foodchem.2006.08.028

Özogul, F., and Hamed, I. (2017). The importance of lactic acid bacteria for the 
prevention of bacterial growth and their biogenic amines formation: a review. Crit. 
Rev. Food Sci. Nutr. 58, 1660–1670. doi: 10.1080/10408398.2016.1277972

Rice, S. L., Eitenmiller, R. R., and Koehler, P. E. (1976). Biologically active amines 
in food: a review. J. Milk Food Technol. 39, 353–358. doi: 10.4315/0022-2747-39.5.353

Ruiz-Capillas, C., and Jiménez-Colmenero, F. (2004). Biogenic amines in meat and 
meat products. Crit. Rev. Food Sci. Nutr. 44, 489–499. doi: 10.1080/10408690490489341

Sang, X., Li, K., Zhu, Y., Ma, X., and Hou, H. (2020). The impact of microbial 
diversity on biogenic amines formation in grasshopper sub shrimp paste during the 
fermentation. Front. Microbiol. 11:782. doi: 10.3389/fmicb.2020.00782

Shen, Y., Wu, Y., Wang, Y., Li, L., and Yang, S. (2021). Contribution of 
autochthonous microbiota succession to flavor formation during Chinese fermented 
mandarin fish (Siniperca chuatsi). Food Chem. 348:129107. doi: 10.1016/j.
foodchem.2021.129107

Silbande, A., Adenet, S., Smith-Ravin, J., Joffraud, J.-J., Rochefort, K., and Leroi, F. 
(2016). Quality assessment of ice-stored tropical yellowfin tuna (Thunnus albacares) 
and influence of vacuum and modified atmosphere packaging. Food Microbiol. 60, 
62–72. doi: 10.1016/j.fm.2016.06.016

Smith, T. A. (1981). Amines in food. Food Chem. 6, 169–200. doi: 10.1016/0308- 
8146(81)90008-X

Stellato, G., Storia, A. L., Filippis, F. D., Borriello, G., Villani, F., and Ercolini, D. 
(2016). Overlap of spoilage microbiota between meat and meat processing 
environment in small-scale vs large-scale retail distribution. Appl. Environ. 
Microbiol. 82, 4045–4054. doi: 10.1128/AEM.00793-16

Visciano, P., Schirone, M., Tofalo, R., and Suzzi, G. (2012). Biogenic amines in raw 
and processed seafood. Front. Microbiol. 3:188. doi: 10.3389/fmicb.2012.00188

Wang, Y., Li, C., Li, L., Yang, X., Wu, Y., Zhao, Y., et al. (2018). Effect of bacterial 
community and free amino acids on the content of biogenic amines during 

fermentation of Yu-lu, a Chinese fermented fish sauce. J. Aquat. Food Prod. Technol. 
27, 496–507. doi: 10.1080/10498850.2018.1450573

Wang, Y., Zhang, C., Liu, F., Jin, Z., and Xia, X. (2022). Ecological succession and 
functional characteristics of lactic acid bacteria in traditional fermented foods. Crit. 
Rev. Food Sci. Nutr. 11–15. doi: 10.1080/10408398.2021.2025035

Wiernasz, N., Leroi, F., Chevalier, F., Cornet, J., Cardinal, M., Rohloff, J., et al. 
(2020). Salmon gravlax biopreservation with lactic acid bacteria: a Polyphasic 
approach to assessing the impact on organoleptic properties, microbial ecosystem 
and Volatilome composition. Front. Microbiol. 10:3103. doi: 10.3389/fmicb.2019. 
03103

Wu, Y., Xia, M., Zhao, N., Tu, L., Xue, D., Zhang, X., et al. (2021). Metabolic profile 
of main organic acids and its regulatory mechanism in solid-state fermentation of 
Chinese cereal vinegar. Food Res. Int. 145:110400. doi: 10.1016/J.
FOODRES.2021.110400

Yan, L., Liu, S., Liu, Q., Zhang, M., Liu, Y., Wen, Y., et al. (2019). Improved 
performance of simultaneous nitrification and denitrification via nitrite in an 
oxygen-limited SBR by alternating the DO. Bioresour. Technol. 275:153. doi: 
10.1016/j.biortech.2018.12.054

Yu, W., Guo, A., Zhang, Y., Chen, X., Qian, W., and Li, Y. (2018). Climate-induced 
habitat suitability variations of chub mackerel Scomber japonicus in the East China 
Sea. Fish. Res. 207, 63–73. doi: 10.1016/j.fishres.2018.06.007

Yu, D., Wu, L., Regenstein, J. M., Jiang, Q., Yang, F., Xu, Y., et al. (2019). 
Recent advances in quality retention of non-frozen fish and fishery products: 
a review. Crit. Rev. Food Sci. Nutr. 60, 1747–1759. doi: 10.1080/10408398.2019. 
1596067

Zhai, H., Yang, X., Li, L., Xia, G., Cen, J., Huang, H., et al. (2012). Biogenic amines 
in commercial fish and fish products sold in southern China. Food Control 25, 
303–308. doi: 10.1016/j.foodcont.2011.10.057

Zhou, W., Tang, H., He, L., Yang, H., and Ou, C. (2012). Screening and 
identification of histamine-producing bacteria from chub mackerel meat. Food Sci. 
33, 225–229.

Zhuang, S., Hong, H., Zhang, L., and Luo, Y. (2020a). Spoilage-related microbiota 
in fish and crustaceans during storage: research progress and future trends. Compr. 
Rev. Food Sci. Food Saf. 20, 252–288. doi: 10.1111/1541-4337.12659

Zhuang, S., Li, Y., Hong, H., Liu, Y., Shu, R., and Luo, Y. (2020b). Effects of ethyl 
lauroyl arginate hydrochloride on microbiota, quality and biochemical changes of 
container-cultured largemouth bass (Micropterus salmonides) fillets during storage 
at 4°C. Food Chem. 324:126886. doi: 10.1016/j.foodchem.2020.126886

Zhuang, S., Li, Y., Jia, S., Hong, H., Liu, Y., and Luo, Y. (2019). Effects of 
pomegranate peel extract on quality and microbiota composition of bighead carp 
(Aristichthys nobilis) fillets during chilled storage. Food Microbiol. 82, 445–454. doi: 
10.1016/j.fm.2019.03.019

Zhuang, S., Liu, X., Li, Y., Zhang, L., Hong, H., Liu, J., et al. (2020c). Biochemical 
changes and amino acid deamination & decarboxylation activities of spoilage 
microbiota in chill-stored grass carp (Ctenopharyngodon idella) fillets. Food Chem. 
336:127683. doi: 10.1016/j.foodchem.2020.127683

Zhuang, S., Tan, Y., Hong, H., Li, D., Zhang, L., and Luo, Y. (2022). Exploration of 
the roles of spoilage bacteria in degrading grass carp proteins during chilled storage: 
A combined metagenomic and metabolomic approach. Food Res. Int. 152:110926. 
doi: 10.1016/J.FOODRES.2021.110926

19

https://doi.org/10.3389/fmicb.2022.1030789
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1038/s41598-018-30456-z
https://doi.org/10.1016/J.FOODRES.2021.110234
https://doi.org/10.1016/j.carbpol.2019.115030
https://doi.org/10.1002/fsn3.450
https://doi.org/10.1016/j.foodchem.2006.08.028
https://doi.org/10.1016/j.foodchem.2006.08.028
https://doi.org/10.1080/10408398.2016.1277972
https://doi.org/10.4315/0022-2747-39.5.353
https://doi.org/10.1080/10408690490489341
https://doi.org/10.3389/fmicb.2020.00782
https://doi.org/10.1016/j.foodchem.2021.129107
https://doi.org/10.1016/j.foodchem.2021.129107
https://doi.org/10.1016/j.fm.2016.06.016
https://doi.org/10.1016/0308-8146(81)90008-X
https://doi.org/10.1016/0308-8146(81)90008-X
https://doi.org/10.1128/AEM.00793-16
https://doi.org/10.3389/fmicb.2012.00188
https://doi.org/10.1080/10498850.2018.1450573
https://doi.org/10.1080/10408398.2021.2025035
https://doi.org/10.3389/fmicb.2019.03103
https://doi.org/10.3389/fmicb.2019.03103
https://doi.org/10.1016/J.FOODRES.2021.110400
https://doi.org/10.1016/J.FOODRES.2021.110400
https://doi.org/10.1016/j.biortech.2018.12.054
https://doi.org/10.1016/j.fishres.2018.06.007
https://doi.org/10.1080/10408398.2019.1596067
https://doi.org/10.1080/10408398.2019.1596067
https://doi.org/10.1016/j.foodcont.2011.10.057
https://doi.org/10.1111/1541-4337.12659
https://doi.org/10.1016/j.foodchem.2020.126886
https://doi.org/10.1016/j.fm.2019.03.019
https://doi.org/10.1016/j.foodchem.2020.127683
https://doi.org/10.1016/J.FOODRES.2021.110926


Frontiers in Microbiology 01 frontiersin.org

A new method for the rapid 
detection of the antibacterial 
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Rapid detection of antibacterial and bacteriostatic properties is an important 

part of the quality and safety supervision of disinfectants. In this study, propidium 

monoazide (PMA) was used in combination with real-time PCR (PMA-qPCR) to 

detect the antibacterial and bacteriostatic activity of disinfectants against three 

commonly used indicator bacteria, Escherichia coli, Staphylococcus aureus, 

and Candida albicans, utilizing specifically designed primers. The method for 

preparing membrane-damaged bacteria was optimized to improve the ability 

of the PMA dye to distinguish between live and dead indicator bacteria. Finally, 

this method could simultaneously detect viable numbers of the indicator 

bacteria after the disinfectants were used. The R2 values of the PMA-qPCR 

standard curves were 0.9986, 0.9980, and 0.9962 for E. coli, S. aureus, and C. 

albicans, respectively, and the detection range was 103 ~ 106 CFU/ml, showing 

no significant difference in accuracy compared to that of the plate counting 

method (p > 0.05). The method established here is the first application of PMA-

qPCR to detect the antibacterial and bacteriostatic activity of disinfectants. 

This technique markedly simplifies the detection steps of antibacterial and 

bacteriostatic activity, reduces the detection time (3 h compared to 48 ~ 72 h 

for the plate counting method), improves the quality supervision efficiency of 

disinfectants, and guarantees healthy and safe lives.

KEYWORDS

disinfectants, antibacterial and bacteriostatic activity, PMA-qPCR method, 
homogenization method, rapid detection

Introduction

The novel coronavirus has caused a worldwide infection since its outbreak in 2019, and 
the situation remains dire. The market share of disinfectants has proliferated to maximize 
people’s health status; however, their quality control is facing an unprecedented challenge. 
Disinfectants products include disinfectant solution, disinfection devices (including 
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biological indicators, chemical indicators, and packaging for 
sterilized items), hygiene products, and single-use medical 
supplies (Fathizadeh et al., 2020). Disinfectants are widely used to 
ensure the quality and safety of medical devices, human life, and 
drinking water. Supervision of the product quality and safety of 
disinfectants, especially research on the rapid detection methods 
of antibacterial and bacteriostatic activity of disinfectants, is an 
important scientific issue related to health and the harmonious 
development of society (Rutala and Weber, 2016).

Disinfection refers to the elimination, removal, and 
suppression of pathogens and other harmful microorganisms in 
the environment. The evaluation of the effectiveness of 
disinfectants often relies on laboratory cultures because of the 
invisibility of microorganisms to the naked eye. The current 
national standards for the antibacterial and bacteriostatic activity 
of disinfectants are based on the indicator bacteria plate count 
method (China Technical Standard For Disinfection 2002), with 
the following main indicators: Escherichia coli 8099 stands for 
enteric bacteria, Staphylococcus aureus ATCC 6538 stands for 
septic cocci in bacterial colonies, and Candida albicans ATCC 
10231 stands for pathogenic fungi. The specific method of this 
assay is to perform a plate count of the indicator bacteria from the 
treated samples and calculate the bactericidal inhibition rate from 
the difference in the number of viable bacteria compared to that 
of the control samples. The plate count method is simple, but the 
number of steps and workload is large, the turnaround time for 
test results is approximately 48 h (bacteria) to 72 h (yeast), and 
many sublethal indicator bacteria cannot form colonies because 
of the limitations of the culture environment (Kumar and Ghosh, 
2019). Therefore, the plate count method cannot provide rapid 
evaluation of the antibacterial and bacteriostatic performance 
of disinfectants.

In recent years, real-time PCR (qPCR) has been widely used 
for the rapid quantitative detection of microorganisms (Kumar 
and Ghosh, 2019). The principle of this method is to amplify 
specific target microorganism genes by designing fluorescent dyes 
or fluorescence-labeled specific primers, and then determining the 
number of microorganisms in the sample by quantifying the 
initial template of the PCR reaction. The qPCR method, a 
detection technique that does not depend on microbial culture, 
drastically reduces the detection time; however, the nucleic acid 
detection method does not distinguish between dead and live 
bacteria (Zhao et  al., 2017). Therefore, conventional qPCR 
methods are limited in the detection of the antibacterial and 
bacteriostatic activity of disinfectants.

Ethidium monoazide (EMA) and propidium monoazide 
(PMA) are a class of photoreactive dyes with a high affinity for 
DNA (van Frankenhuyzen et al., 2011). They are embedded in 
double-stranded DNA under intense visible light to form a 
covalently linked chemical modification that cannot be amplified 
by PCR. Because EMA and PMA are completely impermeable to 
cell membranes, this property allows them to be  used in 
combination with qPCR to distinguish between dead and live 
bacteria. Recently, researchers have found that EMA treatment 

causes the loss of genomic DNA in live bacteria; therefore, PMA 
dyes have been chosen more often for this type of study (van 
Frankenhuyzen et al., 2011). Currently, PMA dye combined with 
fluorescent qPCR (PMA-qPCR) is widely used as a rapid detection 
method in food, medicine, and the environment. It detects not 
only bacteria, such as E. coli (Miotto et al., 2020; Deshmukh et al., 
2021), Salmonella (Techathuvanan and D'Souza, 2020), 
Lactobacillus (Yang et al., 2021), Vibrio (Copin et al., 2021), and 
Listeria monocytogenes (Kragh et al., 2020), but also fungi, such as 
C.albicans (Asadzadeh et  al., 2018), and even virus (Zeng 
et al., 2022).

The present study is the first application of PMA dye 
combined with qPCR for the rapid detection of the 
antibacterial and bacteriostatic activity of disinfectants. In 
contrast to the existing PMA-qPCR method, by optimizing the 
conditions, we aimed to develop a reaction system in which 
one product to be  tested simultaneously acts on multiple 
indicator bacteria and completes the specific quantitative 
detection of multiple live indicator bacteria. This method may 
significantly improve the detection efficiency of the 
antibacterial and bacteriostatic activity of disinfectants and 
provide a practical basis for PMA-qPCR for the detection of 
live bacteria in mixed samples.

Materials and methods

Microorganisms and culture conditions

The bacterial strains and the culture media used in this study 
are listed in Table  1. The indicator strains were grown in the 
corresponding culture medium (Table 1).

Species-specific general primers and 
Probes designed

Specific primers were designed based on the gene sequences 
of the three indicator bacteria, and the corresponding probe 
primers were synthesized to improve the specificity of detection 
of the target indicator bacteria. The primers for amplifying the 
target sequences of E. coli were named EC-F, EC-R, and EC-P, the 
primers for amplifying the target sequences of S. aureus were 
named SA-F, SA-R, and SA-P, and the primers for amplifying the 
target sequences of C. albicans were named CA-F, CA-R, and 
CA-P. The results are listed in Table 2. The primer probes were 
synthesized by Bioengineering (Shanghai).

DNA extraction

For bacterial DNA extraction, cells were first lysed by the 
homogenization method and then extracted using 
phenol:chloroform:isopentyl alcohol (25,24,1), which is consistent 
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with our previous reports (Yang et  al., 2021). The DNA 
concentration was measured using a microspectrophotometer.

Quantitative qPCR analysis

The qPCR reaction system was (20 μl):2× SYBR Premix ExTaq 
10 μl, 0.4 μl each of upstream and downstream primers and probe 
primer (10 μmol·L-1), 2 μl of template DNA (10 ng·μL-1), and dd 
H2O was added to 20 μl. A negative control reaction was set 
without DNA.

The amplification conditions were: pre-denaturation at 95°C 
for 30 s, denaturation at 95°C for 5 s, annealing at 58°C for 30 s, 
and extension at 72°C for 30 s for 40 cycles. The fluorescence signal 
was collected at the time of warming to establish a melting curve.

Specificity and sensitivity of qPCR

Primer specificity was verified by extracting genomic DNA 
from the three experimental strains and eight reference strains 
mentioned above, amplifying the samples by qPCR using the three 
primers mentioned above, and determining the specificity of the 
primers based on the results of the amplified Ct values (Zhai 
et al., 2019).

Primer amplification efficiency was verified by taking 1 ml of 
the prepared experimental broth with OD600 ≈ 1 (refer to live 
cells at the beginning of the exponential phase), and the number 
of viable bacteria in the experimental broth was determined by 
plate counting (Kragh et  al., 2020). At the same time, whole 
genomic DNA was extracted, and gradient dilutions (101 to 106 
dilutions) were prepared to obtain samples with different initial 

TABLE 1 Reference strains and specific primers verified by qPCR.

Strain Culture medium Culture temperature Ct values

Primer of EC Primer of SA Primer of CA

Escherichia coli ATCC 8099 Nutrient agar 36°C 15.08 ± 0.15 – –

Staphylococcus aureus ATCC 

6538

Nutrient agar 36°C – 14.64 ± 0.50 –

Candida albicans ATCC 

10231

Sabouraud’s agar 36°C – 36.11 ± 0.17 9.08 ± 0.15

Enterobacter aerogenes ATCC 

13048

Nutrient agar 36°C 35.64 ± 0.18 – –

Staphylococcus epidermidis 

CMCC(B)26,069

Nutrient agar 36°C – 35.92 ± 0.12 –

Salmonella ATCC 14028 Nutrient agar 36°C 35.28 ± 0.34 36.11 ± 0.03 35.13 ± 0.25

Pseudomonas aeruginosa 

ATCC 27853

Nutrient agar 36°C – – –

Pseudomonas fluorescens 

ATCC 13525

Nutrient agar 36°C – – –

Bacillus subtilis ATCC 6633 Nutrient agar 36°C 36.21 ± 0.54 36.77 ± 0.14 34.71 ± 0.56

Listeria monocytogenes ATCC 

19111

BHI agar 36°C – – –

Saccharomyces cerevisiae 

ATCC9763

Sabouraud’s agar 36°C 35.31 ± 0.31 36.17 ± 0.12 34.86 ± 0.16

“–” indicates that no band is amplified.

TABLE 2 The primer used in this study.

Name of the primer Primer sequence Product size Reference gene References

EC-F 5′-gcgggtatttggctacgtaacga-3’ 109 bp lacY Yuan et al. (2018)

EC-R 5′-ccagcagcagggcatttttc-3′

EC-P 5’-VIC-tgcgccactgatcat-MGB-3′

SA-F 5′-tagggatggctatcagtaatgttt-3′ 105 bp GenBank ID: DQ507382.1 Zhang et al. (2015)

SA-R 5′-ctatttacgccgttacctgtttgt-3′

SA-P 5’-CY5-agaacaatacacaaagagg-MGB-3′

CA-F 5′-cagaagtgacaggaacagcaatca-3′ 94 bp sapI Lin et al. (2021)

CA-R 5′-gccactggacaaatcattttcg-3′

CA-P 5’-FAM-ccactgtatttagctttgtca-MGB-3′
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DNA concentrations. The samples were amplified by qPCR using 
the above primers, and the linear equation of the Ct value versus 
initial DNA concentration was plotted to calculate the qPCR 
amplification efficiency E value (E = 10-1/slope). Three replicates were 
performed for each qPCR sample.

Killing method for obtaining the dead 
cells of indicator bacteria

Heating methods
One milliliter of the experimental bacterial solution with 

OD600 ≈ 1 prepared as above was placed in a 1.5 ml centrifuge 
tube, washed twice in phosphate buffer solution (PBS), and 
resuspended in 1 ml of PBS buffer. The bacteria were treated in a 
water bath at 100°C for 15 min for heat lethality, and the untreated 
suspension was used as the control group. Three replicates were 
performed for each sample.

Homogenization (mechanical) method
One milliliter of the experimental bacterial solution with 

OD600 ≈ 1 prepared as described above was placed in a 1.5 ml 
centrifuge tube, washed twice in PBS buffer, and resuspended in 
1 ml of PBS buffer. The homogenization program was set to a 
homogenization speed of 6.0 m/s, working time of 30 s, and 
interval of 30 s. A total of 15, 20, 25, 30, and 35 cycles were 
performed, with the untreated bacterial suspension as the control 
group. Three replicates were performed for each sample.

The samples obtained using the above method were directly 
coated with 200 μl of the corresponding solid medium plates and 
incubated at 37°C for 24 ~ 48 h. These results were used to 
determine the effectiveness of the preparation of membrane-
damaged bacteria. Three replicates were performed for 
each sample.

PMA treatment for PMA-qPCR

The working concentration of PMA dye-treated samples 
(experimental bacterial solution or samples to be examined) in 
this study was 40 μg/ml (Zhao et al., 2019; Yang et al., 2021). The 
PMA was well mixed with the samples, incubated for 5 min 
protected from light, followed by 15 min of light reaction time, 
and the PMA-treated samples were analyzed in a PMA-Lite LED 
Photolysis Device (BIOTIUM, E90002, USA).

Construction of PMA-qPCR standard 
curve

One milliliter of the experimental bacterial solution with 
OD600 ≈ 1 prepared by the above method was collected by 
centrifugation at 12,000 × g for 1 min, washed twice with PBS 
buffer solution, and resuspended in an equal volume of PBS buffer 

solution. The suspensions were divided equally into two groups: 
one group without any treatment, that is, the live group, and one 
group with membrane-damaged bacteria prepared first according 
to the optimized method, followed by PMA treatment. DNA was 
extracted from both groups, and the DNA of the live group was 
diluted in a gradient (100 ~ 106 times) with the DNA of the 
membrane-damaged group. The Ct values were obtained by qPCR 
amplification using the designed primers. Ct values were obtained 
using an ABI 7500 FAST fluorescent quantitative PCR instrument. 
Three replicates were performed for each sample. A standard 
curve of Ct values versus the initial DNA concentration of live 
bacteria after PMA treatment was plotted.

Testing of disinfection products

The disinfectant products tested were: Refreshing Hand 
sanitizer, produced by Shanghai Jahwa United for germicidal 
experiments; Willows Foam Antibacterial Hand sanitizer, 
produced by Willis (Guangzhou) Household Products for 
germicidal experiments; Jierou sanitary wipes, produced by 
Zhongshun Jierou (Sichuan) Paper for sterilization experiments; 
Vida sanitary wipes, produced by Vida Paper (Beijing) for 
germicidal experiments; 84 disinfectants, produced by Jiangsu 
Atef 84 for sterilization experiments; and Hand disinfectant, 
produced by Nanjing Zhuhai Biotechnology for 
sterilization experiments.

Handwash inhibition test
A 10 g sample of hand sanitizer was weighed, added to an 

equal mass of PBS (0.03 mol/l, pH 7.2), homogenized, and 
prepared to obtain the sample solution to be tested.

Plate counting detection refers to China Standard GB15979-
2002: Hygienic standard for disposable sanitary products. The 
PMA-qPCR method was slightly modified on the basis of the plate 
counting method, as follows: the 24 h slant culture of a single 
indicator bacterium was washed with PBS to make a bacterial 
concentration of approximately 5 × 105 ~ 4.5 × 106 CFU/ml 
suspension; the three indicator bacterial suspensions were mixed 
in equal volumes; 300 μl of the mixed suspension was added to 
5 ml of the sample solution, and 300 μl of the control sample was 
added to 5 ml of PBS for the control group. After 2 min, the 
experimental and control samples (0.5 ml) were placed in a test 
tube containing 5 ml of PBS and mixed well to terminate the 
inhibition experiment. The experimental and control samples 
were treated with PMA, and DNA was extracted and subjected to 
qPCR assays. The Ct values were recorded, and the number of 
viable bacteria in the sample solution was calculated using the 
PMA-qPCR standard curve.

Germicidal test of sanitary wipes
The neutralizing agent was identified according to China 

Standard GB15979-2002: Hygienic standard for disposable 
sanitary products, and the neutralizing agent of the sanitary wipes 
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used in this study was determined to be “Tryptic Soybean Peptone 
Liquid Medium (TSB) containing 1% sodium thiosulfate and 1% 
Tween 80.” The PMA-qPCR method was modified slightly by 
mixing three indicator bacterial suspensions in equal volumes, 
each with a concentration of 5 × 105 ~ 4.5 × 106 CFU/ml. Next, 
300 μl of the indicator bacterial suspension was added dropwise to 
the control sample. After the reaction was terminated by the 
neutralizer, the samples of the experimental group and the control 
group were treated with PMA, and DNA was extracted and 
subjected to qPCR. Ct values were recorded, and the number of 
viable bacteria in the samples was calculated using the PMA-qPCR 
standard curve.

Sterilization experiments with disinfectants
The neutralizer identification test was performed according to 

China Technical Standard For Disinfection 2002, and the 
neutralizer used in this study for the 84 disinfectant samples was 
PBS containing 0.5% sodium thiosulfate, 0.2% lecithin, and 2% 
Tween 80″. The disinfectant sample to be  tested was prepared 
using sterile hard water at a concentration of 1.25 times the 
concentration to be tested.

The PMA-qPCR method was slightly modified in the 
experimental method, and the indicator bacterial suspension was 
mixed with three types of suspensions in equal volumes, and the 
concentration of each indicator suspension was approximately 
3 × 108 CFU/ml to 1.5 × 109 CFU/ml. The samples were treated with 
PMA, and DNA was extracted and subjected to qPCR. Ct values 
were recorded, and the number of viable bacteria in the samples 
was calculated using the PMA-qPCR standard curve.

Statistical analysis

The experiments were repeated three times with all indicators 
in three parallel groups. The results are expressed as x ± s. The 
SPSS software (version 2.0) was used for the statistical analysis of 
the experimental data. The two groups were analyzed using 
independent samples t-test, and the significance level was set 
at 0.05.

Results

Primer specificity validation

The specificity of qPCR primers was verified according to 
a previously described method. The qPCR results obtained for 
the Ct values are shown in Table 1. DNA from the three target 
indicator bacteria were successfully amplified using the 
corresponding primers, with Ct values ranging from 
9.08 ± 0.15 to 15.08 ± 0.15 (Table 1). Moreover, amplification 
of other indicator bacteria and reference strains using the 
target primers was unsuccessful, illustrating the specificity of 
the qPCR primers.

Validation of primer amplification 
efficiency

The experimental bacterial solutions prepared at OD600 ≈ 1 
for the indicator bacteria were subjected to plate colony counting. 
The results showed that the experimental concentrations of the 
three different indicator bacteria, E. coli, S. aureus, and C. albicans, 
were 1.1 × 109, 5.6 × 108, and 4.5 × 108 CFU/ml, respectively. The 
genomic DNA of the three indicator bacteria was then extracted 
separately, diluted in a gradient to obtain 102 ~ 109 CFU/ml 
bacterial DNA concentrations, and used sequentially as templates 
for qPCR amplification. The Ct values of the single indicator 
bacteria were plotted against a standard curve of log10 CFU/mL, 
and the experimental results are shown in Table 3.

The results showed that DNA from the three indicator bacteria 
was successfully amplified using the corresponding qPCR in the 
range of 103 ~ 106 CFU/ml, and the amplification efficiency was in 
the range of 90 ~ 105%.

Based on these results, we concluded that the qPCR primers 
had good specificity and high amplification efficiency. To further 
improve the detection efficiency, three indicator bacteria primers 
were added to the qPCR system simultaneously in the actual 
disinfectant sample testing to achieve a one-step detection of 
different indicator bacteria.

Preparation of membrane-damaging 
bacteria

Heating method
The three indicator bacteria were treated separately in a 100°C 

water bath for 15 min, and the samples before and after treatment 
were subjected to plate counting and qPCR. In addition, the 
heated samples were subjected to PMA treatment and subsequent 
qPCR analysis; the results are shown in Table 4.

The heating method was effective for fragmenting all three 
indicator bacteria, and no colonies grew on the corresponding 
plates after heating (Table 4). However, qPCR showed that the 
Ct values changed before and after the heat treatment, especially 
for S. aureus and C. albicans. The ΔCt values were 6.24 and 4.87 
before and after treatment, respectively, which is highly variable, 

TABLE 3 The amplification efficiency of qPCR.

Indicator 
bacteria

Equation of 
linear regression

R2 
value

Detection 
range

E 
valuea

(log10CFU/
mL)

Escherichia coli y = −3.4571x + 37.1901 0.9993 3 ~ 6 94.65%

Staphylococcus 

aureus

y = −3.7889x + 42.3801 0.9995 3 ~ 6 93.62%

Candida 

albicans

y = −3.1250x + 36.4680 0.9991 3 ~ 6 92.95%

aE-value = 10(−1/slope).
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and it was seen that the heat treatment caused different degrees 
of damage to the DNA of all three indicator bacteria, which 
affected the amplification of PCR reactions. Although the Ct 
values of qPCR were further reduced after PMA treatment, it 
could not be determined whether heat treatment influenced the 
PMA-bound DNA. Therefore, the heating method is not 
applicable for the preparation of membrane-damaged bacteria. 
Currently, the heating method has been used in many 
PMA-qPCR studies for the preparation of membrane-damaged 
bacteria; however, optimization of the heat treatment conditions 
needs to be  performed according to different target strains. 
Because the goal of the current study was to detect three 
indicator bacteria simultaneously, the generality of membrane-
damaged bacterial preparations was required; therefore, no 
further attempts to optimize the heat treatment method 
were made.

Homogenization (mechanical) method
To determine the appropriate homogenization intensity that 

could simultaneously target the three indicator bacteria, a one-way 
experiment on the number of homogenization cycles was 
conducted, and the results are shown in Table 5.

The homogenization method did not have consistent 
fragmentation effects for the three different indicator bacteria 
(Table 5). The gram-negative bacterium E. coli has a sparse cell 
wall, is easily fragmented, and was completely fragmented after 15 
homogenization cycles, whereas the gram-positive bacterium 
S. aureus and C. albicans required increased mechanical 
fragmentation intensity owing to their dense cell walls. According 
to the experimental results, the final condition of the 
homogenization crushing treatment was determined as 6.0 m/s 
(work 30 s and stop 30 s) per cycle for 35 cycles.

The three indicator bacteria were homogenized and separately 
fragmented. The samples were subjected to qPCR before and after 
treatment, and homogenized samples were subjected to PMA and 
subsequent qPCR analyses. Table 6 presents the results.

The Ct values of qPCR before and after homogenization of 
the three indicator bacteria were not significantly different, which 
revealed that this treatment did not affect the amplification of 
genomic DNA of the strains involved in subsequent PCR 
reactions (Table 6). In addition, the Ct values of qPCR after PMA 
treatment were significantly lower than those before PMA 
treatment, with ΔCt values of 12.83, 12.73, and 11.10 for E. coli, 

S. aureus, and C. albicans, respectively, indicating that PMA could 
distinguish between live and membrane-damaged bacteria. These 
results fully illustrated the feasibility of PMA-qPCR for  
the quantification of viable bacteria among the three 
indicator bacteria.

Construction of PMA-qPCR standard 
curve

Standard curves of PMA-qPCR for the three indicator 
bacteria were established according to the methods described 
above (Table 7). The results show that the standard curves had 
a good linear relationship, and all of the concentration ranges 
of the detected E. coli, S. aureus, and C. albicans were 
103 ~ 106 CFU/ml, respectively, which met the requirements for 
antibacterial and bacteriostatic effects of disinfectants (China 
Standard GB15979-2002: Hygienic standard for disposable 
sanitary products).

Testing of disinfection products

The antibacterial and bacteriostatic activity of the three 
disinfectants were tested using the PMA-qPCR method and were 
compared with those of the corresponding national standards 
adopted for plate counting.

Figure 1 shows the qPCR amplification curves of the three 
indicator bacteria treated with PMA after exposure to the test 
product. Compared with that of the control sample (three 
indicator bacteria in contact with PBS), the amplification curve of 
the experimental sample showed a significant backward shift, that 
is, a significant increase in the Ct value. This result indicates that 
PMA effectively differentiated the live and dead bacteria in the 
experimental sample, which enabled subsequent qPCR to 
successfully quantify the live bacteria of the three indicator 
bacteria in the sample and finally achieved rapid detection of the 
bacteriostatic properties of the product. More importantly, as 
shown in Figure 1, the simultaneous addition of the designed 
primers and probes for the three indicator bacteria to the qPCR 
system enabled the concurrent quantitative detection of three 
different indicator bacteria in the experimental samples. In total, 
the results show that this method can successfully detect the 

TABLE 4 Experimental results of the heating treated samples.

Indicator bacteria Plate count qPCR PMA-qPCR
(log10CFU/mL) (Ct value) (Ct value)

Before heating After heating Before heating After heating After heating

Escherichia coli 8.87 ± 0.57 – 11.92 ± 0.17 12.62 ± 0.34 20.66 ± 0.43

Staphylococcus aureus 6.14 ± 0.35 – 12.62 ± 0.68 18.86 ± 0.21 20.17 ± 0.28

Candida albicans 4.14 ± 0.46 – 14.37 ± 0.19 19.24 ± 0.38 21.11 ± 0.37

“–” indicates that no clone growth.
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quantification of three indicator bacteria in one sample, which has 
not been reported yet.

In the present study, the established PMA-qPCR method was 
applied to test six disinfectants in three categories, hand sanitizers, 
sanitary wipes, and disinfection solutions, as shown in Figure 2. 
There was no significant difference between the PMA-qPCR and 
plate counting methods in the quantitative detection of the three 
indicator bacteria after contact with disinfectants. This result 
illustrates that the PMA-qPCR method established here is accurate 
and appropriate for detecting the antibacterial and bacteriostatic 
activity of disinfectants.

Discussion

According to China Technical Standard For Disinfection 
2002, the plate counting method is the national standard 
detection method for the numerical detection of viable 
microorganisms in disinfectants. This method is simple; however, 
test results depend on the growth of microorganisms, which takes 
approximately 48 h (bacteria) to 72 h (yeast). In addition, owing 
to the limitations of the culture medium and conditions, the plate 
counting method can only detect bacteria suitable for growth 
under the corresponding culture conditions. Many indicator 
bacteria in a sublethal state (VBNC) cannot form colonies in 
conventional culture media (Li et al., 2017; Golpayegani et al., 
2019). Therefore, it is difficult to evaluate the number of indicator 
bacteria before and after sterilization using daily 
chemical disinfectants.

At the same time, antibacterial and bacteriostatic activity tests 
of disinfectants usually require two to three indicator bacteria: 
S. aureus, E. coli, and C. albicans (Jampilek, 2018). During 
detection, the same product to be tested needs to be applied to 
different indicator bacteria and the quantitative detection of each 
indicator bacteria after treatment. In conclusion, current national 
standard methods are unable to rapidly evaluate the antibacterial 
and bacteriostatic activity of disinfectants. To date, no other 
methods have been developed to detect the antibacterial and 
bacteriostatic activity of disinfectants.

Currently, PMA combined with qPCR is primarily used 
for microbial detection in food, medicine, and the 
environment. However, there are no reports on the 
antibacterial and bacteriostatic activity detection of 
disinfectants. The standard curve of PMA-qPCR was drawn 
by preparing the membrane-damaged bacteria of the target 
microorganism using the DNA from the membrane-damaged 
bacteria to conduct a gradient dilution of its living bacterial 
DNA, and then drawing it according to the Ct value of the 
qPCR reaction. Therefore, the preparation method of 
membrane-damaged bacteria is the key to distinguishing 
between live and dead bacteria of the target microorganism by 
PMA dye, and it also determines the accuracy of PMA-qPCR 
for the detection of living target microorganisms. Heating is 
the most commonly reported method for preparing 
membrane-damaged bacteria (Chen et al., 2011; Løvdal et al., 
2011; Ditommaso et  al., 2015). However, we  showed that 
although the heating method had a good crushing effect on 
the three indicator bacteria, there was no colony growth on 

TABLE 5 Optimization results of the homogenization method.

Indicator bacteria Cycles

Plate counting result

(log10CFU/mL) 15 20 25 30 35

Escherichia coli – – – – –

Staphylococcus aureus 4.58 ± 0.12 2.83 ± 0.28 1.73 ± 0.25 – –

Candida albicans 4.08 ± 0.34 2.64 ± 0.23 1.92 ± 0.18 1.62 ± 0.26 –

“-” indicates that no clone growth.

TABLE 6 qPCR results of homogenization treated samples.

Indicator bacteria qPCR PMA-qPCR ΔCta

(Ct value) (Ct value)

Before homogenization After homogenization After homogenization Before and after 
PMA treatment

Escherichia coli 11.84 ± 0.13 9.82 ± 0.33 24.67 ± 0.23 12.83

Staphylococcus aureus 12.43 ± 0.58 12.48 ± 0.19 25.16 ± 0.21 12.73

Candida albicans 14.07 ± 0.16 14.21 ± 0.28 25.17 ± 0.47 11.1

aΔCt = Ct value of PMA-qPCR - Ct value of the control group.
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the corresponding plates after heat treatment. Moreover, the 
qPCR results (Table 4) showed that Ct values changed before 
and after treatment, especially for S. aureus and C. albicans, 
where the ΔCt values were 6.24 and 4.87 before and after heat 
treatment, respectively. These results revealed that the 
treatment caused different degrees of DNA damage in the 
three indicator bacteria and affected the amplification of the 
PCR reaction. Therefore, the heating method was not suitable 
for the preparation of membrane-damaged bacteria in this 
study. In addition, three indicator bacteria with membrane 
damage were prepared using the optimized homogenization 

method and analyzed using PMA treatment and qPCR. The 
results showed that the ΔCt values of qPCR before and after 
PMA treatment of the three indicator bacteria were 12.83, 
12.73, and 11.10 for E. coli, S. aureus, and C. albicans, 
respectively (Table 6). PMA can clearly distinguish between 
living and membrane-damaged bacteria. It is worth noting 
that the preparation method of membrane-damaged bacteria 
in the current study can be applied to indicator bacteria for 
antibacterial and bacteriostatic activity detection of three 
disinfectants simultaneously, providing favorable conditions 
for the simultaneous detection of antibacterial and 
bacteriostatic activity of one disinfectant against multiple 
indicator bacteria.

Finally, the PMA-qPCR quantitative detection method 
established herein was used to rapidly detect the antibacterial 
and bacteriostatic activity of the six disinfectants in three 
categories. The quantitative detection results of living bacteria 
before and after contact with the indicator bacteria of each 
disinfectant was not significantly different from those of the 
plate counting method, and the detection time was shortened 
to 3 h compared to 48 ~ 72 h for the plate counting method 

TABLE 7 PMA-qPCR standard curves of three indicator bacteria.

Indicator 
bacteria

Equation of linear 
regression

R2 value Detection range
(log10CFU/mL)

Escherichia coli y = −3.3559x + 36.7329 0.9986 3 ~ 6

Staphylococcus 

aureus

y = −3.238x + 38.8192 0.998 3 ~ 6

Candida albicans y = −3.168x + 36.5982 0.9962 3 ~ 6

FIGURE 1

Amplification curve of PMA-qPCR assay for disinfectant products. Using specific primers for three indicator bacteria, real-time quantitative 
detection of three indicator bacteria was realized in the same reaction system.
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(Figure 2). The present study markedly improves the detection 
efficiency of the antibacterial and bacteriostatic activity of 
disinfectants and their quality supervision efficiency (Drauch 
et  al., 2020; Filipe et  al., 2021). The PMA-qPCR method 
established here also provides the potential for detecting live 
mixed bacteria in complex samples.

Conclusion

The current study is the first application of PMA-qPCR for the 
rapid detection of the antibacterial and bacteriostatic activity of 
disinfectants. There was no significant difference between the 
method established here and the plate counting method in the 
rapid detection of the antibacterial and bacteriostatic activity of the 

six disinfectants in the three categories, indicating the high 
accuracy of this method. In addition, this method inspects 
disinfectants in a reaction system concurrently to carry out 
quarantine on three commonly used indicator bacteria/
antimicrobial resistance testing. Furthermore, it significantly 
simplifies the testing steps, reduces the testing time, improves the 
quality of disinfectant regulatory efficiency, and safeguards people’s 
health and safety.

Data availability statement

The original contributions presented in the study are included 
in the article/supplementary material, further inquiries can 
be directed to the corresponding author.
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FIGURE 2

Antibacterial and Bacteriostatic activity test results of disinfectant products. Two individual methods (plate count in MRS agar and PMA-qPCR) were 
used to detect the antibacterial and bacteriostatic activity of the six disinfectants in three categories [(A), Hand sanitizer; (B), Sanitary wipes and (C), 
Disinfection solutions)] Results represent the mean value of three repeats ± SD. No significant difference between the PMA-qPCR and plate 
counting methods in the quantitative detection of the three indicator bacteria after contact with disinfectants (p > 0.05).
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Over the past few decades, there has been a noticeable surge in the market 

of plant-based meat analogs (PBMA). Such popularity stems from their 

environmentally friendly production procedures as well as their positive 

health effects. In order to meet the market demand, it is necessary to look 

for plant protein processing techniques that can help them match the 

quality of conventional meat protein from the aspects of sensory, quality 

and functionality. Bean proteins are ideal options for PBMA with their easy 

accessibility, high nutrient-density and reasonable price. However, the high 

polyunsaturated lipids content of beans inevitably leads to the unpleasant 

beany flavor of soy protein products, which severely affects the promotion 

of soy protein-based PBMA. In order to solve this issue, various methods 

including bleaching, enzyme and fermentation etc. are developed. Among 

these, fermentation is widely investigated due to its high efficiency, less harm to 

the protein matrix, targeted performance and low budget. In addition, proper 

utilization of microbiome during the fermentation process not only reduces 

the unpleasant beany flavors, but also enhances the aroma profile of the final 

product. In this review, we provide a thorough and succinct overview of the 

mechanism underlying the formation and elimination of beany flavor with 

associated fermentation process. The pros and cons of typical fermentation 

technologies for removing beany flavors are discussed in alongside with their 

application scenarios. Additionally, the variations among different methods are 

compared in terms of the strains, fermentation condition, target functionality, 

matrix for application, sensory perception etc.
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Introduction

The Food and Agriculture Organization of the United Nations 
estimates that in 2019, humans consumed about 3.25 million tons 
of meat; demand for meat is expected to increase by another 12% 
by 2029; and by 2050, demand for meat will increase by about 
70%. If traditional meat production and management patterns 
remain unchanged, an additional 30%–50% of the land will 
be needed for livestock and meat production by then (Chen et al., 
2019). Moreover, such situation of undersupply can be further 
intensified by natural disasters showing up every now and then. 
Animal diseases such as African swine fever and avian influenza 
in 2018 caused an increasing number of small and medium-sized 
livestock companies to exit the market. During the Coronavirus 
Disease 2019 (COVID-19) pandemic, the meat, poultry, and 
animal product processing plants were the sectors most affected, 
which leads to imbalance between global supply and demand for 
meat products (Chen and Yang, 2021). This situation has now 
triggered an increase in the price of traditional meat products. The 
global agriculture and meat industry is facing serious challenges 
considering factors such as increasing pressure on the natural 
environment, population growth, consumer trends in health and 
environmental protection, and food innovation (Kumar et al., 
2017). To relieve the supply pressure of meat products, the 
development of plant-based meat analogs (PBMA) can be  an 
effective way to address the imbalance between meat production 
and consumption (Taufik et al., 2019; Sun et al., 2022).

Recent PBMA research and development has been focusing 
on utilizing raw materials such as soy and pea proteins to mimic 
the flavor, smell, appearance and texture of traditional meats. It is 
beneficial for the whole mankind not only in terms of promoting 
a sustainable development, but also from a nutrition aspect 
(Kyriakopoulou et al., 2021). Compared to traditional meat, the 
energy, land, and water consumption of plant-based meat is much 
lowered. That is why this new star can effectively mitigate carbon 
emissions and moderate global environmental change (Pimentel 
and Pimentel, 2003). Many epidemiological studies have shown 
that long-term meat consumption, especially red and processed 
meats, increases the incidence of digestive cancer, cardiovascular 
disease and hypercholesterolemia (Cordelle et  al., 2022). 
Conversely pieces of evidence support the health benefits of 
consuming a plant-based diet and increasing the intake of 
legumes. Significantly reduces the incidence of heart disease, high 
blood pressure, stroke, and type 2 diabetes (Polak et al., 2015).

Nevertheless, despite the many benefits of PBMA, their 
market share is still low at around 1% (Choudhury et al., 2020). 
The major bottleneck for developing ideal products which can 
cater the public lies in the texture as well as the taste. Other 
problems include high energy consumption of the production 
line, rough finished products and premature control technology. 
Currently, the key problem with the flavor of PBMA is that soy 
and pea proteins have an unpleasant beany-flavor which hinders 
consumer preference and acceptability (Mittermeier-Kleßinger 
et al., 2021). Flavorings are added during the production process 

to cover the off flavors as a current mainstream solution. However, 
the addition of extra seasonings may also have an impact on the 
overall taste and bring about adverse health issues for the 
consumers. Other methods to reduce the beany flavor include 
temperature control, enzyme treatment, acid–base treatment, 
supercritical CO2 extraction, new cultivars breeding, genetic 
engineering, etc. (Zhang et al., 2012). However, some of these 
methods have hidden risks for food safety and quality, while the 
high cost and extra energy consumption also bring about new 
problems (Kumari et al., 2015; Nedele et al., 2021; Korma et al., 
2022). Therefore, searching for novel technology to remove beany 
off-flavors instead of covering them is significant to improve the 
overall taste and future development of PBMA (Sun et al., 2022).

Recently, through the effort of modern microbiologists, it is 
more and more revealed that fermentation using microorganisms 
can effectively remove the beany flavor from next-generation 
plant-based food products such as PBMA. Moreover, a new 
aromatic taste can be developed during the fermentation to mask 
or cover the beany flavor sometimes (Wang Z. et al., 2022). Other 
than that, fermentation has many additional benefits, such as 
adjusting the gut microbiota and remediating the detriment on the 
gut epithelium caused by food additives (Yu and Zuo, 2021). This 
review discusses the mechanism of the formation of beany odors, 
the mechanism of using fermentation to remove them, and the 
applications and the differences of various traditional and newly 
emerged techniques. In the end, summary and discussion are 
made about the possibilities to utilize and improve current 
fermentation technique to better develop our food for future 
signatured by PBMA.

The formation of beany flavor

Unsaturated fatty acids are the main cause of beany flavor 
formation in legume-based foods. The formation of off-flavor 
compounds usually results from the oxidation of unsaturated fatty 
acids and the hydrolysis of lipids (Jelen, 2011). Legume seeds 
contain a large amount of unsaturated fatty acids, the most 
abundant being oleic acid, linolenic acid, and linoleic acid 
(Khrisanapant et al., 2019). The oxidation mechanism generally 
consists of three categories: automatic oxidation, photo-oxidation, 
and enzymatic oxidation (Wang Y. Q. et al., 2022).

Automatic oxidation

As shown in the yellow route in Figure 1, automatic oxidation 
is a free radical chain reaction involving oxygen and unsaturated 
lipids (Wang Y. Q. et al., 2022). Principally, reactive singlet oxygen 
attacks H, forming α-methylene near the double bonds, thus 
forming alkyl radicals (R·). After that, further oxygen absorption 
leads to the formation of peroxyl radicals (ROO·) and hydrogen 
peroxide, which ends up with a wide range of volatile and 
non-volatile secondary products, odor compounds (Wang et al., 
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2021). Once the chain reaction starts, it is very difficult to 
be stopped. Therefore, preventing chain reaction initiation is the 
most effective way to control autoxidation.

Photosensitized oxidation

The left green route in Figure 1 displays the photosensitized 
oxidation, which differs from automatic oxidation in that during 
photosensitized oxidation, highly reactive singlet oxygen directly 
attacks the double bonds of unsaturated fatty acids, resulting in 
oxygen binding directly to the fatty acids in the formation of 
hydrogen peroxide. Singlet oxygen is more significant for 
photosensitized oxidation in the oxidation process than automatic 
oxidation (Hammond and White, 2011).

Enzymatic oxidation

As illustrated in the purple route in Figure  1, enzymatic 
oxidation is the main reason to produce most volatiles in legumes, 
which is the primary way in which off-flavor is generated. 
Lipoxygenase (LOX) is a major element of enzymatic oxidation 
(Roland et al., 2017). LOX belongs to the family of nonheme iron-
containing enzymes that can effectively catalyze the deoxygenation 
of polyunsaturated fatty acids (PUFAs) such as linoleic acid (18:2) 
and linolenic acid (18:3), to produce hydroperoxyl derivative 
(Alhendi et al., 2018). Because oxidation reactions usually occur 
in specific regions and oxygen is generally bound within C9 and 
C13 (Gardner, 1991), Soy LOX isoenzymes are classified into three 
types: 9-, 13- and 9-/13-LOXs. For example, soy LOX-1 is a 
13-LOX, LOX-2 is a 9-/13-LOX, and soy LOX-3 is a 9-LOX or 
9-/13-LOX (Wang Y. Q. et al., 2022).

After the formation of hydrogen peroxide derivatives through 
three processes: automatic oxidation, photosensitized oxidation 
and enzymatic oxidation. As shown in Figure 1, the main volatile 
flavor compounds, and nonvolatile lipid oxidation products were 
produced through three different oxidation mechanisms (Roland 
et  al., 2017; Zhang et  al., 2020). Hydroperoxide lyase (HPL), 
alcohol dehydrogenase (ADH), and peroxygenase (POX) will 
further catalyze the generation of products and aggregation, 
resulting in beany flavor. Hydroperoxide lyase (HPL) reacts with 
hydroperoxyl derivative to form volatiles such as C6 aldehydes 
and C9 aldehydes, and in the presence of ADH, these aldehydes 
are reacted to the corresponding alcohols, such as alcohols and 
acids. And hydroperoxyl derivative forms non-volatile lipid 
oxidation products such as hydroxy, epoxy, and fatty acids in the 
presence of POX (Wang Y. Q. et al., 2022).

Therefore, in order to control the production of beany flavor, 
we have to control the oxidation and degradation of unsaturated 
fatty acids. In the automatic oxidation process, the concentration 
of oxygen is extremely important, the higher the concentration of 
oxygen, the faster the rate of automatic oxidation (Wang et al., 
2021). On the contrary, in the photosensitized oxidation process, 
the oxygen concentration has little effect, and the number and 
distribution of unsaturated double bonds have a significant effect 
(Wang et al., 2020). And in the enzymatic reaction process, lox is 
its limiting factor (Roland et al., 2017; Wang et al., 2021).

The mechanism underlying the 
fermentation removal of beany 
off-flavor

There are currently two major types of methods to remove 
beany flavor from plants. The first way is to use enzymes to 

FIGURE 1

The generation and removal mechanism of beany-flavor.
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decompose the components that produce the beany flavor in 
plants and use enzymes to decompose the precursor substances 
of the plants that produce the beany flavor (Zhu and 
Damodaran, 2018; Fischer et al., 2022). The second way is to 
generate new aromatic profile which can mask the original 
beany flavor.

Direct decomposition of compounds 
with beany off-flavor

It was found that ADH and aldehyde dehydrogenase (ALDH) 
had the most obvious effect on the removal of beany flavor. 
Because the selection of compounds involved in the beany flavor 
included nine aldehydes, one furan, four alcohols, four ketones, 
three sulfides, and five pyrazines, the compound with the greatest 
effect on “beany” are aldehydes (Xu et al., 2020). ADH converts 
aldehydes to primary alcohols and ketones to secondary alcohols. 
ALDH converts aldehydes to carboxylic acids. Reduces beany 
flavor by converting odorous compounds (aldehydes and ketones) 
to less odorous products (alcohols and carboxylic acids; Shi 
et al., 2021).

As illustrated in the upper right of Figure 1, there are five main 
ways they remove the beany flavor: (a) The blue route illustrates 
the homofermentation: For the catabolism that occurs in this type 
of fermentation, ADH does not participate in basal metabolism, 
but plays a role in the mixed acid pathway. Such as Lactobacillus 
acidophilus and Streptococcus thermophiles (Shi et al., 2021). (b) 
Obligatory heterofermentative Lactic acid bacteria illustrated with 
the red route (LAB): such as L. fermentum. ADH is present in 
metabolism as a constitutive enzyme as well as an aldehyde/
alcohol dehydrogenase (Ortakci et al., 2015; Verce et al., 2020). (c) 
Facultative heterofermentative LAB: Only the heterofermentative 
pathway is inducible. Such as L. plantarum. Its basic metabolism 
is the homofermentative pathway (Prückler et  al., 2015). (d) 
Alcoholic fermentation illustrated with the cyan route: ADH and 
aldehyde dehydrogenase are present in the catabolism of the strain 
as constitutive enzymes. For example Saccharomyces cerevisiae 
(Mizuno et  al., 2006). (e) Oxidative metabolism. “Oxidative 
fermentation” is the incomplete oxidation of substrates, carried by 
the dehydrogenases of the respiratory chain, resulting in the 
extracellular accumulation of oxidized products. The “oxidative 
system” is located in the cytoplasmic membrane and is connected 
to the respiratory chain, for example, Gluconobacter suboxydans 
(Deppenmeier and Ehrenreich, 2009; Lynch et al., 2019).

Breaking down beany flavor precursors 
in plants

Previous studies have indicated that the beany flavor in 
legumes is primarily the result of interactions between lipid 
oxidation products, proteins, and phytochemicals. Lipid-derived 
off-flavors are believed to be  the main cause of beany flavor. 

Among them, the precursors of the flavor of legumes are mainly 
phospholipids (PLs) and free fatty acids (FFAs).

Phospholipase can be used to remove such precursors, among 
which the combined phospholipase A2 (PLA2) and cyclodextrin 
mixed with soybean meal in a water bath and it is found that the 
removal rate of phospholipids is more effective (Zhu and 
Damodaran, 2018).

In previous studies, it was found that the principle of 
removing beany flavor was mainly divided into two steps: 
hydrolyzing PLA 2 to decompose PL, and then removing the 
hydrolyzed product by forming an inclusion complex through 
β-cyclodextrin (β-CD). PLA2 selectively cleaves the ester bond of 
the acyl chain at the sn-2 position of PL and generates Lyso-PL 
and FFA. The product is a non-polar material. β-CD is a cyclic 
non-reducing oligosaccharide. Its special construction makes its 
inner cavity hydrophobic. β-CD and other cyclodextrins can form 
water-soluble inclusion complexes with insoluble non-polar 
substances. The water-soluble inclusion compound can 
be  dissolved into the supernatant by a polar solvent such as 
deionized water, so as to achieve the effect of separation from 
soybean flour.

Additional studies have shown that after the application of 
Alcalase, papain or a combination of enzymes, the acidic subunits 
of β-conglycinin and glycinin disappear completely, resulting in 
the removal of some of the precursors of the beany flavor, thereby 
reducing the beany flavor (Meinlschmidt et al., 2016).

Odor masking and transformation

As shown in the low right of Figure  1, some strains can 
produce new aldehydes with aroma after fermentation while 
reducing the content of compounds with beany smell. In this way, 
the new aroma can mask the original beany smell to further 
enhance the total aroma profile of the product. For example, 
phenylacetaldehyde produced by fermentation of L. rhamose L08 
can bring floral and honey-like aromas (Pei et al., 2022). And the 
main contributors to the aroma profile of A. aegerita fermented 
soy beverages remain soy-derived compounds. At the same time, 
ethyl esters and lactones were produced during fermentation, 
which resulted in increased fruity, floral, and creamy/dairy aromas 
present in cheese aromas and altered the overall aroma of the 
samples (Nedele et al., 2022a). Other scents include milky, nutty, 
and more.

Application of microorganisms to 
remove beany flavor

In recent years, fermentation has become the primary method 
employed in many studies to reduce the beany flavor due to its 
various advantages. Several strains are discussed below that have 
shown potential to remove or cover the beany flavor in bean 
protein-based products (Table 1).
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TABLE 1 Application of fermentation methods for removing beany flavor.

Matrices Strains Fermentation 
conditions Method Function Sensory perception References

Lactobacillus Mung bean LAB (L. plantarum) 37 ± 1°C

48 h

Biotransformation Transform aldehydes into esters. The esters give the fermented 

products a pleasant fruity odor.

Yi et al. (2021)

Lupinus angustifolius L. Five lactic acid bacteria 28°C

48 h

Decomposition and 

masking

Reduce aldehydes, especially hexanal, 

which possesses “green” odor; Create 

new pleasant aromatic compounds.

Increase sourness and “vinegar” 

odor; Reduce the “beany” flavor 

as well as the unpleasant off 

flavor.

Laaksonen et al. (2021)

Pea flour (Pisum 

sativum L.)

L. rhamnosus L08 37°C

2 days

Decomposition and 

masking

Increase the variety of acids and esters; 

Reduce the unpleasant flavor compounds 

such as nonanal, decanal, octanal, 

1-hexanol and 2-ethyl-1-hexanol; 

Produce phenylethyl aldehyde that could 

bring pleasant aromas.

Reduce the unpleasant beany 

flavor; Produce floral and 

honey-like aromas.

Pei et al. (2022)

Pea protein isolates L. plantarum, L. casei and 

mixed strains of probiotics

37°C

5, 10, 15, 20, 25, and 30 h

Anaerobic conditions

Decomposition Remove around 42% aldehyde and 64% 

ketone content; Produce a small amount 

of alcohol.

Decrease the overall unpleasant 

aroma and flavor intensity.

Shi (2020)

Lupin protein extracts 

(LPE)

L. plantarum L1047 and 

Pediococcus pentosaceus P113

− Decomposition and 

masking

Decrease the concentration of n-hexanal 

and prevent its re-formation; Change the 

aroma profile which may mask off-

flavors.

The more pleasant odor of the 

fermented protein extracts, 

compared to the unfermented 

protein extracts is explained by 

its different aroma profile.

Schindler et al. (2011)

Soymilk Lactobacilli and Streptococci 37°C

12 h

Decomposition Reduce or even eliminate the 

concentrations of volatile components 

that have been associated with the beany 

flavor of soymilk, such as methanol, 

acetaldehyde, ethanol, and hexanal.

The heat treatment applied to 

the soymilk in the present 

study would certainly cause a 

severe cooked flavor. Thus, the 

resulting fermented product 

would not have been suitable 

for sensory analysis.

Blagden and Gilliland 

(2005)

Pea protein isolates 

(PPI)

L. plantarum 37°C

30 h

Anaerobic conditions

Decomposition Eliminate aroma compounds that belong 

to the aldehyde, ketone, and alcohol 

groups.

Reduce the off-flavor (“hay” 

and “green” like aroma); 

Improve the aroma profile.

Shi et al. (2021)

Pea (Pisum sativum) 

protein extract

L. plantarum L1047 or 

 P. pentosaceus P113

37°C

48 h

Decomposition and 

masking

Decrease the n-hexanal content; Reduce 

or mask undesirable green notes.

Improve the aroma profile. Schindler et al. (2012)

(Continued)
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Matrices Strains Fermentation 
conditions Method Function Sensory perception References

Lupin protein isolate Lactobacilli 30°C (L. parabuchneri,  

L. brevis)

37°C (L. helveticus,  

L. delbrueckii, L. sakei sub sp. 

carnosus, L. reuteri, S. xylosus)

42°C (L. amylolyticus)

36–48 h

Decomposition and 

masking

Decrease the n-hexanal content; Reduce 

or mask undesirable green notes.

Reduce the intensity of 

characteristic aroma impression 

(pea-like, green bell pepper-

like) from 4.5 to 1.0.

Schlegel et al. (2019)

Yeast Okara Yeast (Lindnera saturnus) 30°C

48 h

Solid-state fermentation

Biotransformation Aldehydes are reduced into alcohols by 

yeast alcohol dehydrogenase or oxidized 

into acids by yeast aldehyde 

dehydrogenase, and finally form esters 

via enzymatic reactions.

Transform the aroma profile of 

okara from a green, grassy 

off-flavor into a markedly fruity 

and sweet aroma.

Vong and Liu (2018)

Soybean residue (okara) Four “dairy yeasts” (Geotrichum 

candidum, Yarrowia lipolytica, 

Debaryomyces hansenii and 

Kluyveromyces lactis) and six 

“wine yeasts” (Saccharomyces 

cerevisiae, Lachancea 

thermotolerans, Metschnikowia 

pulcherrima, Pichia kluyveri, 

Torulaspora delbrueckii, and 

Williopsis saturnus)

30°C

72 h

Solid-state fermentation

Biotransformation Oxidize the undesirable aldehydes into 

fatty acids, or reduce them into alcohols, 

and finally yield esters; Yeast proteinases 

and peptidases break down the protein 

in okara. Yeasts degrade the free amino 

acids to yield higher alcohols and esters.

The final fermented okara had a 

very strong fruity and estery 

character.

Vong and Liu (2017)

Soy (tofu) whey commercial non-Saccharomyces 

yeasts (T. delbrueckii;  

L. thermotolerans;  

M. pulcherrima; P. kluyveri and 

W. saturnus)

20°C

3 days

Decomposition & 

Masking

Metabolize endogenous carbonyls and 

alcohols to low or trace levels; Produce 

new alcohols, esters and acids to enrich 

aroma profiles that were unique to each 

non-Saccharomyces yeast.

Each yeast produced different 

levels of different volatile 

compounds that can contribute 

to the different aroma profiles 

of the fermented whey.

Chua et al. (2018)

Edible 

Basidiomycetes

Soybean products (soy 

drink and soy protein 

isolate)

Lycoperdon pyriforme 24°C

28 h

In darkness

Biotransformation Saturated aldehydes were metabolized by 

the fungus to their corresponding 

alcohols; Di-unsaturated aldehydes were 

synthesized to a non-volatile product.

Impart slightly bitter almond-

like, fungal and nutty odor 

notes without recognition of 

the soy product off-flavors.

Nedele et al. (2022b)

TABLE 1 (Continued)

(Continued)
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Matrices Strains Fermentation 
conditions Method Function Sensory perception References

Okara Wolfiporia cocos CGMCC 5.55, 

W. cocos CGMCC 5.528,  

W. cocos CGMCC 5.78 and 

Tremella fuciformis CGMCC 

5.466

25 ± 1°C

7 days

Decomposition & 

Masking

Decrease the content of off-flavor 

compounds like hexanal; New aromatic 

compounds were generated.

All fermented products had 

very little characteristics of 

beany flavor, and a fragrant, 

floral, and sweet aroma was 

present.

Wang Z. et al. (2022)

Soy drink Agrocybe aegerita 24°C

75 h

In darkness

Decomposition and 

masking

Many typical soybean off-flavor 

contributors were reduced in their 

intensity such as green aldehydes; 

Synthesize ethyl esters and lactone, 

which change the overall aroma of the 

sample.

Produce a natural and vegan 

cheese aroma;

Decrease the off-flavor in 

soybean-based products; 

Produce a sweet, floral and 

fruity flavor impression.

Nedele et al. (2022a)

Soy drink L. pyriforme 24°C

28 h

In darkness

Decomposition & 

Masking

Increase aroma compounds such as 

1-octen-3-one with a mushroom-like 

odor and benzyl alcohol with a sweetish 

flavor; Decrease most of the key aroma 

compounds with a green off-flavor.

The aroma of soy drink turned 

from green, beany, and oat-like 

to oat-like, mushroom-like, and 

almond-like.

Nedele et al. (2021)

Co-fermentation Soybean (soymilk) Three isolated new yeasts  

(K. marxianus SP-1, Candida 

ethanolica ATW-1, and  

P. amenthionina Y) and a 

commercial yeast  

(K. marxianus K) along with 

five strains of lactic acid 

bacteria (LAB)

36°C

5 h

LAB and yeast ratio

(5:2, v/v)

Biotransformation Transform aldehydes into either acids, 

alcohols and esters.

Remove the beany flavor; 

Produce rich aromatic 

components; Improved the 

flavor and taste of drinks.

Korma et al. (2022)

Okara (soybean residue) Probiotic (L. paracasei) and 

yeast (L. saturnus)

30°C

48 h

(viable cell count ratio of 

probiotic:yeast was about 

100:1)

Biotransformation Produce large amounts of esters to give a 

natural fruity aroma.

Give a natural fruity aroma. Vong and Liu (2019)

Pea protein-based 

product

Lactic acid bacteria and yeasts pH 7.1 ± 0.1 to 4.55

30°C to 4°C

Decomposition & 

Masking

Degrade many off-flavor compounds; 

Trigger the generation of esters 

compounds with fruity and floral notes.

Reduce the concentration of 

pea off-notes; Generate new 

notes that could modify the 

perception of sensory defects; 

Improve the aroma quality of 

fermented beverages.

El Youssef et al. (2020)

TABLE 1 (Continued)

(Continued)
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Lactobacillus

Lactic fermentation might be a promising strategy to improve 
the aroma profile of plant-based food products as it results in a 
reduction or covering of undesirable flavors. Some Lactobacillus 
strains can reduce or eliminate aroma compounds that have been 
linked with the beany flavor which are members of the aldehyde, 
ketone, and alcohol groups. Several authors demonstrated how 
fermentation with lactic acid bacteria in pea, lupin protein extract, 
and soymilk, respectively, reduced the concentration of hexanal, 
which is primarily responsible for the greeny and beany off-flavor 
(Blagden and Gilliland, 2005; Schindler et al., 2011, 2012; Shi, 
2020). Other researches have shown that lactic fermentation can 
produce higher aldehydes, alcohols, acids, and ester compounds 
through further biotransformation to cover the beany flavors 
(Schindler et  al., 2011; Shi et  al., 2021; Yi et  al., 2021). Lipid 
degradation, which also contributes to the creation of the odors 
found in fermented foods, takes place concurrently with this 
biotransformation. For instance, L. rhamnosus L08 fermentation 
produced phenylethyl aldehyde that could bring floral and honey-
like aromas, phenylethyl alcohol that exhibits a fresh bread-like, 
rose-like aroma, and several esters with floral and fruity 
fragrances, which had the effect of covering undesirable flavors 
(Pei et al., 2022).

Yeast

Some yeasts are also used to modify the odor characteristics 
of plant-based products by biotransformation. The products of 
yeast fermentation often carry a pleasant flavor profile of alcohols 
and esters. Chua et al. fermented soy whey samples using five 
commercial non-Saccharomyces yeasts. Volatile compounds such 
as ethanol and 2-phenylethanol were found in the fermented 
products, giving them a rose-like aromatic character (Chua et al., 
2018). Other studies used yeasts to ferment okara and obtained a 
very strong fruity and estery character since most of the 
undesirable aldehydes were reduced into alcohols and esters by the 
yeasts fermentation (Vong and Liu, 2017; Vong and Liu, 2018).

Unfortunately, although fermentation with lactic acid bacteria 
or yeasts reduces the beany flavor substances, the fermentation 
process of certain strains inevitably produces acids such as lactic 
acid and hexanoic acid, causing strong sour and wine flavors, 
which to some extent aggravate the undesirable flavor of the bean 
protein-based product (Laaksonen et al., 2021; Nedele et al., 2021; 
Wang Z. et  al., 2022). Thus, the optimization of fermentation 
conditions is required to prevent the creation of unpleasant 
flavor compounds.

Edible basidiomycetes

In the food processing industry, edible fungi are common 
fermentation strains. Among them, basidiomycetes have garnered 
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increasing interest due to their abundance, diversity, accessibility, 
and nutritional benefits (Mahboubi et al., 2017; Sun et al., 2020; 
Bentil, 2021). While most conventional starter cultures mainly 
produce primary metabolites, basidiomycetes are noted for their 
sensory modification of various food products (Nedele et al., 2021; 
Rigling et al., 2021; Nedele et al., 2022a). They are able to modify 
the flavor because their highly sophisticated secretomes produce 
abundant natural flavor molecules (Bouws et  al., 2008). The 
scientists used four types of edible fungi to reduce the beany flavor 
and gain new aromatic flavors of okara. These new flavors contain 
benzene, ethanol, and linalool, which are probably byproducts of 
enzymatic events occurring during the growth and metabolism of 
edible fungi. In addition to adding floral, sweet, and orange 
fragrances, the presence of these compounds can disguise the 
flavor characteristics of some unwanted components (Wang 
Z. et al., 2022). Apart from that, recent studies have confirmed that 
by using a unique fermentation procedure with Lycoperdon 
pyriforme, the beany flavor of soy beverages was diminished while 
the nutritional profile was maintained. During this fermentation 
process, aldehydes, the main off-flavor contributors, were 
decreased and some pleasant aroma components were created, 
imparting the finished product an almond- and nutty-like smell 
(Nedele et al., 2021, 2022b). Therefore, it can be expected that the 
edible basidiomycetes are likely to be a promising strain for flavor 
improvement in plant-based foods. Further research is required 
to ascertain which kind of strains can successfully grow in the 
various sources of legume dietary fiber systems as well as what 
fermentation conditions can facilitate the aroma profile  
improvement.

Conclusion and outlook

In summary, oxidation of unsaturated fatty acids and 
hydrolysis of lipids are the primary causes of undesirable flavor in 
a plant protein-base food. At present, masking, biotransformation 
and enzymatic degradation are the main mechanisms and 
approaches for removing the beany flavor. Several species of 
microorganisms including lactobacillus, yeast, and edible 
basidiomycetes were demonstrated to reduce the level of beany 
flavor compounds by converting them into less impacting 
compounds or covering them with new pleasant compounds 
formed during fermentation. However, different fermentation 
approaches will produce different final flavor characteristics due 
to the different metabolic pathways and capacities of the strains. 
Thus, the strains utilized have a significant impact on how the 
fermentation affects the fragrance profile of the plant proteins. It 
should be noted that no technique is perfect, and each method has 
its own inherent advantages and drawbacks.

In order to further improve the flavor quality of plant-based 
meat analogs, future product development and application 
research can mainly focus on the following aspects: (a) 
Fermentation using some strains may produce products with 

high acidity, which may not be preferred by consumers. More 
research is needed to select suitable strains and optimize 
fermentation process to meet the preferences of consumers 
(Laaksonen et al., 2021). (b) Aside from legume proteins, other 
ingredients including microalgae, konjac, and edible 
mushrooms could be promising substitutes for meat analogs 
due to their superior production capabilities and high 
nutritional content. Scientists can process these ingredients 
using fermentation method to explore the next generation of 
meat analogs (Jiménez-Colmenero et al., 2012; Fu et al., 2021; 
Yuan et al., 2022). (c) The fermentation process produces amino 
acids, sugars, and a series of precursors for Maillard reactions. 
Therefore, if the fermentation process is properly designed and 
oriented, it will effectively promote the Maillard reaction, 
providing better flavor and taste to plant-based meat analogs 
and eliminating the beany flavor. (d) The metabolomic pathway 
of fermentation process should be  further investigated to 
demonstrate how the beany flavor is decomposed with the aid 
of mass spectrometry, nuclear magnetic resonance or isotopic 
labeling experiments (Ran et al., 2022). And the influence of 
more volatile compounds exist at low amounts should be further 
studied to confirm their effect on the aroma change of the 
fermented product. Improvements of current fermentation 
techniques will benefit from the results of such research. (e) 
There is still a lack of comprehensive research on the application 
of fermentation to remove beany flavor from plant-based meat 
analog. Not only the technological aspects, but also the safety 
concerns should be taken into consideration. Possible safety 
problems such as microbiological stability, allergenic potential 
and heavy metal and toxic substance contamination during 
fermentation should be investigated to develop safe and efficient 
fermentation protocols for the production of plant-based 
meat analogs.
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Different feeding patterns affect 
meat quality of Tibetan pigs 
associated with intestinal 
microbiota alterations
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This study aimed to investigate the effects of different feeding patterns on 

meat quality, gut microbiota and its metabolites of Tibetan pigs. Tibetan pigs 

with similar body weight were fed the high energy diets (HEP, 20 pigs) and 

the regular diets (RFP, 20 pigs), and free-ranging Tibetan pigs (FRP, 20 pigs) 

were selected as the reference. After 6 weeks of experiment, meat quality 

indexes of semitendinosus muscle (SM) and cecal microbiota were measured. 

The results of meat quality demonstrated that the shear force of pig SM in FRP 

group was higher than that in HEP and RFP groups (p < 0.001); the pH-value of 

SM in HEP pigs was higher at 45 min (p < 0.05) and lower at 24 h (p < 0.01) after 

slaughter than that in FRP and RFP groups; the SM lightness (L* value) of FRP 

pigs increased compared with RFP and HEP groups (p < 0.001), while the SM 

redness (a* value) of FRP pigs was higher than that of RFP group (p < 0.05). 

The free fatty acid (FA) profile exhibited that the total FAs and unsaturated 

FAs of pig SM in HEP and RFP groups were higher than those in FRP group 

(p < 0.05); the RFP pigs had more reasonable FA composition with higher n-3 

polyunsaturated FAs (PUFAs) and lower n-6/n-3 PUFA ratio than HEP pigs 

(p < 0.05). Based on that, we observed that Tibetan pigs fed high energy diets 

(HEP) had lower microbial α-diversity in cecum (p < 0.05), and distinct feeding 

patterns exhibited a different microbial cluster. Simultaneously, the short-

chain FA levels in cecum of FRP and RFP pigs were higher compared with 

HEP pigs (p < 0.05). A total of 11 genera related to muscle lipid metabolism 

or meat quality, including Alistipes, Anaerovibrio, Acetitomaculun, etc., were 

identified under different feeding patterns (p < 0.05). Spearman correlation 

analysis demonstrated that alterations of free FAs in SM were affected by 

the genera Prevotellaceae_NK3B31_group, Prevotellaceae UCG-003 and 

Christensenellaceae_R-7_group (p < 0.05). Taken together, distinct feeding 

patterns affected meat quality of Tibetan pigs related to gut microbiota 

alterations.
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Introduction

Tibetan pig is a rare plateau pig species, mostly living in the 
alpine and cold areas of semi-farming and semi-grazing (Yang 
et  al., 2021). In addition to its developed cardiopulmonary 
function, strong lipid-settling ability, and ability to endure plateau 
anoxic environments, it has a high level of cold or stress resistance, 
delicious meat, and has a lot of fat between the muscles (Fan et al., 
2016; Luo et al., 2022; Niu et al., 2022). In recent years, with the 
increasing demand for ecological, green and high-quality pork 
products, Tibetan pig breeding industry has attracted 
widespread attention.

The traditional way of feeding Tibetan pigs is grazing, which 
mainly relies on grass, fruits, roots and other food sources of 
grassland and understory, and rarely supplements with refined 
feed, so the breeding cost is low (Wang et al., 2013). Understory 
resources are abundant in summer and autumn, and a lot of 
nutrients can be obtained by Tibetan pigs; however, in winter and 
spring with cold climate, the food resources are gradually reduced, 
and the nutrients that can be  absorbed are limited, far from 
meeting the growth needs of pigs (Zhang et al., 2019; Yang et al., 
2021). This traditional feeding pattern seriously slows down the 
growth and development of pigs and reduces the production 
performance of Tibetan pigs. Changing the traditional breeding 
way, therefore, adopting the appropriate house feeding pattern is 
the only way for the development of industrialization of Tibetan 
pigs. However, whether changing the way of Tibetan pig breeding 
will change the quality of meat products needs further verification, 
especially the effects of diet transformation on Tibetan pork 
quality from extensive farming to fine farming needing to 
be clarified.

In recent years, with the depth exploration of microbial 
functions, gut-brain axis, gut-liver axis and other signaling 
pathways mediated by microorganisms and their metabolites 
(especially short-chain fatty acids) have been confirmed to 
be involved in the host’s energy metabolism (Morais et al., 2021; 
Wang et al., 2021). The microbiota-gut-skeletal muscle axis has 
also been gradually confirmed, and dietary components (including 
dietary fiber) can change the gut microbiota to regulate the 
glucose and lipid metabolism of the host skeletal muscle, resulting 
in the improvement of their meat quality (Sonnenburg and 
Backhed, 2016; Chen et al., 2022). Therefore, it is a new idea to 
regulate skeletal muscle metabolism by altering intestinal 
microbiota or its metabolites through diet and other factors, 
ultimately improving muscle production and quality.

Therefore, this study aimed to explore the effects of different 
feeding patterns on meat quality of Tibetan pigs, and analyze the 

role of cecal microorganisms and their metabolites short-chain 
fatty acids (SCFAs), which is expected to provide a theoretical 
basis for large-scale breeding of Tibetan pigs, and provide a 
reference for selecting specific feeding patterns according to 
different market orientation and demand structure to achieve 
accurate pig breeding.

Materials and methods

Ethics approval

The experimental protocol (Ethics Approval Code: IAS2021-
241) was reviewed and approved by the Institutional Animal Care 
and Use Committee of the Institute of Animal Sciences, Chinese 
Academy of Agricultural Sciences (Beijing, China).

Animals, experimental design, and 
sample collection

This experiment was conducted in the research farm (Shannan 
District, Tibet, China) of Institute of Animal Husbandry and 
Veterinary Medicine, Tibet Academy of Agriculture and Animal 
Husbandry Sciences. A total of 40 house-feeding Tibetan pigs 
[initial body weight (IBW) = 22.4 ± 1.7 kg] with the same genetic 
background were allotted to 2 pens randomly and each pen was 
regarded as one dietary treatment. During the 42-day experimental 
period, Tibetan pigs were fed the regular Tibetan pig diets (RFP 
group) and the high energy content diets (HEP group; Table 1). 
All pigs were allowed to free access to feed and water. Diets were 
formulated to meet or exceed the vitamins and minerals of pigs 
according to the nutrient requirements of swine (GB/T 39235–
2020). At the same time, another 20 free-ranging Tibetan pigs 
(IBW = 21.3 ± 1.0 kg) were selected and set as the reference 
(FRP group).

At the end of this experiment (day 42), 7 randomly selected 
pigs of each treatment were sacrificed by electric stunning and 
carcass weight (CW) of each pig was recorded. An incubation 
period of 3 h at room temperature was followed by centrifugation 
at 3,000 rpm for 10 min after drawing blood from the jugular vein 
with a sterilized syringe. We  aliquoted and stored the serum 
samples at −80°C for subsequent analysis. The semitendinosus 
muscle (SM) samples (approximately 1 g) were collected into 
2-mL sterile tubes for free fatty acids analysis. Aseptically collected 
chyme from the cecum was sequenced for microbial 16S rRNA 
genes and analyzed for SCFA levels. All samples of SM and cecum 
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digesta were immediately frozen in liquid nitrogen and stored 
at −80°C.

Analysis of serum metabolites

Concentrations of low-density lipoprotein cholesterol (LDL-
C, Cat # A113-2-1), alanine aminotransferase (ALT, Cat # C009-
3-1), alkaline phosphatase (ALP, Cat # A112-1-1) and high-
density lipoprotein cholesterol (HDL-C, Cat # A086-1-1) in serum 
were measured by commercial assay kits from Nanjing Jiancheng 
Bioengineering Institute (Nanjing, China).

Measurement of meat quality index

Meat color and pH value of SM samples were directly 
measured by OPTO-STAR and pH-STAR (Matthäus, 
Germany) according to the manufacturer’s instructions at 
45 min and 24 h postmortem, respectively. The shear force 
value of SM samples was obtained by the Warner-Bratzler 

meat shear machine (Salter 235, Manhattan, Kansas, 
United  States) following the procedure described by Lang 
et al. (2020).

Detection of free fatty acids in meat

Freeze-dried and ground SM samples were used to analyze 
medium- and long-chain fatty acid contents. Firstly, lipids were 
extracted from SM samples by the chloroacetyl-methanol (1:10, 
v/v) procedure. Hexanes were added for methylation at 80°C 
water incubation for 4 h. Then, the gas chromatography was 
utilized to detect the profile of free fatty acids in samples by 
targeted metabolomics according to the description by Tang 
et al. (2020).

Quantification of short-chain fatty acids

Approximately 1 g of cecal chyme was collected and immersed 
in 10 mL of ddH2O in 15-mL screw-capped vials, after which it 
was shaken for 30 min and set aside at 4°C overnight. For the 
analysis of SCFA concentration, the mixture was centrifuged at 
10000 rpm for 10 min. The concentration was determined using 
gas chromatography according to Tang et al. (2021b).

Microbial 16S rRNA gene sequencing 
analysis

Each sample contained approximately 0.5–1 g of cecal chyme, 
from which the manufacturer’s instructions of the E.Z.N.A.® soil 
DNA Kit (D5625-02, Omega Bio-Tek Inc., Norcross, GA, 
United  States) were followed to extract microbial community 
genomic DNA. A 1% agarose gel electrophoresis and 
NanoDrop2000 spectrophotometer (Thermo Fisher Scientific, 
Waltham, MA, United  States) were used separately to 
determine the purity and DNA concentration. These primers 
[338F (5’-ACTCCTACGGGAGGCAGCAG-3′) and 806R 
(5’-GGACTACHVGGGTWTCTAAT-3′)] were used to amplify 
the V3-V4 regions of the 16S rRNA gene of bacteria. As described 
by Tang et al. (2021a), the reaction system, measuring amplified 
fragments, and purification were conducted according to 
their methods.

We obtained microbial sequence data from Majorbio 
Bio-Pharm Technology Co. Ltd. (Shanghai, China). Sequences 
were analyzed and classified into operational taxonomic units 
(OTUs; 97% identity). Additionally, QIIME (Version 174 1.7.0) 
generated alpha-diversity coverage based on the Ace, Chao and 
Sobs index within each sample, and an unweighted UniFrac 
distance based on Bray-Curtis distance was computed and PCoA 
was used to visualize beta-diversity. The significant difference 
between treatments at the phylum and genus level was tested by 
the Kruskal-Wallis H test (nonparametric test) with corrected 

TABLE 1 Composition and nutrient level of experimental diet (as fed-
basis).

Ingredients RFP diet HEP diet

Corn 32.14 66.4

Soybean meal 7.5 15.5

Wheat bran 7.26 15

Alfalfa 50 0

Limestone 1 1

CaHPO4 0.5 0.5

NaCl 0.3 0.3

L-Lys (70%) 0.2 0.2

Choline chloride 0.1 0.1

Premix1 1 1

Total 100 100

Calculated nutrient levels %

CP 15.37 14.83

DE, MJ/kg 9.77 13.9

SID Thr 0.43 0.43

SID Trp 0.12 0.13

SID Lys 0.64 0.75

SID Met 0.2 0.23

Ca 1.09 0.56

TP 0.42 0.46

STTD P 0.25 0.25

1Provided the following quantities per kg of diet: vitamin A, 9140 IU; vitamin D3, 
4,405 IU; vitamin E, 11 IU; menadione sodium bisulfite, 7.30 mg; riboflavin, 9.15 mg; 
D-pantothenic acid, 18.33 mg; niacin, 73.50 mg; choline chloride, 1,285 mg; vitamin B12, 
200 μg; biotin, 900 μg; thiamine mononitrate, 3.67 mg; folic acid, 1,650 μg; pyridoxine 
hydrochloride, 5.50 mg; I, 1.85 mg; Mn, 110.10 mg; Cu, 7.40 mg; Fe, 73.50 mg; Zn, 
73.50 mg; Se, 500 μg.

RFP: feeding the regular Tibetan pig diets; HEP: feeding the high energy content diets. 
CP: crude protein; DE: digestible energy; SID AA: standardized ileal digestible amino 
acid; TP: total phosphorus; STTD P: standardized total tract digestibility of phosphorus.
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p-value (FDR) < 0.05. Unless otherwise noted, the microbial data 
were analyzed on the Majorbio I-Sanger Cloud Platform.1

Statistical analysis

One-way ANOVA analysis of the data on CW, serum 
metabolites, meat quality index, free fatty acids in meat, SCFAs in 
cecal chyme and microbial alpha-diversity (including Ace, Chao 
and Sobs index) was used to test for differences among 3 groups 
using the SPSS software (version 23.0, IBM, Armonk, NY, 
United States). The least significant difference (LSD) as a post-hoc 
multiple comparison method was used to compare results between 
every 2 of 3 distinct groups. The correlation matrix between cecal 
microbes and free fatty acids or SCFAs was generated using 
Spearman’s correlation coefficient on the Majorbio I-Sanger Cloud 
Platform. All the above data were drawn using GraphPad 7.0. 
Lastly, the results were presented as means ± SE with p < 0.05 being 
regarded as statistically significant.

Results

Carcass weight and serum metabolites

The IBW and CW, as well as HDL-C, LDL-C, ALT and ALP 
in serum were shown in Figure 1. The CW and LDL-C of HEP 
pigs were significantly higher than those of the FRP or RFP pigs 
(p < 0.01), whereas no significant changes in CW and LDL-C were 
found between FRP and RFP pigs (p > 0.05; Figures 1B,D). The 
HDL-C of HEP pigs was significantly improved compared with 
the FRP pigs (p < 0.05), and the HDL-C of RFP pigs had an 
increased trend compared with the FRP pigs (p = 0.058; 
Figure  1C). The ALP of HEP pigs was significantly higher 
compared with the FRP or RFP pigs (p < 0.05), whereas no 
significant change in ALP was found between FRP and RFP pigs 
(p > 0.05; Figure 1F). In addition, no significant difference was 
observed in ALT among three group pigs (p > 0.05; Figure 1E).

Alterations in meat quality

The meat color, pH value, and shear force of SM were shown 
in Table 2. The L* (45 min), L* (24 h) and shear force of SM in FRP 
pigs were significantly higher than that in RFP and HEP pigs 
(p < 0.001), whereas no significant changes in L* (45 min), L* (24 h) 
and shear force were found between HEP and RFP pigs (p > 0.05). 
The a* (45 min) and a* (24 h) of RFP pigs were significantly lower 
compared with FRP pigs (p < 0.05). The b* (45 min) and pH45min of 
HEP pigs were the highest, being significantly more elevated than 
those of RFP and FRP pigs (p < 0.05). However, the b* (24 h) and 

1 https://cloud.majorbio.com

pH24h of HEP pigs were the lowest and were significantly lower 
than that of the FRP pigs (p < 0.01).

Concentrations of free fatty acids in 
meat

The concentrations of free fatty acids in SM were shown in 
Figure 2. The concentrations of saturated fatty acid (STA, p < 0.05; 
Figure  2A), monounsaturated fatty acid (MUFA, p = 0.081; 
Figure 2B), total fatty acid (TFA, p = 0.065; Figure 2D) and n-3 
polyunsaturated fatty acid (PUFA, p < 0.01; Figure 2F) in SM of 
RFP pigs were higher compared with FRP pigs, and the n-3 PUFA 
in RFP pigs was still higher than that in HEP pigs (p < 0.01; 
Figure 2F). The concentrations of PUFA (p = 0.062, Figure 2C) and 
n-6 PUFA (p = 0.056, Figure 2E) in HEP pigs had an increased 
trend compared with the FRP pigs. In addition, the ratio of 
n-6/n-3 PUFA in HEP pigs was significantly higher compared 
with the FRP and RFP pigs (p < 0.01), whereas no significant 
change in the ratio was found between FRP and RFP pigs (p > 0.05; 
Figure 2G).

As data shown in Table 3, the concentrations of C6:0, C20:2, 
C20:5 n3 and C22:0 of SM in FRP pigs were higher than that in 
HEP pigs (p < 0.05). The concentrations of C12:0, C14:0, C16:0, 
C17:0, C17:1, C18:0, C18:3 n3, C20:0, C20:1 n9, and C20:3 n3 of 
SM in RFP pigs were significantly higher compared with the FRP 
pigs (p < 0.05), whereas no significant change in concentrations of 
C12:0, C14:0, C16:0, C17:0, C17:1, C18:3 n3, and C20:1 n9 were 
found between HEP and RFP pigs (p > 0.05). The concentrations 
of C14:1 and C18:2,cis(n6) of SM in FRP pigs were lower 
compared with the RFP and HEP pigs, and significantly lower 
than that in the HEP pigs (p < 0.05). In addition, the concentration 
of C20:4 n6 of RFP pigs was the highest among three group pigs, 
and significantly higher than that in the HEP pigs (p < 0.05).

Concentrations of short-chain fatty acids 
in cecal chyme

The concentrations of SCFAs in cecal chyme were shown in 
Figure 3. The levels of acetic acid and butyric acid in RFP pigs 
were higher than that in FRP and HEP pigs (p < 0.05), whereas no 
significant changes of that were found between HEP and FRP pigs 
(p > 0.05). The levels of propionic acid and total SCFAs in cecal 
chyme of FRP or RFP pigs were higher compared with HEP pigs 
(p < 0.01). The concentrations of isobutyrate, isovalerate and 
valerate in RFP pigs were lower compared with FRP or HEP pigs 
(p < 0.05).

Variations in cecal microbes

The fresh cecal chyme was obtained from FRP, RFP and HEP 
pigs, and 16 s rRNA gene sequencing analysis was performed. The 
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Ace (Figure 4A), Chao (Figure 4B) and Sobs index (Figure 4C) of 
cecal chyme microbes at OTU level in HEP pigs were significantly 
lower than that in FRP pigs (p < 0.05), and extremely significantly 
lower than that in RFP pigs (p < 0.01). The PCoA analysis based 
on Bray-Curtis distance revealed that beta-diversity shifted due to 
distinct feeding patterns and notable differences were observed in 
the cecal chyme at the OTU level (Figure 4D). There were 1103 
(208), 1138 (232) and 1009 (214) OTUs (genera) obtained from 

FRP, RFP and HEP pigs, respectively, of which 778 (181) were 
common OTUs (genera) among the three different feeding 
patterns (Figure 4E).

Microbial community composition at the phylum and genus 
level of the three feeding patterns was presented in Figure 5. The 
cecal chyme samples comprised five major phyla including 
Firmicutes, Bacteroidota, Spirochaetota, Actinobacteria and 
Proteobacteria, and the Firmicutes and Bacteroidetes were the most 

A B C

D E F

FIGURE 1

Effects of different feeding patterns on the CW, and HDL-C, LDL-C, ALT ALP in serum of Tibetan pigs. (A) The initial body weight (IBW) of Tibetan 
pigs. (B) The carcass weight (CW) of Tibetan pigs. (C) The content of high-density lipoprotein cholesterol (HDL-C) in serum of Tibetan pigs. 
(D) The content of low-density lipoprotein cholesterol (LDL-C) in serum of Tibetan pigs. (E) The activity of alanine aminotransferase (ALT) in serum 
of Tibetan pigs. (F) The activity of alkaline phosphatase (ALP) in serum of Tibetan pigs. Data are expressed as mean ± SE (n = 6–7). * and ** indicates 
p < 0.05 and p < 0.01, respectively. FRP: free-ranging Tibetan pigs; RFP: feeding the regular Tibetan pig diets; HEP: feeding the high energy content 
diets.

TABLE 2 The meat quality of semitendinosus muscle.

Items FRP RFP HEP p value

Meat color L* (45 min) 44.5610 ± 0.85633a 36.9057 ± 1.52944b 38.4371 ± 0.56005b <0.001
L* (24 h) 46.0100 ± 0.56874a 40.4414 ± 0.81403b 39.7986 ± 0.86017b <0.001

a* (45 min) 24.8580 ± 0.70553a 22.5186 ± 0.44134b 22.9286 ± 0.46605ab 0.022

a* (24 h) 21.3890 ± 0.53471a 19.5286 ± 0.43414b 19.9100 ± 0.57722ab 0.042

b* (45 min) 2.0830 ± 0.07926b 3.0314 ± 0.24751b 4.2529 ± 0.59320a <0.001

b* (24 h) 7.5190 ± 0.50205a 5.7529 ± 0.85541ab 4.2486 ± 0.67026b 0.006

pH values pH45min 6.3522 ± 0.04099b 6.3457 ± 0.07211b 6.5614 ± 0.03508a 0.012

pH24h 5.6833 ± 0.06254a 5.6071 ± 0.06672a 5.3829 ± 0.03797b 0.005

Shear force (N) 56.6240 ± 1.78240a 46.6219 ± 2.29898b 42.2857 ± 2.85427b <0.001

Values in the same row with different superscripts (a, b) are significantly different (p < 0.05) (n = 6–7). L* (45 min) or L* (24 h): the lightness of meat color after slaughter 45 min or 24 h; 
a* (45 min) or a* (24 h): the redness of meat color after slaughter 45 min or 24 h; b* (45 min) or b* (24 h): the yellowness of meat color after slaughter 45 min or 24 h; pH45min or pH24h: the 
pH value of meat after slaughter 45 min or 24 h. FRP: free-ranging Tibetan pigs; RFP: feeding the regular Tibetan pig diets; HEP: feeding the high energy content diets.
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predominant phyla in the cecal chyme of FRP, RFP and HEP pigs 
(Figure 5A). In addition, there were also significant differences in 
the abundance of Firmicutes and Bacteroidota, as well as the ratio 
of Firmicutes to Bacteroidota among three groups (p < 0.01; 
Figure 5B). At the genus level, the top three most abundant genera 
in different feeding patterns, in turn, were norank_f_p-251-o5, 
Prevotellaceae_UCG-003 and Rikenellaceae_RC9_gut_group 
(Figures  5C,D). The Prevotellaceae_UCG-003 was extremely 
significantly enriched in the FRP pigs (p < 0.01); the 
Parabacteroides, Clostridium_sensu_stricto_1, Clostridium_sensu_
stricto_6, and Anaerovibrio were extremely significantly enriched 
in the RFP pigs (p < 0.01); and Lactobacillus was extremely 
significantly enriched in the HEP pigs (p < 0.01; Figure 5E).

Correlation between microbiota and free 
fatty acids in meat or SCFAs in cecal 
chyme

Spearman’s correlation analysis between microbiota and free 
fatty acids or SCFAs were shown in Figure  6. The relative 
abundance of Christensenellaceae_R-7_group was positively 
associated with the levels of STA, MUFA, PUFA, TFA, n-6 PUFA 
and n-6/n-3 ratio in SM, except for n-3 PUFA (p < 0.05, Figure 6A). 
The relative abundance of Terrisporobacter and norank_f_
Eubacterium_coprostanoligenes_group were positively associated 

with the ratio of n-6/n-3 in SM (p < 0.05), whereas the ratio of 
n-6/n-3  in SM was negatively correlated with the relative 
abundance of norank_f_bacteroidales_RF16_group and 
norank_f_p-251-o5 (p < 0.05; Figure 6A). In addition, we found 
that the concentrations of PUFA and n-6 PUFA in SM were 
negatively correlated with the relative abundance of 
Prevotallaceae_UCG-003 (p < 0.05, Figure 6A). The concentrations 
of valerate and total SCFAs were positively associated with the 
relative abundance of Rikenellaceae_RC9_gut_group and 
norank_f_Eubacterium_coprostanoligenes_group, respectively 
(p < 0.05, Figure 6B). However, the concentration of butyrate was 
negatively correlated with the relative abundance of norank_f_
Eubacterium_coprostanoligenes_group (p < 0.01, Figure 6B).

Discussion

Tibetan pig breeding, not only the focus of the development 
of agriculture and animal husbandry with local characteristics, but 
also a crucial industry for people in Tibetan areas to get rid of 
poverty and become rich, is a vital part of traditional animal 
husbandry in Tibet. As is known to all, the traditional Tibetan pig 
breeding method is mainly grazing with a long breeding cycle, 
which cannot be scientifically managed to maximize the utilization 
of Tibetan pig resources (Wang et al., 2013; Yang et al., 2021). 
House feeding can provide full mixed diet for Tibetan pigs without 

A B C D

E F G

FIGURE 2

Effects of different feeding patterns on concentrations of fatty acids in semitendinosus muscle (SM) of Tibetan pigs. The concentrations of 
saturated fatty acid (STA, A), monounsaturated fatty acid (MUFA, B), polyunsaturated fatty acid (PUFA, C), total fatty acid (TFA, D), n-6 PUFA (E), n-3 
PUFA (F) and n-6/n-3 PUFA ratio (G) in SM of Tibetan pigs, respectively. Data are expressed as mean ± SE (n = 6–7). * and ** indicates p<0.05 and 
p<0.01, respectively. FRP: free-ranging Tibetan pigs; RFP: feeding the regular Tibetan pig diets; HEP: feeding the high energy content diets.
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foraging and less exercise, which is conducive to muscle and fat 
deposition (Zhang et al., 2019). In this study, the carcass weight of 
Tibetan pigs in HEP group was significantly higher than those in 
RFP and FRP groups, indicating that the house feeding pattern 
with whole mixed diet was beneficial to promote the growth of 
Tibetan pigs and produce more meat, which was consistent with 
the results of Zhang et al. (2019).

The serum lipid-related metabolites may reflect the overall 
metabolic state to a certain extent (Tang et  al., 2021b). The 
HDL-C, mainly synthesized in the liver, is an anti-atherogenic 
lipoprotein that transports cholesterol from extrahepatic tissues 
to the liver for metabolism and is excreted from the body by bile 
(Rigotti et  al., 2003). By contrast, the LDL-C is a lipoprotein 
particle that carries cholesterol into peripheral tissue cells (van der 
Wulp et al., 2013). In this study, it was found that the levels of 

HDL-C and LDL-C in Tibetan pig varies due to the different 
energy intake of feeding patterns. The contents of LDL-C and 
HDL-C in serum of HEP group pigs were the highest, indicating 
that cholesterol turnover and metabolism in liver were increased. 
Similar results were also found in broilers with increased dietary 
energy levels causing elevated serum HDL and LDL levels (Hu 
et al., 2021). In addition, it was found in this study that the serum 
ALP level of Tibetan pigs under different feeding patterns was 
within the normal range (40–160 U/L), but the ALP level in 
Tibetan pigs fed high energy content diet was significantly higher 
than that in Tibetan pigs fed regular diet or free-ranging, meaning 
that the liver metabolic process was significantly enhanced (Siller 
and Whyte, 2018).

Tibetan pork, as an ecological, green and high-quality pork 
product, has attracted public attention. Meat quality is a crucial 

TABLE 3 The concentrations of free fatty acids in semitendinosus muscle.

Items FRP RFP HEP p-value

C6:0 0.0071 ± 0.00070a 0.0055 ± 0.00010ab 0.0045 ± 0.00030b 0.011

C8:0 0.0029 ± 0.00015 0.0032 ± 0.00020 0.0031 ± 0.00018 0.557

C10:0 0.0133 ± 0.00113 0.0160 ± 0.00163 0.0148 ± 0.00166 0.405

C12:0 0.0086 ± 0.00106b 0.0141 ± 0.00173a 0.0150 ± 0.00202a 0.013

C14:0 0.1224 ± 0.01747b 0.2197 ± 0.02990a 0.2199 ± 0.03506a 0.017

C14:1 0.0041 ± 0.00024b 0.0052 ± 0.00038ab 0.0066 ± 0.00094a 0.01

C16:0 4.9156 ± 0.54760b 7.6975 ± 0.94717a 6.6303 ± 0.83387ab 0.042

C16:1 0.3261 ± 0.03787 0.4642 ± 0.05147 0.5347 ± 0.09375 0.055

C17:0 0.0363 ± 0.00603b 0.0636 ± 0.01085a 0.0397 ± 0.00570ab 0.045

C17:1 0.0271 ± 0.00416b 0.0467 ± 0.00718a 0.0329 ± 0.00465ab 0.047

C18:0 1.5339 ± 0.15239b 2.1517 ± 0.24149a 1.5179 ± 0.13221b 0.042

C18:1,trans(n9) 0.0419 ± 0.11920 0.0310 ± 0.01596 0.0056 ± 0.00555 0.128

C18:1,cis(n9) 3.9440 ± 0.43034 5.8624 ± 0.69633 5.1484 ± 0.60341 0.062

C18:2,trans(n6) 0.2908 ± 0.08110 0.6042 ± 0.08765 0.5198 ± 0.10835 0.056

C18:2,cis(n6), LA 1.5852 ± 0.15389b 1.9638 ± 0.23539ab 2.4176 ± 0.30595a 0.047

C18:3 n6 0.0092 ± 0.00068 0.0075 ± 0.00057 0.0100 ± 0.00171 0.269

C18:3 n3, ALA 0.0207 ± 0.00257b 0.0357 ± 0.00374a 0.0277 ± 0.00379ab 0.014

C20:0 0.0488 ± 0.00784b 0.1306 ± 0.02530a 0.0802 ± 0.12700b 0.004

C20:1 n9 0.1001 ± 0.00947b 0.1833 ± 0.02523a 0.1453 ± 0.01975ab 0.009

C20:2 0.0196 ± 0.00238a 0.0152 ± 0.00141ab 0.0090 ± 0.00171b 0.007

C20:3 n6 0.0466 ± 0.00487 0.0356 ± 0.00348 0.0363 ± 0.00498 0.18

C20:4 n6, ARA 0.0061 ± 0.00131ab 0.0137 ± 0.00538a 0.0011 ± 0.00059b 0.029

C20:3 n3 0.0273 ± 0.00153b 0.0463 ± 0.00507a 0.0308 ± 0.00153b <0.001

C20:5 n3, EPA 0.0158 ± 0.00092a 0.0154 ± 0.00030a 0.0128 ± 0.00066b 0.035

C22:0 0.4347 ± 0.05281a 0.2681 ± 0.01530b 0.2646 ± 0.03119b 0.013

C22:1 0.0007 ± 0.00052 <0.00001 <0.00001 0.296

C22:2 0.0160 ± 0.00144 0.0142 ± 0.00060 0.0120 ± 0.00142 0.129

C22:6 n3, DHA 0.0111 ± 0.00209 0.0128 ± 0.00266 0.0067 ± 0.00204 0.213

C24:0 0.0478 ± 0.00379 0.0419 ± 0.00202 0.0385 ± 0.00428 0.2

C24:1 0.0253 ± 0.00242 0.0242 ± 0.00123 0.0211 ± 0.00244 0.421

Values in the same row with different superscripts (a, b) are significantly different (P < 0.05) (n = 6–7). The results were expressed as free fatty acid (mg) per 1 g of freeze-dried meat. C6:0: 
caproic acid; C8:0: octanoic acid; C10:0: decanoic acid; C12:0: lauric acid; C14:0: myristic acid; C14:1: tetradecenoic acid; C16:0: palmitic acid; C16:1: palmitoleic acid; C17:0: margaric 
acid; C17:1: margaroleic acid; C18:0: stearic acid; C18:1,trans(n9): elaidic acid; C18:1,cis(n9): oleic acid; C18:2,trans(n6): trans-linoleic acid n6; C18:2,cis(n6): linoleic acid n6; C18:3 n6: 
gamma-linolenic acid; C18:3 n3: alpha-linolenic acid; C20:0: arachidic acid; C20:1 n9: eicosenoic acid n9; C20:2: eicosadienoic acid; C20:3 n6: eicosatrienoic acid n6; C20:4 n6: 
arachidonic acid n6; C20:3 n3: eicosatrienoic acid n3; C20:5 n3: eicosapentaenoic acid n3; C22:0: behenic acid; C22:1: cetoleic acid; C22:2: docosadienoic acid; C22:6 n3: docosahexaenoic 
acid n3; C24:0: lignoceric acid; C24:1: nervonic acid. FRP: free-ranging Tibetan pigs; RFP: feeding the regular Tibetan pig diets; HEP: feeding the high energy content diets.
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economic trait, which directly affects consumers’ preference for 
pork, and different meat quality characteristics are applied to 
different meat processing methods (Modzelewska-Kapitula et al., 
2012; Wang et al., 2022a). For example, tender meat is suitable 
for grilling, while chewy meat is better for braising. This study 
showed that differences in energy intake levels caused by 
different feeding patterns did result in alterations in meat quality 
(including tenderness, pH value, meat color, medium and long-
chain fatty acid content). We observed that the shear force of 
Tibetan pork in the grazing group was significantly higher than 
those of the other two groups, and the meat color was brighter and 
redder (L* and a* values). The type and composition of muscle 
fibers were closely related to meat quality, and the type I myofiber 
was more enriched in the muscle of grazing Tibetan pigs due to 
frequent exercise and running (Jackson et al., 2015). The meat 
color depends on the content of myoglobin in the muscle (Bekhit 
and Faustman, 2005), and the free-range Tibetan pork was red 
and bright because of increased type I  myofiber, oxidative 
myofiber, with high content of myoglobin (Ryu and Kim, 2005). 
The reason why Tibetan pork became dark red with the increase 
of exposure time under any feeding pattern was that 
oxymyoglobin (bright red) was oxidized to methemoglobin 
(brown) (Bekhit and Faustman, 2005). In addition, the 
researcher believed that the glycolytic myofiber (type IIb) has a 
faster maturation rate than the oxidative myofiber (type I), so the 
higher proportion of type I myofiber exhibited a higher shear 
force in muscle (Seideman, 1986), which provided a reasonable 
explanation for the alterations of pork tenderness under different 
feeding pattern in this experiment. Generally, meat with a 

pH45min ≥ 6 measured after 45 min of slaughter is considered as 
high-quality meat, and meat with a pH24h > 6 measured after 24 h 
is considered as dark firm dry meat (Yin, 2011). Hence, from the 
point of view of pH value, we found high quality of Tibetan pork 
in any feeding pattern, and the highest pH24h was found in the 
free-ranging group. Due to the high proportion of type 
I myofiber with low glycogen content and weak glycolytic ability 
(Yin, 2011) in free-ranging Tibetan pigs, the lactic acid 
production was low, finally leading to higher pH24h in muscle. 
Intriguingly, the pH value of Tibetan pigs in free-ranging group 
and regular diet feeding group at 45 min was lower than that of 
Tibetan pigs in high energy group, which might be  closely 
related to dietary fiber content.

Additionally, fatty acids are essential for human health with 
various physiological functions (Calder, 2015). We observed 
that the total fatty acids and unsaturated fatty acids in meat of 
Tibetan pigs fed high energy diets and regular diets were 
significantly higher than those in free-ranging Tibetan pigs, 
indicating the crucial roles of energy intake level for the fatty 
acid content in meat (Wang et al., 2020). It is widely recognized 
that n-6 PUFAs have potentially negative effects, while n-3 
PUFAs [especially eicosapentaenoic acid (EPA) and 
docosahexaenoic acid (DHA)] have significant positive effects 
on human health (Jeromson et al., 2015; Sears and Perry, 2015). 
Meanwhile, researchers have demonstrated that n-3 PUFA 
exhibited curative effects on bronchial asthma, neuropsychiatric 
disorders and cognitive brain function in children and can also 
prevent future cardiovascular events in adults (Ciccone et al., 
2013). The fatty acid composition, especially n-3 PUFA, is 

FIGURE 3

Effects of different feeding patterns on concentrations of short-chain fatty acid (SCFA), including acetate acid, propionic acid, isobutyric acid, 
butyric acid, isovaleric acid, valeric acid and total SCFAs in cecal chyme of Tibetan pigs. Data are expressed as mean ± SE (n = 6–7). * and ** 
indicates p < 0.05 and p < 0.01, respectively. FRP: free-ranging Tibetan pigs; RFP: feeding the regular Tibetan pig diets; HEP: feeding the high energy 
content diets.
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modulated by altering dietary lipid intake and absorption levels 
(Poorghasemi et  al., 2013). In this study, Tibetan pigs fed 
regular diets had more reasonable fatty acid composition with 
higher n-3 PUFAs and lower n-6/n-3 PUFA ratio than high 
energy intake Tibetan pigs. In addition to n-3 PUFAs, other 
fatty acids including C18:3n-3 (alpha-linolenic acid, ALA), 
C20:5n-3 (EPA) and C22:6n-3 (DHA) also have health benefits 
in preventing brain, retina and cardiovascular diseases (Howe 
et al., 2006). In this research, the higher content of EPA in free-
ranging and regular diets group pork might be closely related to 
the alterations of gut microbiota caused by fiber intake (Chen 
et  al., 2022). For other unsaturated fatty acids [linoleic acid 
(LA), ALA and arachidonic acid (ARA)] that are beneficial to 
human beings, different feeding patterns have their 
own advantages.

In recent years, the interaction between gut microbiota and 
muscle has been confirmed by more and more studies, and the 
importance of its microbiota-gut-muscle axis has been fully 
recognized (Ticinesi et  al., 2019). Gut microbiota can affect 
skeletal muscle metabolism and muscle fiber phenotype (Lahiri 
et al., 2019; Nay et al., 2019), and several species of bacteria also 
have similar effects on regulating skeletal muscle metabolism (Ni 
et  al., 2019; Scheiman et  al., 2019). Hence, we  analyzed the 
microbial composition in the cecum of Tibetan pigs, and the 
results exhibited that the microbial community was obviously 
divided into three different clusters under different feeding 
patterns, and the microbial diversity in the cecum of Tibetan pigs 
fed high energy diets was significantly reduced due to the lack of 
fiber in the diets (Pu et al., 2022). Besides, microbiota-derived 
SCFA was affected by dietary fiber intake (Pu et al., 2022), which 

A B C

D E

FIGURE 4

Effects of different feeding patterns on gut microbiota diversity of Tibetan pigs. The Ace (A), Chao (B) and Sobs index (C) of microbiota in cecal 
chyme. Data are expressed as minimum to maximum (n = 7). * and ** indicates p<0.05 and p<0.01, respectively. (D) PCoA analysis of microbiota in 
cecal chyme at the OTU level based on the Bray-Curtis distance. (E) The Venn figure of microbiota in cecal chyme. FRP: free-ranging Tibetan pigs; 
RFP: feeding the regular Tibetan pig diets; HEP: feeding the high energy content diets.
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was consistent with the results that the content of SCFAs 
(especially acetic acid, propionic acid, and butyric acid) was 
higher in the cecum of Tibetan pigs in free-ranging and 
regular  diet groups with more fiber intake in this study. 
The  results of Spearman correlation analysis suggested that 
the  genera Prevotellaceae UCG-003, norank_f_Eubacterium_
coprostanoligenes_group, Rikenellaceae_RC9_gut_group and 
norank_f_p-251-o5 were significantly correlated with the 
production of SCFA in intestinal tract of Tibetan pigs. It has been 
reported that SCFA infusion from ileum inhibited the expression 
of fatty acid synthase and acetyl-CoA carboxylase in longissimus 
dorsi muscle and altered meat quality after antibiotic clearance of 

endogenous SCFA-produced microbiota in hindgut of pigs (Jiao 
et  al., 2021). Feeding alfalfa and SCFA in goats significantly 
increased the content of C16:0 and C18:0 in meat (Wang et al., 
2022b), which was highly similar to the results of this 
experiment. Simultaneously, increasing evidence confirmed that 
gut microbes  (for example, Parabacteroides, Unclassified 
Erysipelotrichaceae, Prevotellaceae UCG-001, Butyrivibrio, 
Alistipes, Phocaeicola, Acetitomaculun, Corynebacterium, 
Anaerovibrio, Lachnoclostridium_1) affect lipid deposition and 
fatty acid content in skeletal muscle by altering lipid metabolism 
(Chen et  al., 2022). A total of 11 genera related to lipid 
metabolism, including Unclassified_f_Erysipelotrichaceae, 

A C

B

E

D

FIGURE 5

Effects of different feeding patterns on gut microbiota community composition in the cecal chyme of Tibetan pigs. The relative abundances of 
microbiota in cecal chyme at the phylum (A) or genus level (C). Analysis of variance in the gut microbiota with significant differences at the phylum 
(B) and genus level (the top 15 genera, D). (E) heat map of the different enrichment of bacteria related to meat quality among three groups. Data 
are expressed as mean value (n = 7). *, ** and *** indicates p<0.05, p<0.01 and p<0.001, respectively. FRP: free-ranging Tibetan pigs; RFP: feeding 
the regular Tibetan pig diets; HEP: feeding the high energy content diets.
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Alistipes, Anaerovibrio, Acetitomaculun, etc., were identified 
under different feeding patterns in this study. Among that, the 
high content of C18:1 cis-9 and C18:2n-6 trans in Tibetan pork 
with higher energy intake (REP and HEP group pigs) might 
be caused by the increased abundance of Anaerovibrio bacteria in 
intestinal tract (Wang et al., 2019). Besides, the high content of 
saturated fatty acids in Tibetan pork with higher energy intake 
was also closely related to the probiotic and antioxidant effects of 
Lactobacillus (Lactobacillus johnsonii) in intestinal tract (Wang 
et  al., 2017). In this study, Spearman correlation analysis 
demonstrated that alterations in the content of medium or long-
chain fatty acids in meat were affected by the genera 
Prevotellaceae_NK3B31_group, Prevotellaceae UCG-003 and 
Christensenellaceae_R-7_group. In addition to the bacteria related 
to lipid metabolism, this study also found that the bacteria 
Prevotella and Clostridium related to meat quality (Fang et al., 
2017) changed significantly in the cecum of Tibetan pigs under 
different feeding patterns.

Conclusion

Taken together, our results demonstrated that high energy 
feeding pattern for house feeding improved carcass weight and 
enhanced feeding efficiency of Tibetan pigs, yet distinct 
feeding patterns affected meat quality of Tibetan pigs closely 
associated with altering gut microbiota, which could provide a 
reference for choosing specific feeding pattern based on 
various market orientation and demand to achieve 
precision breeding.
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Dietary assessment of ochratoxin 
A in Chinese dark tea and 
inhibitory effects of tea 
polyphenols on ochratoxigenic 
Aspergillus niger
Yi-qiao Zhao 1, Wen-bao Jia 1, Si-yu Liao 1, Lin Xiang 1, Wei 
Chen 1, Yao Zou 1*, Ming-Zhi Zhu 2* and Wei Xu 1*
1 College of Horticulture, Tea Refining and Innovation Key Laboratory of Sichuan Province, Sichuan 
Agricultural University, Chengdu, China, 2 Key Laboratory of Tea Science of Ministry of Education, 
National Research Center of Engineering Technology for Utilization of Functional Ingredients From 
Botanicals, College of Horticulture, Hunan Agricultural University, Changsha, China

In recent years, there has been an increasingly heated debate on whether 

Chinese dark tea is contaminated with mycotoxins and whether it poses health 

risks to consumers. In this study, a rapid method based on high-performance 

liquid chromatography was used to detect ochratoxin A (OTA) in Chinese dark 

tea samples from different regions of China and different years. Of the 228 

Chinese dark tea samples tested, 21 were detected for OTA contamination, with 

a concentration ranging from 2.51 ± 0.16 to 12.62 ± 0.72 μg/kg. Subsequently, a 

dark tea drinking risk assessment was conducted, and the hazard quotient for 

each group was far below the acceptable level of 1.0. Of the 12 Aspergillus spp. 

strains isolated, one strain of Aspergillus niger had the ability to produce OTA. 

We also found that tea polyphenols and epigallocatechin gallate inhibited the 

growth of ochratoxin-producing Aspergillus niger and the expression of non-

ribosomal peptide synthetase (NRPS), a key gene for ochratoxin synthesis. 

Thus, OTA contamination of dark tea is at an acceptable risk level, and the 

inhibition of ochratoxigenic Aspergillus niger by polyphenols provides new 

insights into the safety of dark tea consumption.

KEYWORDS

hazard quotient, Ochratoxin A contamination, risk assessment, polyphenols, 
non-ribosomal peptide synthetase

Introduction

Dark tea, which is highly preferred in China, is a unique type of solid fermentation tea 
(Wang et al., 1991). There are various types of dark tea available in different regions of 
China, and the major types are Kang brick tea in Sichuan, Fu brick tea in Hunan and 
Shaanxi, Ripe Pu-erh tea in Yunnan, and Qing brick tea in Hubei (Wang R. et al., 2018). 
The unique flavor qualities and health benefits of dark tea are attributed to pile-
fermentation, which is a special process in dark tea processing. Aspergillus niger is the 
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dominant fungus in the pile-fermentation processing (Ou, 2017; 
Xiong, 2017), and parts of Aspergillus niger have the ability to 
produce ochratoxin A (OTA; Sánchez-Hervás et al., 2008; Iqbal 
et al., 2014; Wang et al., 2016; Deng et al., 2020). Recent reports 
have shown that Aspergillus niger isolated from dark tea can 
produce OTA. This implies that there is a possibility of dark tea 
contamination by OTA (Zhou et al., 2015; Zhao et al., 2021).

With the increasing consumption of dark tea, the study of 
OTA determination and risk assessment for dark tea is imminent. 
Numerous studies (Haas et al., 2013; Liu et al., 2016, 2017; Mo 
et al., 2016; Ye et al., 2020) regarding OTA determination in dark 
tea have been conducted, the concentrations ranging from 0.22 to 
94.7 μg/kg, but a larger number and more representative samples 
of dark tea should be investigated. Risk assessment of OTA in dark 
tea has been carried out in some studies (Ye et al., 2020; Yan et al., 
2021), and the results showed that there is no observed risk 
concern to consumers as the hazard quotient (HQ) was below 1.0. 
In addition, large amounts of tea consumption data are urgently 
required to generate a more accurate assessment.

Ochratoxin A, a group of secondary metabolites produced by 
the fungi Aspergillus (Wang Y. et  al., 2018), is nephrotoxic, 
hepatotoxic, immunotoxic, genotoxic, neurotoxic, and teratogenic 
(Chen et  al., 2018). This compound is widely found in cereal 
products, wine, coffee, tea, and even meat products (Duarte et al., 
2010; Kumar et al., 2020). OTA contamination is an increasing 
concern worldwide because of its harmful effects on human 
health. The cluster of genes involved in OTA synthesis in 
Aspergillus niger has been extensively investigated, and the results 
suggest that polyketide synthase (PKS), non-ribosomal peptide 
synthetase (NRPS), cytochrome p450 (P450), basic leucine zipper 
(BZIP), and halogenase (HAL) may be  key genes of the OTA 
synthesis gene cluster in Aspergillus niger (Karolewiez and Geisen, 
2005; O’Callaghan et al., 2003; Pel et al., 2007).

Previous studies (Zhang et al., 2016; Zhao et al., 2021) have 
shown that OTA-producing fungi in dark tea are characterized by 
various fungal species and high detection frequencies; however, the 
detection rate and content of OTA in dark tea samples were lower 
than expected. This may be due to the ability of tea polyphenols 
(TPs) to inhibit the production of OTA by OTA-producing fungi. 
Many studies have shown that TPs can inhibit fungal production 
of mycotoxins (Mo et al., 2013; Wu Q., 2013; Li et al., 2015).

In this study, we  used a rapid high-performance liquid 
chromatography (HPLC)-based assay to detect OTA in dark tea 
samples from different years obtained from six different regions of 
China. The OTA contamination levels of dark tea obtained in this 
study and the consumer data on dark tea consumption across the 
country were used to assess the risk of dark tea consumption. In 
addition, 12 Aspergillus spp. strains were isolated from tea samples 
containing OTA, and one strain of Aspergillus niger had the ability 
to produce OTA. We also investigated the inhibitory effects of 
different concentrations of TPs and epigallocatechin gallate 
(EGCG) on the growth of OTA-producing Aspergillus niger (AN3) 
isolated from tea samples containing OTA, and the mechanism of 
inhibition of their toxin production by TPs and EGCG.

Materials and methods

Materials and reagents

Kang brick tea from Sichuan, Fu brick tea from Hunan and 
Shaanxi, Ripe Pu-erh tea from Yunnan, Qing brick tea from 
Hubei, and Liu Bao tea from Guangxi (Figure 1), with 228 samples 
of different vintage dark tea that were randomly purchased from 
tea markets, tea retail outlets, and online shops (March 2021–
September 2021). The samples were stored in a clean and 
air-ventilated environment prior to the analysis.

Ochratoxin α (OTα), OTA, and ochratoxin B (OTB) were 
purchased from Pribolab Pte Ltd. (Qingdao, China). TPs and 
EGCG were purchased from Hunan Sunfull Bio-tech Co., Ltd. 
(Changsha, China). Chromatographic-grade methanol, 
acetonitrile, and glacial acetic acid were provided by Chengdu 
Kelong Co. Ltd. (Chengdu, China).

Sample preparation and HPLC system 
and operating conditions

The tea sample was prepared by extracting 1.0 g of crushed dark 
tea with 10.0 ml of a methanol-formic acid (25:1 v/v) solution. The 
solution was mixed using a stirrer for 2 min and further extracted 
using ultrasonic bathing for 10 min. It was then centrifuged at 
4,000 rpm for 10 min, the supernatant was filtered through filter 
paper, and the volume was fixed to 4.0 ml. The filtrate was filtered 
through a 0.45 μm organic filter membrane before HPLC analysis.

The filtrate was measured on an Agilent 1260Infinity II 
(Agilent Technologies Co. Ltd., Palo Alto, CA, United  States) 
HPLC system equipped with a fluorescence detector.

For HPLC analysis of dark tea, OTA was separated using a C18 
column (5 μm, 250 × 4.6 mm; Phenomenex, Torrance, CA, 
United  States). Separation was performed at 30°C, and the 
injection volume was 10.0 μl. The mobile phase was composed of 
water-glacial acetic acid(98:2 v/v; phase A) and acetonitrile (phase 
B), and gradient elution was as follows: 0–10 min, 88–80% A, 
12–20% B; 10–12 min, 80–70% A, 20–30% B; 12–19 min, 70–50% 
A, 30–50% B; 19–31 min, 50–0% A, 50–100% B; 31–40 min, 
0–88% A, 100–12% B; 40–45 min, 88% A, 12% B.

For the HPLC analysis of the liquid culture, OTα, OTA, and 
OTB were separated using a Pribolab ODS C18 column (2.5 μm, 
150 × 4.6 mm), water-glacial acetic acid (98:2 v/v; phase A) and 
acetonitrile (phase B), and isocratic elution (50:50).

Method validation

Recovery rates were evaluated by adding three concentrations 
(5, 10, and 20 μg·kg−1) of OTA to non-toxic tea samples. Recovery 
was determined by comparing the average peak areas of the spiked 
samples with those of the standard solutions. Linearity was calculated 
by peak areas and concentrations of the OTA standard (1, 5, 10, 20, 
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and 30 μg·L−1) using HPLC. The limit of detection (LOD) and limit 
of quantification (LOQ) were determined by analyzing the lowest 
OTA in the tea samples. The LOD and LOQ were calculated based 
on a signal-to-noise ratio (S/N) of three (3:1) and 10 times (10:1) the 
background chromatographic noise, respectively.

Tea consumption questionnaire

Tea consumption data were obtained through a questionnaire 
with a total of 446 participants, who were selected randomly from 
Sichuan, Chongqing, Hunan, Guangdong, Yunnan, and Inner 
Mongolia. The participants were questioned about their sex, age, 
weight, city, brewing volume, and proportion of drinking volume 
to brewing volume.

Health risk assessment

Deterministic risk assessment
The dietary risk of mycotoxin exposure from drinking dark 

tea was assessed based on contamination levels and consumption 
data. The health neoplastic risk of OTA was assessed based on 

the HQ (IARC, 1993). A HQ value of <1.0 indicates that the 
population is not at risk of exposure (WHO, 2005; EFSA, 2013). 
The average daily intake of ADD (μg.kg−1.day−1) and the HQ 
values were calculated using the following equations:

 ADD C CA/BW= *

 HQ ADD/RfD=

Here, C is the average mycotoxin concentration in dark tea 
(μg.kg−1), CA is the amount of dark tea consumed (g.person−1.
day−1), BW is the average body weight of the population (kg), 
ADD is the average daily intake of OTA, and RfD is the provisional 
maximum tolerable daily intake (PMTDI) suggested by the World 
Health Organization (WHO).

For the risk assessment, average and heavy tea consumers 
(95% of tea consumers) were evaluated. We used 0 (lower limit), 
1/2 LOD (middle limit), and LOD (upper limit; GEMS/Food-
EURO, 1995) as the three possible scenarios for the risk 
assessment. In addition, we explored extreme exposure scenarios, 
that is, the mean and maximum OTA contamination values of all 
tea samples contained in this study for neoplastic risk assessment.

FIGURE 1

The samples of dark tea.
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Probabilistic risk estimation
Deterministic risk assessment methods ignore the variability 

and uncertainty of data and fail to reflect the differences among 
individuals. Probabilistic risk assessment compensates for the 
shortcomings of deterministic risk assessment by quantifying 
variability and uncertainty and is now the main tool for dietary 
exposure assessment. Probabilistic assessment requires 
assessment of all risk factors in the population, such as data on 
the body weight of all individuals in the assessment population, 
assessment of tea consumption data, and data on the OTA 
content of the tea. Therefore, a large data resource is necessary to 
carry out accurate probabilistic assessments. The variability of 
exposure factors (i.e., OTA contamination, body weight, and tea 
consumption) was assessed for each assessment group through 
Monte Carlo simulations using the Crystal Ball (Version 11.2) 
software to determine the best-fit distribution. Sensitivity 
analyses were performed using the Crystal Ball software to assess 
the contribution of each exposure factor to neoplastic risk. A total 
of 10,000 iterations were performed using the Monte Carlo 
simulation. The lower, middle, and upper limits as well as the 
average and maximum (extreme case) contamination exposures 
were determined separately.

Isolation of fungal strains in tea samples 
containing OTA

Fungal strains in tea samples containing OTA from six regions 
(Sichuan, Hunan, Yunnan, Shaanxi, Guangxi, and Hubei) were 
isolated. The toxin-producing abilities of the isolated fungal 
strains were analyzed, and those with toxin-producing abilities 
were identified by phylogenetic analysis of partial β-tubulin 
(BenA; Bt2a:GGTAACCAAATCGGTGCTGCTTTC, Bt2b:ACC
CTCAGTGTAGTGACCCTTGGC), partial calmodulin (CaM; 
CF1L:GCCGACTCTTTGACYGARGAR, CF1M:AGGCCGAYT 
CTYTGACYGA, CF4:TTTYTGCATCATRAGYTGGAC), and 
RNA polymerase beta gene (RPB2; fRPB2-5F:GAYGAYMGW 
GATCAYTTYGG, fRPB2-7cR:CCCATRGCTTGYTTRCCCAT), 
which were then used in subsequent experiments.

Inhibition of TPs and EGCG on 
Aspergillus niger AN3

Growth inhibition
Tea polyphenols and EGCG were added to CYB medium 

separately so that the concentrations of TPs and EGCG in the 
medium were 0, 10, 25, 50, and 75 mg/ml. After incubation at 
28°C for 7 days, the growth of A. niger AN3 was observed.

Inhibition of the mechanism of toxicity 
production

The cultures were expanded at 50 mg/ml concentrations of 
TPs and EGCG for 3 and 7 days, respectively, and then detected 

for OTα, OTA, and OTB in the culture broth. RNA of A. niger 
AN3 was extracted, reverse-transcribed, and subjected to RT-PCR.

The relative expression levels of PKS, NRPS, P450, BZIP, and 
HAL, the key genes for OTA synthesis in A. niger AN3 under TPs 
and EGCG treatment conditions, were measured, and the 
β-tubulin gene was used as an internal reference for normalization 
of gene expression.

DNA extraction and RNA preparation

DNA of A. niger AN3 was extracted using the Fungi Genomic 
DNA Extraction Kit (D2300, Solarbio, Co., Ltd., China) according 
to the manufacturer’s instructions. The total DNA was eluted in 
100 μl of elution buffer. To measure the expression of PKS, NRPS, 
P450, BZIP, and HAL, total RNA was extracted by Total RNA 
Extraction Kit (Solarbio, Co., Ltd., China). RNA was reverse-
transcribed using FastKing RT-qPCR Kit (Tiangen Biotech Co., 
Ltd., Beijing, China). All the primers for PCR and qPCR were 
designed by Sangon Biotech Co., Ltd. (Shanghai, China).

Statistical analysis

All experiments were performed with three replicates. The 
variability of exposure factors, sensitivity, and the Monte Carlo 
simulation were performed using the Crystal Ball Version 11.2 
(Oracle Corp., Redwood, CA, United  States). The significant 
differences based on one-way analysis followed by the Duncan’s 
Multiple Range Test were performed using SPSS Statistics Version 
25.0 (IBM Corp., Armonk, NY, United States).

Results

Method validation

Chromatograms of OTA in dark tea sample are shown in 
Figure 2B. The determination coefficient was R2 > 0.9991, and the 
regression equation (OTA concentration = 6.53 × 10−2 × peak area-
0.0369) showed suitable linearity from 1 to 30 ng/ml. LOD and 
LOQ of OTA using the current method were 0.39 and 1.30 μg/kg, 
respectively. Under the different spiked concentrations, the 
recoveries by the method used in this study ranged from 78.8 ± 1.3 
to 103.6 ± 9.4%. It is shown that the present method was suitable 
for fermented tea sample determination.

OTA concentration in dark tea

A total of 228 dark tea samples from six regions (Figure 2A) 
were tested (Supplementary Table S1), and 21 samples contained 
OTA, as shown in Table 1; the occurrence of OTA was 9.2% (21/228), 
with concentrations ranging from 2.51 ± 0.16 to 12.62 ± 0.72 μg/kg.
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Dark tea consumption

A total of 236 males and 210 females participated in the 
questionnaire survey. We grouped consumers by gender and 
age into two groups for males and two groups for females and 

five age groups: <21 years, 21–30 years, 31–40 years, 
41–50 years, and 50 years and above. The average total black 
tea consumption was 7.02 g per day. Weight and dark tea 
consumption data for each group are presented in 
Supplementary Table S2.

A

B

C

E

D

FIGURE 2

OTA detection in dark tea samples and isolation of OTA-producing fungal strains. (A) Tea samples from six different regions. (B) Chromatograms of 
OTA in dark tea sample. (C) Aspergillus fungal strains isolated from tea samples containing OTA. (D) Phylogenetic tree of A. niger AN3 based on 
combined sequences of BenA, CaM, and RPB2 gene. (E) OTA-producing fungi, A. niger AN3 and Chromatograms of OTA-producing fungi.
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Risk assessment

Deterministic risk assessment
The OTA deterministic risk assessment was based on OTA 

exposure contamination data from 228 dark tea samples and tea 
consumption data from 446 respondents obtained in this study. In 
the deterministic risk assessment, consumers with average and 
heavy tea consumption (95% tea consumption) were considered 
to have average and heavy OTA exposure, respectively. In addition, 
the mean of all tea samples containing OTA levels in this study 
and the maximum OTA contamination level was considered 
extreme cases for exposure assessment. The WHO PMTDI value 
for OTA is 0.0143 μg/kg b.w. (JECFA, 2002). The risk factor was 
calculated by comparing the exposure data with the 
WHO-recommended PMTDI values. The deterministic potential 
neoplastic risk was assessed based on the exposure calculations, 
and the detailed results are shown in Table 2.

The results of the deterministic risk assessment indicated that 
the maximal HQ values for lower bound (LB), middle bound 
(MB), and upper bound (UB) were 5.313 × 10−3, 7.147 × 10−3, and 
8.980 × 10−3 for average-intake consumers (>50 age group), 
respectively. The maximal HQ values for LB, MB, and UB were 
1.130 × 10−2, 1.520 × 10−2, and 1.910 × 10−2, respectively, for heavy-
intake consumers (31–40 years).

The maximal HQ values for all the groups were below 1.0, 
indicating no neoplastic risk. In the two extremes of exposure, the 
mean and maximal OTA levels in all tea samples containing OTA in 

this study, the maximal HQ values were 5.768 × 10−2 and 1.309 × 10−1, 
respectively, both below 1.0, indicating no neoplastic risk.

Probabilistic risk assessment
Probabilistic estimation was performed using the OTA 

pollution exposure concentrations, tea consumption, and 
consumer weight. First, the best-fit distributions of the exposure 
factors for different scenarios were examined. As shown in 
Supplementary Table S3, the best-fit distributions for the OTA 
contamination concentrations under the LB, MB, and UB 
scenarios were all minimum extreme value distributions, the 
best-fit distribution for body weight was a gamma distribution, 
and the best-fit distribution for daily tea consumption was a 
maximum extreme value distribution. Probabilistic risks were 
estimated for each group and the results are presented in Table 2.

The results of the neoplastic risk assessment showed that the 
HQ values for LB, MB, and UB were 5.131 × 10−2, 5.205 × 10−2, and 
5.285 × 10−2, respectively, for heavy-intake consumers. The HQ 
values of 1.053 × 10−1 and 2.389 × 10−1 for heavy-intake consumers 
for the two extreme OTA exposure scenarios of average and 
maximum contamination concentrations, respectively, were also 
below 1.0, indicating no neoplastic risk. The results of 
deterministic and probabilistic risk assessments indicate that there 
was no OTA neoplastic risk from dark tea consumption. 
Sensitivity analysis showed that OTA contamination was the first 
key factor in the exposure assessment, with an R of 0.496 for the 
UB case and 0.472 for the UB case, with daily tea intake as the 
second influencing factor, as shown in Supplementary Table S4.

Isolation of OTA-producing fungi

A total of 12 Aspergillus fungal strains (Figure  2C) were 
isolated from tea samples containing OTA from six different 
regions of China (Sichuan, Hunan, Yunnan, Hubei, Shaanxi, and 
Guangxi). Only one strain (AN3) has the capacity to produce 
OTA. The maximum likelihood tree based on combined 
sequences of BenA, CaM, and RPB2 gene (Figure 2D) showed 
that AN3 was closely related to Aspergillus niger (the partial 
BenA, CaM, and RPB2 gene sequences were deposited in 
GenBank under accession numbers OP682803, OP682804, and 
OP682805, respectively). Therefore, the AN3 was identified as 
Aspergillus niger. The Chromatograms of OTA-producing fungi 
are shown in Figure 2E.

Inhibitory effects of TPs and EGCG on 
growth and toxicity production

The growth of A. niger AN3 after the addition of different 
concentrations of TPs and EGCG in the CYB medium for 7 days 
is shown in Figure 3. The inhibition of A. niger AN3 growth at low 
concentrations (0, 10, and 25 mg/ml) of TPs was not significant. 
The growth of A. niger AN3 was strongly inhibited at higher 

TABLE 1 OTA concentrations above LOQ of dark tea samples from 
different regions and years.

No. Year Region Type Concentration 
(μg/kg)

GX38 2016 Guangxi Liupao tea 4.59 ± 3.02

HN2 2019 Hunan Dark tea 9.75 ± 1.65

HB10 2000 Hunan Dark tea 2.63 ± 0.67

HB13 2015 Hunan Fu brick tea 6.80 ± 0.59

HN16 2014 Hunan Tianjian tea 3.92 ± 0.49

HN17 2017 Hunan Qing brick tea 2.79 ± 0.61

HN22 2018 Hunan Fu brick tea 4.72 ± 0.24

HN24 2012 Hunan Fu brick tea 2.76 ± 0.36

SC9 2014 Sichuan Kang brick tea 4.61 ± 0.70

SC12 2016 Sichuan Jinjian tea 5.38 ± 2.47

SC13 2016 Sichuan Kang brick tea 9.83 ± 1.54

SC15 2018 Sichuan Kang brick tea 7.60 ± 1.00

SC18 2014 Sichuan Jinjian tea 5.75 ± 2.01

SC24 2017 Sichuan Kang brick tea 3.90 ± 0.12

SC30 2015 Sichuan Kang brick tea 4.55 ± 0.62

SC36 2017 Sichuan Dark tea 7.74 ± 0.94

SC38 2021 Sichuan Dark tea 5.36 ± 0.29

SC39 2021 Sichuan Kang brick tea 12.62 ± 0.72

SC44 2021 Sichuan Tibetan tea 5.61 ± 2.88

SX1 2018 Shannxi Fu brick tea 3.52 ± 0.07

YN30 2020 Yunnan Ripe Pu-erh tea 2.51 ± 0.16
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concentrations of TPs (50 mg/ml), and it was inhibited almost 
completely at higher concentrations of TPs (75 mg/ml). The 
growth of A. niger AN3 was not significantly inhibited at low 
concentrations of EGCG (0, 10, and 25 mg/ml), whereas it was 
inhibited at higher concentrations of EGCG (50 and 75 mg/ml) 
but not completely, and A. niger AN3 was still able to grow at 
higher concentrations of EGCG.

The growth of A. niger AN3 was inhibited with increasing 
concentrations of TPs and EGCG. In the detection of OTA 
production, we found that no OTA was detected in A. niger AN3 
under the treatment culture conditions with TPs and EGCG, both 
at low and high concentrations. After 3 and 7 days of incubation 
with the addition of TPs and EGCG, although A. niger AN3 was 
able to grow at lower concentrations, OTA production was 
not detected.

Mechanism of inhibition of toxicity 
production by TPs and EGCG

The concentrations of OTα, OTA, and OTB in the cultures 
after 3 and 7 days of incubation are presented in Table  3. 
We found no detectable production of OTA under either TPs or 
EGCG treatment. Under TPs treatment conditions, the OTα 
content at 7 days of culture was higher than that at 3 days of 
culture. However, we found that OTα levels were lower under 
TPs treatment than in the blank control, and no OTα production 
was detected under EGCG treatment. We speculated that this 

may be due to the inhibition of OTα production by TPs and 
EGCG through the inhibition of A. niger AN3 growth and its 
conversion to other substances, such as OTB and OTB 
ethyl ester.

Meanwhile, we observed that OTB levels at 7 days were higher 
than those at 3 days. However, unlike OTα, OTB levels were 
higher in the TPs treatment culture than in the blank control. This 
is probably due to the inhibition of OTα synthesis in favor of 
OTB. After EGCG treatment, OTα, OTA, and OTB were not 
detected. We  speculated that EGCG may inhibit mycotoxin 
production by inhibiting their growth. We also found lower levels 
of OTA after 7 days incubation than after 3 days incubation, and 
Varga et al. (2000) suggested that Aspergillus niger may secrete 
enzymes to degrade OTA into other products, or in the case of 
nutrient deficiency, OTA is consumed as a supplementary 
nitrogen source.

The OTA synthesis pathway has not been completely resolved 
and only a few predicted pathways are available. The major OTA 
synthesis pathways postulated by Huff and Hamilton (1979) and 
Harris and Mantle (2001) are shown in Figure 3. We  found a 
significant reduction (p < 0.01) in the relative expression of NRPS 
by real-time fluorescence quantification of genes critical for 
possible OTA synthesis in A. niger AN3. No OTA production was 
detected in any of the cultures, suggesting that TPs and EGCG 
inhibit the expression of NRPS and thus may suppress OTA toxin 
synthesis. Moreover, TPs and EGCG may inhibit the growth of 
A. niger AN3 through other pathways, thus suppressing 
OTA production.

TABLE 2 Deterministic and probabilistic risk assessments of OTA in dark tea.

Group
Average-intake consumers Heavy-intake consumers

LB MB UB AVE MAX LB MB UB AVE MAX

(A) Deterministic risk assessment of OTA in dark tea
All 4.005 × 10−3 5.387 × 10−3 6.769 × 10−3 4.348 × 10−2 9.864 × 10−2 1.142 × 10−2 1.536 × 10−2 1.930 × 10−2 1.239 × 10−1 2.812 × 10−1

Male 4.230 × 10−3 5.690 × 10−3 7.151 × 10−3 4.593 × 10−2 1.042 × 10−1 2.035 × 10−3 2.738 × 10−3 3.441 × 10−3 2.210 × 10−2 5.014 × 10−2

Female 3.675 × 10−3 4.944 × 10−3 6.212 × 10−3 3.990 × 10−2 9.053 × 10−2 1.322 × 10−2 1.779 × 10−2 2.235 × 10−2 1.436 × 10−1 3.257 × 10−1

<21 1.426 × 10−3 1.918 × 10−3 2.410 × 10−3 1.548 × 10−2 3.512 × 10−2 6.394 × 10−3 8.601 × 10−3 1.081 × 10−2 6.942 × 10−2 1.575 × 10−1

21–30 2.586 × 10−3 3.479 × 10−3 4.371 × 10−3 2.808 × 10−2 6.370 × 10−2 1.126 × 10−2 1.515 × 10−2 1.904 × 10−2 1.223 × 10−1 2.775 × 10−1

31–40 4.566 × 10−3 6.142 × 10−3 7.718 × 10−3 4.957 × 10−2 1.125 × 10−1 1.130 × 10−2 1.520 × 10−2 1.910 × 10−2 1.227 × 10−1 2.783 × 10−1

41–50 5.044 × 10−3 6.786 × 10−3 8.527 × 10−3 5.477 × 10−2 1.243 × 10−1 1.051 × 10−2 1.414 × 10−2 1.777 × 10−2 1.141 × 10−1 2.589 × 10−1

>50 5.313 × 10−3 7.147 × 10−3 8.980 × 10−3 5.768 × 10−2 1.309 × 10−1 1.108 × 10−2 1.490 × 10−2 1.873 × 10−2 1.203 × 10−1 2.729 × 10−1

(B) Probabilistic risk assessment of OTA in dark tea

all 2.106 × 10−2 2.137 × 10−2 2.169 × 10−2 4.322 × 10−2 9.805 × 10−2 4.783 × 10−2 4.853 × 10−2 4.927 × 10−2 9.815 × 10−2 2.227 × 10−1

male 2.113 × 10−2 2.143 × 10−2 2.176 × 10−2 4.335 × 10−2 9.836 × 10−2 4.524 × 10−2 4.589 × 10−2 4.659 × 10−2 9.282 × 10−2 2.106 × 10−1

female 2.043 × 10−2 2.072 × 10−2 2.104 × 10−2 4.191 × 10−2 9.509 × 10−2 4.902 × 10−2 4.973 × 10−2 5.049 × 10−2 1.006 × 10−1 2.282 × 10−1

<21 8.623 × 10−3 8.748 × 10−3 8.882 × 10−3 1.769 × 10−2 4.014 × 10−2 2.864 × 10−2 2.906 × 10−2 2.950 × 10−2 5.877 × 10−2 1.333 × 10−1

21–30 7.017 × 10−3 7.119 × 10−3 7.227 × 10−3 1.440 × 10−2 3.267 × 10−2 2.001 × 10−2 2.030 × 10−2 2.061 × 10−2 4.106 × 10−2 9.315 × 10−2

31–40 2.070 × 10−2 2.101 × 10−2 2.133 × 10−2 4.249 × 10−2 9.639 × 10−2 4.944 × 10−2 5.016 × 10−2 5.092 × 10−2 1.014 × 10−1 2.302 × 10−1

41–50 2.406 × 10−2 2.441 × 10−2 2.478 × 10−2 4.937 × 10−2 1.120 × 10−1 4.821 × 10−2 4.892 × 10−2 4.966 × 10−2 9.893 × 10−2 2.245 × 10−1

>50 2.522 × 10−2 2.559 × 10−2 2.598 × 10−2 5.176 × 10−2 1.174 × 10−1 5.131 × 10−2 5.205 × 10−2 5.285 × 10−2 1.053 × 10−1 2.389 × 10−1

Deterministic risk assessment of OTA in dark tea. Average-intake consumers: average tea consumption, heavy-intake consumers: 95th percentile of tea consumption. LB (lower bound) indicates 
that 0 was used as the contamination value for undetected samples in the risk assessment. MB (middle bound) indicates that the 1/2 LOD value of the corresponding study was used as the 
contamination value for undetected samples in the risk assessment. UB (upper bound) indicates that the LOD value of the corresponding study was used as the contamination value for undetected 
samples in the risk assessment. AVE, the average contamination value in this study, was selected as the contamination value for the extreme-case risk assessment. Max, the maximum 
contamination value in this study, was selected as the contamination value for terrible case risk assessment. Values with bold font are the maximal HQ to each comparison group.
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Discussion

Mycotoxin contamination in dark tea has been a topical 
issue for researchers and consumers in recent years, whether it 
is the presence of mycotoxins in dark tea affects people’s health 

or the residual mycotoxins having an impact on consumers’ 
health. Many studies have suggested the possibility of mycotoxin 
contamination in dark tea; aflatoxins (Wu J., 2013; Cui et al., 
2020), ochratoxins (Liu et al., 2016; Mo et al., 2016), vomitoxins 
(Liu et al., 2017; Hu et al., 2019), and citrinins (Li et al., 2020) 

A

C

B

FIGURE 3

Inhibitory effects of TPs and EGCG on Aspergillus niger. (A) Growth of A. niger AN3 in medium containing TPs. (B) Growth of A. niger AN3 in 
medium containing EGCG. (C) OTA synthesis pathway and expression of OTA synthesis-related genes and concentrations of OTα, OTA, and OTB 
in A. niger AN3 (BZIP, a pathway-specific regulator that controls OTA production by regulating the PKS, P450, HAL, and NRPS).
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have been detected in dark tea samples. In contrast to other 
studies, 228 dark tea samples from different regions and years 
were investigated, demonstrating a wide and better 
representative origin, and 9.2% of the samples contained 
OTA. Haas et al. (2013) investigated 36 Ripe Pu-erh tea samples, 
and OTA was detected in four samples at concentrations of 0.65, 
0.65, 14.8, and 94.7 μg/kg, with a detection rate of 11%. Mo et al. 
(2016) conducted a survey of 100 tea samples and four samples 
with OTA concentrations ranging from 0.22 to 0.44 μg/kg. Liu 
et al. (2016) surveyed 25 fermented tea samples, and one Hunan 
Fu brick tea sample was found to be contaminated by OTA at 
4.2 μg/kg. Liu et al. analyzed 61 dark tea samples (Liu et al., 
2017) using Quick Easy Cheap Effective Rugged Safe-ultra-
high-performance liquid chromatography–tandem mass 
spectrometry and OTA was detected in five samples, including 
two samples of Ripe Pu-erh tea (6.7 and 2.5 μg/kg), one sample 
of Hunan dark tea (4.0 μg/kg), and two samples of Guangxi Liu 
Bao tea (0.9 and 1.3 μg/kg). Another more comprehensive 
survey involving 108 dark tea samples was conducted by Ye 
et al. (2020), which showed that five samples were contaminated 
by OTA with an average concentration of 0.66 μg/kg and a 
maximum concentration of 36.4 μg/kg. The presence of OTA in 
these dark tea samples could be attributed to two reasons. First, 
the dark tea may have been infested with exogenous 
ochratoxigenic fungi during the fermentation process. Second, 
some of the dark tea samples were stored for a long period or 
under unfavorable environmental conditions during the storage 
process, which contributed to the OTA contamination of 
dark tea.

There are some differences between the results of this study 
and those of others, which may be due to differences in the source 
of the samples or the detection methods. Combined with the 
above findings, it can be inferred that dark tea can be contaminated 
by OTA, which poses a potential health hazard to consumers. 
Therefore, it is expected that more researchers will conduct 
assessments on OTA contamination in dark tea.

Despite the risk of mycotoxin contamination in dark tea, 
studies by Cui et al. (2020), Ye et al. (2020), and Yan et al. (2021) 

show that the consumption of dark tea does not pose a significant 
health risk to consumers. Yan et al. (2021) assessed neoplastic 
risk based on the results of the Malir study (OTA level of 250 μg/
kg; Malir et al., 2014), and only consumers with moderate and 
heavy tea consumption had maximal HQ values close to 1 or ≥1, 
indicating a potential neoplastic risk. However, the results of the 
study used a very extreme scenario. With the exception of Malir’s 
findings (Malir et al., 2014), other researchers have reported 
OTA exposure values well below 250 μg/kg. The results of this 
study are similar to those of other researchers, which also 
showed that OTA exposure from dark tea consumption posed 
no health risks to the population. However, there are limitations 
to the dark tea sample and consumer tea consumption data in 
this study. It is expected that more researchers will focus on 
mycotoxins in dark tea in the future to obtain better and more 
accurate results.

Some studies show that TPs have a significant inhibitory 
effect on aflatoxin synthesis (Mo et al., 2013; Wu Q., 2013), and 
the presence of antioxidants also inhibits the synthesis of 
aflatoxin B1 (Zhao, 2014). Zhang (2014) suggested that 
quercetin, a polyphenol in tea leaves, is an active factor in 
inhibiting the growth and toxicity of Aspergillus flavus, and that 
this substance induces downregulation of the expression of AflS 
and AflR by activating the antioxidant system transcription 
factor Yap1. Few studies have been conducted on the inhibition 
of OTA production by bioactive components. The results of 
Jiang et al. (2022) show that five genes in the OTA biosynthesis 
gene cluster, in particular the global regulator LaeA that 
regulates OTA biosynthesis, was markedly downregulated by 
eugenol. In this study, the evaluation of the inhibitory ability of 
TPs and EGCG at different concentrations in a co-cultivation 
system with A. niger AN3 showed that TPs and EGCG have 
significant inhibitory effects on A. niger AN3 under liquid 
culture conditions. A. niger AN3 was able to grow at lower 
concentrations but without OTA production, which prompted 
us to question whether TPs and EGCG inhibited the expression 
of key genes related to OTA synthesis in A. niger AN3. Further 
studies revealed that TPs and EGCG may have inhibited the 
production of OTA by A. niger AN3 by suppressing the 
expression of NRPS, a key gene for OTA synthesis. In this study, 
TPs and EGCG were found to inhibit NRPS expression in 
A. niger AN3; however, the principle of inhibition has not yet 
been identified, and further studies are required. Further 
research on the inhibition of OTA synthesis by biologically 
active ingredients is expected. Effective methods to control 
OTA contamination in tea include preventing toxin production 
and degrading pre-existing fungal toxins. Strictly regulated 
management during tea production and processing is the best 
way to prevent OTA contamination; however, if contamination 
has already occurred, appropriate methods need to be employed 
to remove it or reduce its toxicity. The results of this study 
indicate that TPs and EGCG can inhibit the growth and toxicity 
of A. niger AN3, providing new insights and ideas for the 
prevention of OTA contamination.

TABLE 3 Concentrations of OTα, OTA, and OTB after treatment with 
different concentrations of TPs and EGCG.

Treatment Concentrations 
(mg/ml)

OTα 
(ng/ml)

OTB 
(ng/ml)

OTA 
(ng/ml)

CK / 48.54 ± 2.09 3.81 ± 1.21 1.55 ± 0.34

tea 

polyphenols

10 19.58 ± 1.40 13.44 ± 0.93 ND

25 19.68 ± 1.32 2.94 ± 0.97 ND

50 15.78 ± 0.67 ND ND

75 29.14 ± 2.16 ND ND

EGCG 10 94.76 ± 2.57 4.75 ± 0.17 ND

25 15.15 ± 7.89 2.60 ± 0.67 ND

50 ND ND ND

75 ND ND ND

CK represents a blank control without added tea polyphenols and EGCG.
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Conclusion

In recent years, dark tea consumption has gradually increased. 
However, the contamination of dark tea with mycotoxins has 
received considerable attention from consumers and researchers. 
In this study, a rapid HPLC method using OTA was used to 
determine mycotoxins in dark tea with superior sensitivity and 
satisfactory recovery. A validated method was used to determine 
the contamination levels of OTA in 228 Chinese dark teas, and the 
proportion of tea samples containing OTA was 9.2%. The results 
of the deterministic and probabilistic risk assessments indicated 
that there was no neoplastic risk to human health from OTA 
exposure due to dark tea consumption. No consumption risk was 
observed for Chinese dark tea, and the results are important for 
consumers in countries that enjoy Chinese dark tea. Furthermore, 
12 Aspergillus spp. strains were isolated from tea samples 
containing OTA, where only one strain of A. niger had the ability 
to produce OTA. The inhibitory effects of TPs and EGCG on 
growth and OTA production may provide new ideas for the 
detoxification of ochratoxins, but the most effective way to avoid 
OTA contamination of dark tea is to avoid the infestation of 
harmful microorganisms at the source during production, 
processing, and storage.

Data availability statement

The data presented in the study are deposited in the https://
www.ncbi.nlm.nih.gov/ repository, accession number: OP682803, 
OP682804, and OP682805.

Author contributions

Y-qZ: conceptualization, methodology, formal analysis, and 
writing of the original draft. W-bJ: software investigation. S-yL 
and LX: software and validation. WC: methodology and 
validation. YZ and M-ZZ: writing—review and editing. WX: 
conceptualization, methodology, formal analysis, writing—review 

and editing, and funding acquisition. All authors contributed to 
the article and approved the submitted version.

Funding

This work was supported by the National Key R&D Program 
of China (2019YFC0840503), Sichuan Province S&T Project 
(2021ZHFP0021), and Sichuan Agricultural University I&T 
Program (202210626034), Natural Science Foundation of China 
(32002095 and 32172217), Hunan “Three Top” Innovative Talents 
Project (2022RC1142), Natural Science Foundation of Hunan 
Province for Outstanding Young Scholars (2022JJ20028), and 
Changsha City Outstanding Innovative Youth Training Program 
(kq2107015).

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.1073950/
full#supplementary-material

References
Chen, W., Li, C., Zhang, B., Zhou, Z., Shen, Y., Liao, X., et al. (2018). Advances in 

biodetoxification of ochratoxin a-a review of the past five decades. Front. Microbiol. 
9:1386. doi: 10.3389/fmicb.2018.01386

Cui, P., Yan, H., Granato, D., Ho, C., Ye, Z., Wang, Y., et al. (2020). Quantitative 
analysis and dietary risk assessment of aflatoxins in chinese post-fermented  
dark tea. Food Chem. Toxicol. 146:111830. doi: 10.1016/j.fct.2020. 
111830

Deng, X., Tu, Q., Wu, X., Huang, G., Shi, H., Li, Y., et al. (2020). Research progress 
on the safety risk of ochratoxin a in tea. Sci. Technol. Food Ind. 42, 405–412. doi: 
10.13386/j.issn1002-0306.2020070080

Duarte, S. C., Pena, A., and Lino, C. M. (2010). A review on ochratoxin a 
occurrence and effects of processing of cereal and cereal derived food products. Food 
Microbiol. 27, 187–198. doi: 10.1016/j.fm.2009.11.016

EFSA (2013). Scientific opinion on risks for animal and public health related to 
the presence of nivalenol in food and feed. EFSA J. 11:3262. doi: 10.2903/j.
efsa.2013.3262

GEMS/Food-EURO (1995). Second workshop on reliable evaluation of low-level 
contamination of food, 26–27

Haas, D., Pfeifer, B., Reiterich, C., Partenheimer, R., Reck, B., and Buzina, W. 
(2013). Identification and quantification of fungi and mycotoxins from pu-erh tea. 
Int. J. Food Microbiol. 166, 316–322. doi: 10.1016/j.ijfoodmicro.2013.07.024

Harris, J. P., and Mantle, P. G. (2001). Biosynthesis of ochratoxins by aspergillus 
ochraceus. Phytochemistry 58, 709–716. doi: 10.1016/S0031-9422(01)00316-8

Hu, L., Shi, Z., Zhao, L., Liu, X., Dong, Y., Jiang, M., et al. (2019). Simultaneous 
detection and analysis of 16 kinds of mycotoxins in pu-erh tea. Acta Agric. Zhejiang. 
31, 1700–1708. doi: 10.3969/j.issn.1004-1524.2019.10.16

Huff, W. E., and Hamilton, P. B. (1979). Mycotoxins - their biosynthesis in fungi: 
ochratoxins - metabolites of combined pathways. J. Food Prot. 42, 815–820. doi: 
10.4315/0362-028X-42.10.815

IARC (1993). “Monographs on the evaluation of carcinogenic risks to humans,” in 
Some Naturally Occurring Substances: Food Items and Constituents, Heterocyclic 
Aromatic Amines and Mycotoxins, vol. 56 (World Health Organization: Lyon, France).

63

https://doi.org/10.3389/fmicb.2022.1073950
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1073950/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1073950/full#supplementary-material
https://doi.org/10.3389/fmicb.2018.01386
https://doi.org/10.1016/j.fct.2020.111830
https://doi.org/10.1016/j.fct.2020.111830
https://doi.org/10.13386/j.issn1002-0306.2020070080
https://doi.org/10.1016/j.fm.2009.11.016
https://doi.org/10.2903/j.efsa.2013.3262
https://doi.org/10.2903/j.efsa.2013.3262
https://doi.org/10.1016/j.ijfoodmicro.2013.07.024
https://doi.org/10.1016/S0031-9422(01)00316-8
https://doi.org/10.3969/j.issn.1004-1524.2019.10.16
https://doi.org/10.4315/0362-028X-42.10.815


Zhao et al. 10.3389/fmicb.2022.1073950

Frontiers in Microbiology 11 frontiersin.org

Iqbal, S. Z., Nisar, S., Asi, M. R., and Jinap, S. (2014). Natural incidence of 
aflatoxins, ochratoxin a and zearalenone in chicken meat and eggs. Food Control 43, 
98–103. doi: 10.1016/j.foodcont.2014.02.046

JECFA (2002). 56 st report of jecfa-evaluation of certain mycotoxins in food. 
Geneva: World Health Organization.

Jiang, N., Wang, L., Jiang, D., Wang, M., Liu, H., Yu, H., et al. (2022). 
Transcriptomic analysis of inhibition by eugenol of ochratoxin a biosynthesis and 
growth of aspergillus carbonarius. Food Control 135:108788. doi: 10.1016/j.
foodcont.2021.108788

Karolewiez, A., and Geisen, R. (2005). Cloning a part of the ochratoxin a 
biosynthetic gene cluster of penicillium nordicum and characterization of the 
ochratoxin polyketide synthase gene. Syst. Appl. Microbiol. 28, 588–595. doi: 
10.1016/j.syapm.2005.03.008

Kumar, P., Mahato, D. K., Sharma, B., Borah, R., Haque, S., Mahmud, M. M. C., et al. 
(2020). Ochratoxins in food and feed: occurrence and its impact on human health and 
management strategies. Toxicon 187, 151–162. doi: 10.1016/j.toxicon.2020.08.031

Li, Z., Mao, Y., Teng, J., Xia, N., Huang, L., Wei, B., et al. (2020). Evaluation of 
mycoflora and citrinin occurrence in chinese liupao tea. J. Agric. Food Chem. 68, 
12116–12123. doi: 10.1021/acs.jafc.0c04522

Li, H., Tan, Y., Chen, Z., Qu, J., Chen, Y., and Fang, X. (2015). Effect of Yunnan large-
leaf camellia sinensis extract on growth and aflatoxin production of aspergillus flavus. 
Mod. Food Sci. Technol. 31, 101–106. doi: 10.13982/j.mfst.1673-9078.2015.11.017

Liu, Y., Chen, J., Tan, G., Liu, Z., and Li, X. (2017). Determination of ten 
mycotoxins in fermented dark tea by quechers-ultra-high-performance liquid 
chromatography-tandem mass spectrometry. Mod. Food Sci. Technol. 33, 280–288. 
doi: 10.13982/j.mfst.1673-9078.2017.7.039

Liu, Y., Tan, G., Liu, Z., Li, X., and Chen, J. (2016). Determination of various 
mycotoxins in fermented tea by ultra-high performance liquid chromatography-
tandem mass spectrometry. Mod. Food Sci. Technol. 32, 322–327. doi: 10.13982/j.
mfst.1673-9078.2016.8.049

Malir, F., Ostry, V., Pfohl-Leszkowicz, A., Toman, J., Bazin, I., and Roubal, T. 
(2014). Transfer of ochratoxin a into tea and coffee beverages. Toxins 6, 3438–3453. 
doi: 10.3390/toxins6123438

Mo, J., Gong, Q., Zhou, H., Bai, X., Tan, J., Peng, Z., et al. (2016). Determination 
of ochratoxin a in tea by high performance liquid chromatography-tandem mass 
spectrometry. J. Food Saf. Qual. 7, 182–187. doi: 10.19812/j.cnki.jfsq11-5956/
ts.2016.01.037

Mo, H. Z., Zhang, H., Wu, Q. H., and Hu, L. B. (2013). Inhibitory effects of tea 
extract on aflatoxin production by aspergillus flavus. Lett. Appl. Microbiol. 56, 
462–466. doi: 10.1111/lam.12073

O'Callaghan, J., Caddick, M. X., and Dobson, A. D. W. (2003). A polyketide 
synthase gene required for ochratoxin a biosynthesis in aspergillus ochraceus. 
Microbiology 149, 3485–3491. doi: 10.1099/mic.0.26619-0

Ou, H. (2017). Isolation and identification of microbial from liupao tea and study 
on the influence of superiority strains of tea compounds. Master's thesis. Guang 
Zhou, South China Agricultural University.

Pel, H. J., de Winde, J. H., Archer, D. B., Dyer, P. S., Hofmann, G., Schaap, P. J., 
et al. (2007). Genome sequencing and analysis of the versatile cell factory aspergillus 
Niger cbs 513.88. Nat. Biotechnol. 25, 221–231. doi: 10.1038/nbt1282

Sánchez-Hervás, M., Gil, J. V., Bisbal, F., Ramón, D., and Martínez-Culebras, P. V. 
(2008). Mycobiota and mycotoxin producing fungi from cocoa beans. Int. J. Food 
Microbiol. 125, 336–340. doi: 10.1016/j.ijfoodmicro.2008.04.021

Varga, J., Rigó, K., and Téren, J. (2000). Degradation of ochratoxin a by aspergillus 
species. Int. J. Food Microbiol. 59, 1–7. doi: 10.1016/S0168-1605(00)00230-0

Wang, Z., Shi, Z., Liu, Z., Huang, J., and Wen, Q. (1991). On the mechanism of fu 
brick tea quality and flavour formation. J. Tea Sci. 11, 49–55.

Wang, Y., Wang, L., Liu, F., Wang, Q., Selvaraj, J., Xing, F., et al. (2016). Ochratoxin 
a producing fungi, biosynthetic pathway and regulatory mechanisms. Toxins 8:83. 
doi: 10.3390/toxins8030083

Wang, Y., Wang, L., Wu, F., Liu, F., Wang, Q., Zhang, X., et al. (2018). A consensus 
ochratoxin a biosynthetic pathway: insights from the genome sequence of aspergillus 
ochraceus and a comparative genomic analysis. Appl. Environ. Microbiol. 84, e1009–
e1018. doi: 10.1128/AEM.01009-18

Wang, R., Xiao, M., Li, D., Ling, T., and Xie, Z. (2018). Recent advance on quality 
characteristics and health effects of dark tea. J. Tea Sci. 38, 113–124.

WHO (2005). Total diet studies: a recipe for safer food

Wu, J. (2013). Study on pu'er tea quality formation and state of mycotoxins during 
the aging process. Master's thesis. Nan Chang, Nan Chang University.

Wu, Q. (2013). Study on components of inhibiting production of aflatoxin in 
tea and related characteristic. Master's thesis. Yang Ling, Northwest A & 
F University.

Xiong, Y. (2017). Study on microbial diversity of Sichuan dark tea during post-
fermentation and airborne microbial in fermentation workshop. Master Master's 
thesis. Ya An, Sichuan Agricultural University.

Yan, H., Zhang, L., Ye, Z., Wu, A., Yu, D., Wu, Y., et al. (2021). Determination and 
comprehensive risk assessment of dietary exposure to ochratoxin a on fermented 
teas. J. Agric. Food Chem. 69, 12021–12029. doi: 10.1021/acs.jafc.1c04824

Ye, Z., Wang, X., Fu, R., Yan, H., Han, S., Gerelt, K., et al. (2020). Determination 
of six groups of mycotoxins in chinese dark tea and the associated risk assessment. 
Environ. Pollut. 261:114180. doi: 10.1016/j.envpol.2020.114180

Zhang, H. (2014). Polyphenols changes in tea fermentation and the inhibitory 
effect on aflatoxin production. Doctor Master's thesis. Yang Ling, Northwest 
A&F University.

Zhang, Y., Skaar, I., Sulyok, M., Liu, X., Rao, M., and Taylor, J. W. (2016). The 
microbiome and metabolites in fermented pu-erh tea as revealed by high-
throughput sequencing and quantitative multiplex metabolite analysis. PLoS One 
11:e157847. doi: 10.1371/journal.pone.0157847

Zhao, X. (2014). Mechanistic study on the inhibition of aflatoxin biosynthesis by 
gallic acid based on rna-seq data, 249.

Zhao, Z., Lou, Y., Shui, Y., Zhang, J., Hu, X., Zhang, L., et al. (2021). Ochratoxigenic 
fungi in post-fermented tea and inhibitory activities of bacillus spp. from post-
fermented tea on ochratoxigenic fungi. Food Control 126:108050. doi: 10.1016/j.
foodcont.2021.108050

Zhou, C., Chen, W., Wu, Z., Zhang, M., Guan, J., Li, T., et al. (2015). Research on 
identification, function and safety of aspergillus Niger, apreponderant fungus during 
the fermentative process of pu'er tea. J. Food Saf. Qual. 6, 1006–1010. doi: 10.19812/j.
cnki.jfsq11-5956/ts.2015.03.048

64

https://doi.org/10.3389/fmicb.2022.1073950
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.foodcont.2014.02.046
https://doi.org/10.1016/j.foodcont.2021.108788
https://doi.org/10.1016/j.foodcont.2021.108788
https://doi.org/10.1016/j.syapm.2005.03.008
https://doi.org/10.1016/j.toxicon.2020.08.031
https://doi.org/10.1021/acs.jafc.0c04522
https://doi.org/10.13982/j.mfst.1673-9078.2015.11.017
https://doi.org/10.13982/j.mfst.1673-9078.2017.7.039
https://doi.org/10.13982/j.mfst.1673-9078.2016.8.049
https://doi.org/10.13982/j.mfst.1673-9078.2016.8.049
https://doi.org/10.3390/toxins6123438
https://doi.org/10.19812/j.cnki.jfsq11-5956/ts.2016.01.037
https://doi.org/10.19812/j.cnki.jfsq11-5956/ts.2016.01.037
https://doi.org/10.1111/lam.12073
https://doi.org/10.1099/mic.0.26619-0
https://doi.org/10.1038/nbt1282
https://doi.org/10.1016/j.ijfoodmicro.2008.04.021
https://doi.org/10.1016/S0168-1605(00)00230-0
https://doi.org/10.3390/toxins8030083
https://doi.org/10.1128/AEM.01009-18
https://doi.org/10.1021/acs.jafc.1c04824
https://doi.org/10.1016/j.envpol.2020.114180
https://doi.org/10.1371/journal.pone.0157847
https://doi.org/10.1016/j.foodcont.2021.108050
https://doi.org/10.1016/j.foodcont.2021.108050
https://doi.org/10.19812/j.cnki.jfsq11-5956/ts.2015.03.048
https://doi.org/10.19812/j.cnki.jfsq11-5956/ts.2015.03.048


fmicb-13-1100889 December 17, 2022 Time: 11:50 # 1

TYPE Original Research
PUBLISHED 20 December 2022
DOI 10.3389/fmicb.2022.1100889

OPEN ACCESS

EDITED BY

Zhihong Sun,
Inner Mongolia Agricultural University,
China

REVIEWED BY

Chunsheng Li,
South China Sea Fisheries Research
Institute (CAFS), China
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Shewanella xiamenensis is widely found in spoilage fish, shrimp and other

seafoods. Under suitable conditions, ornithine can be synthesized into

putrescine, which may spoil food or endanger health. Our research used

a wild strain of Shewanella xiamenensis isolated from “Yi Lu Xian” salted

fish (a salting method for sea bass) as a research object. According to

the database of National Center of Biotechnology Information (NCBI), the

target ornithine decarboxylase (ODC) gene SpeF was successfully amplified

using the wild strain of Shewanella xiamenensis as the template. Sequencing

alignment showed that the SpeF of the wild strain had more than 98%

homology compared with the standard strain. The amino acid substitution

occurred in the residues of 343, 618, 705, and 708 in the wild strain. After

optimizing the expression conditions, a heterologous expression system of

ODC was constructed to achieve a high yield of expression. The amount

of 253.38 mg of ODC per liter of LB broth was finally expressed. High

performance liquid chromatography (HPLC) and subsequent ODC activity

verification experiments showed that hetero-expressed ODC showed a

certain enzyme activity for about 11.91 ± 0.38 U/mg. Our study gives a new

way to the development of a low-cost and high-yield strategy to produce

ODC, providing experimental materials for further research and elimination of

putrescine in food hazards.

KEYWORDS

Shewanella xiamenensis, ornithine decarboxylase, heterologous expression, HPLC,
enzymatic activity

1 Introduction

Putrescine is one of the most common biogenic amines that has many physiological
activities, such as promoting the formation of biofilms (Bjornsdottir-Butler et al., 2018;
Bao et al., 2021), affecting cell growth (Bogdanović et al., 2020) and the synthesis of
ferro-carriers (Bujnakova et al., 2014; Bustin et al., 2020), and is commonly found in
meat, fermented products and seafood (Costantini et al., 2013; Chmiel et al., 2020;
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Cagiada et al., 2021). More importantly, a high concentration
of putrescine not only affects the sensory characteristics of
food, but also causes toxicological reactions. Putrescine can
enhance the toxic effect of histamine, causing headaches, nausea,
vomiting, and other adverse reactions (Huang et al., 2015;
Hofmann et al., 2020; Fu et al., 2021). Therefore, putrescine is
an important spoilage indicator in food (Kanjee et al., 2011).

Putrescine in food is mainly produced by specific
microorganisms (Luqman, 2012; Lotfi et al., 2017; Mühlmann
et al., 2017; Li et al., 2021), and is produced mainly in two
pathways, including the ornithine decarboxylation (ODC)
pathway and the arginine decarboxylation (ADC) pathway
(Önal et al., 2013; Nakamura et al., 2019; Omer et al., 2021).
In the study of putrescine production by Chlamydomonas, the
ODC activity is almost 5 times than that in ADC activity, and is,
undoubtedly, the main pathway of putrescine synthesis (Ramos-
Molina et al., 2015; Rio et al., 2018). In the ODC pathway, three
synthases including SpeC, SpeF, and PotE are involved in
the putrescine production. Among them, it is found that the
SpeF of ornithine into putrescine is widely regarded as the
main pathway of putrescine production. Therefore, putrescine
formation could be affected by inhibiting the synthesis or supply
of ornithine (Rio et al., 2018, 2019). Although it has been shown
that ODC produced by microbial systems converts ornithine to
putrescine, there is no study on the ODC acting in vitro.

The wild strain of Shewanella xiamenensis used in this
study was isolated from the “Yi Lu Xian” salting process in
our previous research. According to our previous research,
this wild strain of Shewanella xiamenensis could produce
putrescine in the presence of only glucose, ornithine, and
NaCl. The ODC system responsible for putrescine production
in Shewanella xiamenensis remained unknown. Therefore, the
SpeF gene of this wild strain was selected for producing
the heterologous ODC, and the target gene was amplified
by using the designed specific primers. The heterologous
expression system was optimized to achieve a high yield
of ODC expression. Hetero-expressed ODC was then used
to verify its ODC activity by High performance liquid
chromatography (HPLC) and other experiments in vitro. We
hope this study gives a new way to the development of a low-
cost and high-yield strategy to produce putrescine for further
investigation, contributes to a broader understanding of the
production mechanism of biogenic amines in the food system
and provides theoretical support for effectively ensuring the
safety of seafood.

2 Materials and methods

2.1 Materials and instruments

BL21 (DE3) competent cells, plasmid pET-30a, and specific
primers were synthesized and purchased in Beijing Genomics

institution Co., Ltd. (China). Eight biogenic amines standards
and dansulfonyl chloride were purchased from Sigma Co.,
Ltd. (USA). Methanol and acetonitrile (Chromatographic use)
was purchased from Tedia Co., Ltd. (USA). Broad-spectrum
protein Marker (11–180 KDa), L (+) -Ornithine hydrochloride,
pyridoxal 5-phosphatemonohydrate and 5X protein loading
buffer were purchased from Solarbio Co., Ltd. (China).

2.2 Gene synthesis and the
construction of recombinant strains

The gene sequence of standard strain of Shewanella
xiamenensis (Gene ID: 75190569), used for the comparison
with the wild strain of Shewanella xiamenensis in our research,
was obtained from the National Center of Biotechnology
Information (NCBI) database (Romano et al., 2012). The
specific primers for amplifying the speF gene were designed.
Single colonies of the experimental strain were selected and
picked up in sterile ultrapure water and heated at 100◦C for
15 min to obtain the complete genome of the experimental
strain. The obtained whole genome was used as the DNA
template, and the target gene SpeF with the cloned gene
size of 2,163 bp was amplified by designing the specific
primers, including primer-forward (5′-TAA TTG GGT GGG
CAG CAT-3′) and primer-reverse (5′-TGC ACC ATC CAG
CTT ACT CA-3′) (Sakamoto et al., 2012). PCR conditions
were set as follows: 95◦C for 5 min, later, 95◦C for 15 s,
55◦C for 15 s, and 72◦C for 30 s for 35 cycles and finally
extension at 72◦C for 5 min. Nucleic acid electrophoresis
was used to isolate PCR products. Later, the PCR products
were sent to Tsingke company (Qingdao, China) for further
sequencing and analyzing. The pET-30a expression vector
with 6 × His tag was used for the heterologous expression.
After analyzing the gene sequencing, SacI (5′-GAGCT′C-
3′), and EcoRI (5′-G′AATTC-3′) were selected as restriction
sites. The target gene was cloned by the method of double
enzyme digestion and T4 ligase to construct the recombinant
plasmid.

The recombinant plasmid was then transferred to BL21
competent by thermal transformation. In brief, 10 µL of
plasmid was added to 100 µL of competent cells. After standing
on ice for 30 min, the transform system was treated in a
water bath with 42◦C for 45 s and placed on ice for another
2 min. Later, 1 mL of LB liquid medium was added and
cultured at 37◦C for 60 min with shaking at 220 rpm. The
components were then plated on LB agar plates containing 50
µL/mL kanamycin for growing at 37◦C for 16 h. Clones were
randomly selected from the plate for further culturing, plasmid
extraction, and sequencing. Clones with correct sequencing
results were identified as positive clones and stored for the
further expression use.
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2.3 Expression and purification of
recombinant ODC

Freshly transformed E. coli BL21 cells were inoculated into
10 mL of LB broth containing 50 µg/mL kanamycin and
cultured overnight (16 h) at 37◦C with shaking at 200 rpm.
Afterward, the 5 mL of medium was transformed into 1,000 mL
of LB broth containing 50 µg/mL kanamycin and cultured at
37◦C for 4 h. Different induced temperatures, culturing time
and concentrations of isopropyl-β-D-thiogalactoside (IPTG)
were investigated for the best condition of heterologous
expression (Santiyanont et al., 2019). The cells were obtained by
centrifugation at 4,000 rpm for 30 min and then resuspended
in PBS buffer at 4◦C (0.01 M, pH 7.4). After breaking by
a low-temperature high-pressure cell crusher for 10 min, the
soluble protein containing 6 × His-tag was then separated by
the centrifugation at 4◦C and 13,000 rpm for 20 min.

The nickel immobilized metal ion affinity chromatography
(IMAC) Ni-NTA resin column was used for the purification of
recombinant protein (Smart-lifesciences, China). After washing
by binding buffer (50 mmol/L Tris, 500 mmol/L NaCl, pH
8.0), the soluble protein containing 6 × His-tag was loaded
onto the column. After collecting the flow-through sample,
the column was washed with a fivefold column volume of
PBS (0.01 M, pH 7.4) to remove the non-specific binding
proteins. Later, the column was washed with the binding buffer
containing 10, 20, 50, 100, and 200 mM of imidazole, and the
recombinant protein was then eluted by the binding buffer
containing 500 mM imidazole. Finally, the eluted protein was
dialyzed by the binding buffer at 4◦C and changed every 8 h and
repeated three times to remove the imidazole.

2.4 SDS-PAGE of purified ODC

Pre-fabricated protein electrophoresis gel was used for
SDS-PAGE verification. The protein samples were mixed with
5 × protein loading buffer and heated with boiling water for
7 min. After electrophoresis under the voltage of 120 V for
about 60 min, the G250 gel solution and the decolorizing
solution (methanol, acetic acid and ultrapure water with a ratio
of 1:12:17) were used for dyeing and decolorization of gel to
observe the electrophoresis bands, respectively.

2.5 Determination of ODC activity

2.5.1 Preliminary treatment
The L (+)—ornithine hydrochloride and Pyridoxal 5-

phosphatemonohydrate were used as a substrate and a
coenzyme to determine the activity of ODC, respectively. The
reaction solution (2,000 µL) was prepared containing 1,500
µL Hepes buffer solution (10 mM, pH 6.8–8.0) of dissolved

FIGURE 1

SpeF amplicon obtained from the polymerase chain reaction.
Lane M: DNA Marker (5,000 bp). Lane 1: negative control (no
DNA template added). Lane 2: SpeF amplicon gene from the
wild strain of Shewanella xiamenensis.

L (+)—ornithine hydrochloride (10 mM) and pyridoxal 5-
phosphatemonohydrate (1 mM) and 500 µL enzyme solution.
The whole reaction process was conducted in a sterile
environment and all solutions were treated with 0.22 µm
sterile membranes. After incubation at 37◦C for 4 h, the
reaction was terminated by adding 2 mL of 5% (v/v) TCA. The
mixture was centrifuged at 8,000 rpm for 20 min. A control
group (No ODC added) was used to eliminate the effect of
environmental implications. The supernatant was collected for
further HPLC determination.

2.5.2 High performance liquid chromatography
(HPLC)

The putrescine needs to be derived before the determination
of HPLC since it has no UV absorption peak. The method of
derivation and determination of putrescine was referred to Fu’s
research (Soleymani and Mostafaie, 2019). In brief, 1 mL of
saturated NaHCO3 was added into the supernatant, adjusting
the pH value to 9.0 by using the 1 M NaOH. Then, 1 mL of
dansulfonyl chloride (10 mg/mL) was added and mixed in a
water bath at 60◦C for 20 min. After that, 3 mL of ether was
added for extraction. After shaking and standing for 10 min,
the upper organic phase was transferred and dried by nitrogen.
Later, 0.9 ml of acetonitrile and 0.1 mL of ammonia were added
for re-dissolution, followed by passing through a 0.22 µm filter
membrane. By comparing the chromatogram with the standard
product, the type of amines produced by amine-producing was
determined. During the HPLC detection, acetonitrile and ultra-
pure water were used as the mobile phase A and mobile phase B.
C18 column (5 µm× 250 mm× 4.6 mm) was used for detection
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FIGURE 2

Nucleotide sequence alignment of PCR product amplified by a wild strain of Shewanella xiamenensis, which was named as SpeF’, and ornithine
decarboxylation gene from NCBI database, which was named as SpeF.

under the temperature of 40◦C and the detection wavelength of
254 nm. The flow rate and the sample size were set at 1 mL/min
and 20 µL, respectively. Eight bioamine standard solutions were
mixed with the concentrations of 0, 0.2, 1, 5, 10, and 20 mg/L
for subsequent derivative steps and bioamine standard curve
comparison.

2.5.3 The calculation of ODC activity
The enzyme activity is defined as the amount of substrate

converted into product per minute per milligram of the protein,
as shown in the following formula. Protein concentration in the

following formula was determined by Bradford’s method.

Enzymatic activity =

The molar amount of the substrate converted into pruduct (mol)
The weight of protein

(
mg

)
× Reaction time (min)

2.6 Data analysis

All data in this study were processed by SPSS (Version 20.0;
SPSS Inc., Chicago, USA). Comparisons were made using a one-
way analysis of variance (ANOVA). p < 0.05 was considered
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FIGURE 3

Amino acid sequence alignment of PCR product amplified by a wild strain of Shewanella xiamenensis, which was named as ODC’, and ornithine
decarboxylation gene from NCBI database, named as ODC.

FIGURE 4

The schematic diagram of the pET-30a-SpeF recombinant plasmid. The SacI and EcoRI were selected as restriction sites.

a statistically significant difference. Duncan’s test was used to
evaluate the statistical significance of differences. OriginLab
(Version 8.1; OriginLab Inc., Massachusetts, USA) and Adobe

Photoshop (Version 19.1.3; Adobe Systems Incorporated Inc.,
USA) were used for data processing, spectrum analysis,
and chart making.
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FIGURE 5

SDS-PAGE analysis of ODC under the express condition of 1 M IPTG at 25◦C for 12 h. M represented the protein marker (180 kDa).
(A) Represented the components before adding 8 M urea. Lanes 1–3 represented the supernatant of crushed cells centrifuge precipitate with
different volumes (1, 3, and 5 µL), respectively. Lane 4 represented the precipitate of crushed cells. (B) Represented the components after
adding 8 M urea. Lanes 1–3 represented the precipitated solutions with different volumes (1 µL, 3 µL, 5 µL), respectively. (C) SDS-PAGE
verification of the different concentrations of imidazole eluents. Lane 1 represented the supernatant after breaking by a low-temperature
high-pressure cell crusher. Lanes 2–5 represented the eluents of different concentrations of imidazole (20, 50, 100, and 200 mM), respectively.
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FIGURE 6

SDS-PAGE verification of hetero-expression ODC under the
inducement condition at 20◦C for 14 h. M represented the
protein marker (180 kDa). Line 1 represented hetero-expression
ODC with no inducement. Lines 2–6 represented the
hetero-expression ODC induced with 0.05, 0.1, 0.3, 0.5, and
0.7 mM IPTG, respectively.

3 Results and discussion

3.1 The cloning of ODC coding
sequence

The standard ODC sequence is available with the gene ID
58507711 in the NCBI database, with the predicted molecular
mass and pI value of the ODC being 80 kDa and 5.81,
respectively. As shown in Figure 1, the ODC encoding gene
SpeF from the wild strain was successfully amplified by PCR
reaction using the designed primers, while the target band was
bright, with a molecular band between 2,000 and 3,000 bp.
After sequence analyzing and comparing with the speF gene
of standard Shewanella xiamenensis on NCBI, the similarity
between PCR product and SpeF gene was 98%, with 48 bases
different from the standard speF gene sequence, as shown in
Figure 2. After converting into the amino acid sequences, the
similarity between ODC from wild strain and standard ODC
was about 99%. Four amino acid sites were substituted with
ODC in the standard strain (Figure 3). Glutamate was replaced
by aspartic acid at residue 343, glutamine was replaced by
histidine at residue 618, asparagine was replaced by serine at
position 705, and aspartic acid was replaced with glutamic acid
at residue 708, which might affect the type and arrangement
of amino acids, protein structure and activity (Taylor and
Eitenmiller, 1986; Tassoni et al., 2018; Sunde et al., 2021).
However, from the perspective of the characteristics of amino
acids, the properties of these substituting amino acids were
similar compared to the original amino acids, except for the

FIGURE 7

SDS-PAGE verification of the different concentrations of
imidazole eluents after the inducement of at 20◦C for 14 h with
the final concentration IPTG of 0.05 mM. M represented the
protein marker (180 kDa). Lane 1 represented the supernatant
after breaking by a low-temperature high-pressure cell crusher.
Lanes 2–5 represented the eluents of different concentrations
of imidazole (20 mM, 50 mM, 100 mM, 200 mM), respectively.

glutamine replaced by histidine at residue 618. ExPasy was used
to predict the properties of the expressed protein. According
to the prediction results, the molecular weight of the expressed
protein was 81.064 kDa, with a theoretical pI value of 5.81, which
showed a high similarity to standard ODC. The ExPasy also
provided some other theoretical information about the protein,
including 88 negatively charged residues (Asp + Glu) and 74
positively charged residues (Arg + Lys). The instability index (II)
was 37.35, indicating that the protein was relatively stable. The
aliphatic index and grand average of hydropathicity (GRAVY)
were 82.50 and 0.230, respectively. Therefore, it was considered
that these four sites were not able enough to affect the activity of
ODC. Later, the ODC sequence of wild strain was considered to
be introduced into the expression plasmid pET-30a for further
heterologous expression.

3.2 Heterologous expression and
purification of ODC

The theoretical plasmid diagram is shown in Figure 4.
After the recombinant plasmid was successfully constructed
and introduced into the BL21 competent cells, the positive
clone with correct sequence results was used for subsequent
heterologous expression experiments. At first, a high final
concentration of IPTG (1 M), culturing at 25◦C for 12 h was
used as the induction condition to express the ODC protein.
SDS-PAGE result showed that the expressed proteins existed
in the precipitation as inclusion bodies (Figures 5A, B). This
may be because the molecular weight of expressed ODC is

Frontiers in Microbiology 07 frontiersin.org

71

https://doi.org/10.3389/fmicb.2022.1100889
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


fmicb-13-1100889 December 17, 2022 Time: 11:50 # 8

Liu et al. 10.3389/fmicb.2022.1100889

FIGURE 8

The HPLC determination of biogenic amines. (A) Represented the HPLC determination result of the mixture of eight biogenic amines standards.
(B) Represented the HPLC determination result of the negative control. (C) Represented the HPLC determination result of hetero-expressed
ODC.

about 80 kDa, macromolecular protein usually requires lower
temperature and a longer time to complete its structure, and
the IPTG with too much high concentration is not conducive
to the structural integrity of ODC (Valle et al., 2020; Wang et al.,
2020). Therefore, a high urea concentration was used to dissolve
the protein after being purified by Ni-NTA resin column with

gradient concentrations of imidazole. The SDS-PAGE result
showed that the target protein band was bright with a correct
molecular weight of 80 kDa (Figure 5C), which was consistent
with the previously reported ODC size (Wang et al., 2016).
However, after the renaturation with arginine and glutamine,
the renatured protein did not show the apparent activity of
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ODC. This may be due to the fact that although the molecular
weight of the expressed protein is correct, the two subunits that
play an essential role may not be fully renatured to the complete
structure and show their ODC activity through the existing
renaturation methods (Zare and Ghazali, 2017).

Therefore, the induced expression strategy of the ODC
protein was changed. The inducement conditions of 20◦C for
14 h was selected by evaluating the effect of different IPTG
concentration (0, 0.05, 0.1, 0.3, 0.5, and 0.7 mM) on protein
expression. As shown in Figure 6, SDS-PAGE results showed
that the target protein band was most obvious under the
induction condition of the final concentration of 0.05 mM
IPTG, indicating the best induction condition of ODC protein
expression. As shown in Figure 7, after being purified by Ni-
NTA resin column with gradient concentrations of imidazole,
the recombinant ODC eluted by 200 mmol/L imidazoles showed
an obvious band on SDS-PAGE verification with the molecular
weight of 80 kDa. The protein was freeze-dried to calculate the
expression yield and the result showed that 253.8± 2.4 mg ODC
protein could be obtained per liter of LB broth.

3.3 The determination of ODC activity

The determination of putrescine by HPLC has the
advantages of simplicity, rapidity, high sensitivity, and good
reproducibility (Zhang et al., 2019). As shown in Figure 8A, all
eight biogenic amines standards could be separated well within
20 min, and each peak was symmetrical without baseline drift
during the HPLC determination. Therefore, this method can be
used for the quantitative analysis of putrescine. As can be seen
from Figures 8B, C, there was only one peak of putrescine and
no peak of other biogenic amines in the liquid chromatography
in the experimental group while the negative group without
ODC showed no significant bioamine peaks. After calculating,
the standard curve of putrescine is y = 35753x-4057.3 (R2 >

99.9%), which showed the high accuracy and good repeatability,
and could be used for quantitative analysis of putrescine content.
By comparing the standard curve, it can be calculated that
the expressed protein had a certain specific activity of ODC
and could be quantified to 11.91 ± 0.38 U/mg, indicating that
the expressed protein in our study has the ability to convert
ornithine into putrescine.

4 Conclusion

In this study, the SpeF gene encoding ODC isolated
from a wild strain was successfully amplified. By comparing
to the NCBI database, SpeF showed high similarity of
standard SpeF with four amino acid differences compared
to the standard strain. After constructing and optimizing
the heterologous expression system, the final concentration

of 0.05 mM IPTG at 20◦C for 14 h was selected for the
best inducement condition. The ODC was expressed with
a high yield of 253.8 ± 2.4 mg per liter of fermentation
broth with a molecular weight of about 80 kDa, which
was consistent with the previously reported ODC size. The
HPLC determination and further experiments demonstrated
that the hetero-expressed ODC in our research could convert
L-ornithine to putrescine in a buffer system containing
only L-ornithine and coenzyme with an enzyme activity of
11.91± 0.38 U/mg.
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Comparison of physiochemical 
attributes, microbial community, 
and flavor profile of beef aged at 
different temperatures
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Meng Wei 1,2, Yinchu Liu 1, Xiaodong Yang 1, Peng Xie 1 and 
Baozhong Sun 1*
1 Institute of Animal Sciences, Chinese Academy of Agricultural Sciences, Beijing, China, 2 Chemical 
Engineering Institute, Shijiazhuang University, Shijiazhuang, China

Beef aging for tenderness and flavor development may be accelerated by elevated 

temperature. However, little to no research has been undertaken that determines 

how this affects other important meat quality characteristics and microbial 

community. This study aims to decrease aging time by increasing temperature. 

Beef were aged and vacuum packaged at 10 and 15°C, and the effects of increased 

temperature on meat physiochemical attributes, microbial community, and flavor 

profile were monitored. The shear force decreased with aging in all temperature 

and showed the higher rate at elevated temperatures compare to 4°C. The 

beef aged at elevated temperatures (10 or 15°C) for 5 days showed equivalent 

shear force value to the beef aged at 4°C for 10 days (p  >  0.05), however, the 

final tenderness was not affected by the elevated temperature. The beef aged at 

elevated temperatures showed a significantly higher cooking loss and less color 

stability compared to 4°C (p  <  0.05). The total volatile basic nitrogen and aerobic 

plate count increased (p  <  0.05) faster at elevated temperatures compare to 4°C. 

Carnobacterium, Lactobacillus and Hafnia–Obesumbacterium were the dominant 

genus in the beef samples aged at 4, 10, and 15°C, respectively. In addition, the 

contents of isobutyraldehyde, 3-methylbutyraldehyde, 2-methylbutyraldehyde, 

and 3-methylbutanol were higher than aged at 4°C (p  <  0.05). Therefore, these 

results suggest that application of elevated aged temperatures could shorten 

required aging time prior while not adversely affecting meat quality. In turn, this 

will result in additional cost savings for meat processors.

KEYWORDS

aged beef, temperature, tenderness, microbial community, vacuum packaged, flavor 
analysis

Introduction

Tenderness is the major eating quality of beef, and consumers are willing to pay a higher 
price for the beef that is guaranteed to be tender (Marino et al., 2013). In the beef industry, 
aging is widely used to improve tenderness, which can be affected by complex changes during 
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muscle metabolism after slaughter (Colle and Doumit, 2017). The 
aging of beef is essential to provide a tender product and influenced 
by temperature. Beef were usually aged for 14 days at 4°C by 
processors (Kilgannon et al., 2019). However, this conventional aging 
temperature takes considerable refrigerated space requirements, 
operational losses, and energy (Wahlgren, 1994). Koohmaraie (1992) 
demonstrated that decreasing aging temperature reduced the 
autolysis of key muscle proteins and increasing aging temperature 
could improve tenderness. Consequently, aging temperature 
determined tenderization rates. When beef was aged at higher 
temperatures, beef tenderness improved largely within a shorter 
period (Kim et al., 2018). Pierson (1976) found that aging beef at an 
elevated temperature (20°C versus 3°C) for short periods (3–5 days) 
increasesd muscle tenderness. Meanwhile, Devine (1994) found that 
higher aging temperatures of approximately 10–15°C resulted in the 
highest degree of meat tenderness with the lowest muscle shortening 
and maximum aging potential.

Higher aging temperatures can increase beef tenderness 
within less aging time, meanwhile the proliferation of 
microorganisms in beef is promoted, which can lead to a 
significant reduction in shelf life (Zhu et al., 2004). Discoloration, 
off-odors, and slime formation caused by the deteriorative effects 
of microbial growth makes meat unacceptable to consumers 
(Esteves et  al., 2021). Microbial growth is closely related to 
temperature. For example, total viable bacterial counts in beef 
stored at 10°C for 72 h increased by 2 log CFU/cm2, whereas those 
in beef stored at 5°C increased by 0.4 log CFU/cm2 (Kinsella et al., 
2009). Moreover, Gribble et al. (2014a) reported that the counts of 
lactic acid bacteria (LAB), Enterobacteriaceae, and Brochothrix 
thermosphacta increased with the prolongation of storage time 
regardless of the experimental temperature (−1.5, 0, 2, and 7°C). 
Vacuum packaging is often used to prolong the shelf life of beef, 
given that storage under anaerobic conditions proved to be very 
effective in extending the shelf life of various perishable foods 
(Mansur et al., 2019). Devine (1994) reported that temperatures 
of 10 and 15°C resulted in better tenderness of aged beef but the 
effect of higher aging temperatures on the color, microbial 
community, and flavor of beef were not evaluated.

This study aims to address the paucity of data on the effects of 
high temperatures on meat quality traits, microbial load, and 
flavor parameters and to provide a theoretical basis for shortening 
the aging time of beef.

Materials and methods

Sample preparation

Longissimus dorsi muscles were collected from six Simmental 
cattle (24 ± 1 months old, 470 ± 30 Kg) in a commercial abattoir 
and transferred to the laboratory in an ice box within 2 h. All beef 
were rinsed with sterile water to remove stains and blood, and 
then dried with sterilized paper towels. The muscles were cut into 
300 g samples (6 cm × 6 cm × 10 cm) and vacuum packaged at the 

O2-transmission rate of 40 cm3/m2/day and 85% relative humidity. 
Samples were divided into three groups, and aged at respective 
temperature (4, 10, or 15°C). Samples were analyzed at different 
time points (0, 2, 4, 6, 8, 10, 14, and 18 day for 4°C, 1, 2, 3, 4, 5, 6, 
8, 10, 12, and 14 day for 10°C; 0, 1, 2, 3, 4, 5, 6, and 7 days for 
15°C). The temperature was monitored continuously by using 
remote temperature recorders with high precision control. Each 
analysis was performed using triplicate samples.

Cooking loss and shear force 
measurement

The beef samples (3 cm × 3 cm × 6 cm) were packaged and 
cooked in a water bath at 80°C to achieve a core temperature of 
approximately 70°C. After cooking, the samples were cooled at 
4°C until the core temperature cooled down to 10°C, surface-
blotted with paper towels, and reweighed for weight loss. Cooking 
loss was determined by calculating the weight difference of the 
samples before and after cooking and expressed as the percentage 
of initial weight. Shear force values of samples 
(1.0 cm × 1.0 cm × 3.0 cm) weredetermined across the longitudinal 
direction of muscle fibers by a texture analyzer (TA-XT plus) 
attached with a Warner-Bratzler blade (V-notch, HDP/BSW). The 
cutting line was positioned to avoid fatty and connective tissues 
and was perpendicular to the muscle fiber direction. The shear 
force value was calculated as the mean of the maximum force and 
expressed as in Newtons (N).

Instrumental color measurement

The surface color of the beef samples was measured on each 
analysis day after the samples were blooming for 30 min at room 
temperature. The lightness (L*), redness (a*), and yellowness (b*) 
of the beef samples were measured by a spectrophotometer 
(model CR-410, Minplta, Tokyo, Japan) with a diameter of 8 mm. 
The instrument was set for illuminant D65 and calibrated with a 
standard white plate before measurement. Measurements were 
taken in triplicate at different locations within each sample.

Total volatile basic nitrogen 
measurements

Briefly, 10 g of raw meat (free of subcutaneous fat) was 
weighed into a closed glass vessel with 75 ml of distilled water with 
intermittent shaking for 30 min (room temperature). Immediately 
prior to distillation, 1 g of magnesium oxide was added to the 
sample, and the sample was steam distilled for 5 min. The distillate 
was condensed into a receiving flask containing boric acid (20 g/L) 
with a mixed indicator solution of bromocresol green/methyl red. 
The solution was back-titrated with 0.01 M hydrochloric acid 
solution, and TVB-N was calculated as mg/100 g raw meat.
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Microbiological analysis

A total of 25 g of samples from the top surface (depth: 0.5 cm) 
were blended in 225 ml of 0.85% sterile saline solution for 90 s in 
a stomacher (Ningbo Jiangnan Instrument Factory) at room 
temperature. Samples for microbial testing were prepared in a 
series of decimal dilutions by using sterile saline. Plate count agar 
(PCA) was used for total viable counts (TVCs). Violet red bile 
glucose agar (VRBA) was used for Enterobacteriaceae counts. 
Rogosa and Sharpe agar (MRS) was utilized for LAB counts. 
Cephalothin–sodium fusidate–cetrimide (CFC) agar with 
CFC-selective supplement was applied to determine Pseudomonas 
spp. counts. Streptomycin thallous acetate agar (STAA) with 
STAA selective supplement was employed for Brochothrix 
thermosphacta counts. Each diluent (0.1 ml) was spread on the 
selective medium agar in triplicate. CFC and STAA plates were 
incubated at 25°C for 48 h. PCA and MRS plates were incubated 
at 30°C for 48 h, and VRBA plates were incubated for 24 h at 
37°C. The number of colonies was counted and expressed as 
colony forming units per gram (log CFU/g).

Microbial-community analysis

DNA extraction and PCR
Total microbial genomic DNA was extracted from the beef 

samples using the E.Z.N.A.® soil DNA Kit (Omega Bio-tek, 
Norcross, GA, United  States) in accordance with the 
manufacturer’s instructions. The quality and concentration of 
DNA were determined using 1.0% agarose gel electrophoresis and 
a NanoDrop® ND-2000 spectrophotometer (Thermo Scientific 
Inc., United States). The DNA samples were kept at −80°C prior 
to further use. The hypervariable V3–V4 region of the bacterial 
16S rRNA gene was amplified with primer pairs 338F 
(5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R 
(5′-GGACTACHVGGGTWTCTAAT-3′) using an ABI 
GeneAmp® 9,700 PCR thermocycler (ABI, CA, United States). 
The PCR reaction mixture included 4 μl of 5 × Fast Pfu buffer, 2 μl 
of 2.5 mM dNTPs, 0.8 μl of each primer (5 μM), 0.4 μl of Fast Pfu 
polymerase, 10 ng of template DNA, and ddH2O to the final 
volume of 20 μl. The PCR amplification cycling conditions were as 
follows: initial denaturation at 95°C for 3 min, followed by 
27 cycles of denaturation at 95°C for 30 s; annealing at 55°C for 
30 s and extension at 72°C for 45 s; a single extension cycle at 72°C 
for 10 min; and a final cycle at 4°C. All samples were amplified in 
triplicate. The PCR product was extracted from 2% agarose gel 
and purified by using the AxyPrep DNA Gel Extraction Kit 
(Axygen Biosciences, Union City, CA, United  States) in 
accordance with the manufacturer’s instructions and quantified 
using Quantus™ Fluorometer (Promega, United States).

Illumina MiSeq sequencing
Purified amplicons were pooled in equimolar amounts and 

paired-end sequenced on an Illumina MiSeq PE300 platform/

NovaSeq PE250 platform (Illumina, San Diego, United States) in 
accordance with the standard protocols by of Majorbio Bio-Pharm 
Technology Co. Ltd. (Shanghai, China).

Flavor analysis

The volatile compounds present in beef samples were 
identified and quantified by a GC–IMS flavor analyzer 
(FlavourSpec®, Shandong, China) equipped with a syringe and an 
autosampler unit for headspace analysis. Briefly, 2 g of 
homogenized beef sample was transferred into a 20 ml headspace 
vial, incubated at 60°C for 20 min, the vial was put in an incubator 
and shook at 500 rpm to facilitate the emitting of volatiles into 
headspace, the vial was sealed by using a magnetic cap with a 
silicone septum. The temperature of head space injection needle 
was 60°C and the injection volume was 500 μl. The analytical 
conditions for this test are as follows: Chromatographic column 
type: MXT-5, 15 m, 0.53 mmID, 1.0 μm df (RESTEK, 
United States), to separate the volatile components and coupled to 
ion mobility spectrometry (IMS); carrier/drift gas: N2, with the 
flow ramp starting at 2 ml/min for 2 min, then increasing to 20 ml/
min in 8 min and increasing to 130 ml/min in10 min, finally 
130 ml/min for 5 min, introducing the sample into the capillary; 
column syringe temperature: 85°C. The total GC runtime was 
25 min, triplicate injections and analysis of samples 
were performed.

Statistical analysis

All experiments were performed in triplicate. The mean values 
and standard errors of the means were recorded, outlying 
observations were identified, and implausible values were verified 
with the original source or coded as missing. Differences between 
treatments were analyzed through Tukey’s test. Statistical analyses 
were conducted at a 95% confidence level. Bioinformatics analysis 
was carried out on the microbiota by using the Majorbio Cloud 
platform on the basis of OTU information; rarefaction curves; and 
alpha diversity indices, including observed OTUs. The analytical 
software Laboratory Analytical Viewer and the built-in NIST and 
IMS databases of the GC–IMS Library Search software were used 
for the qualitative analysis of characteristic volatile compounds. 
One-way ANOVA was used to estimate the difference between 
means (p < 0.05).

Results and discussion

Cooking loss and shear force

Cooking loss is the water loss from the meat due to protein 
denaturation during cooking (Kim et  al., 2019). Figure  1A 
illustrates the effect of different aging temperatures on cooking 
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loss, which tended to increase as the beef aged: the higher the 
aging temperature, the higher the cooking loss. In particular, the 
cooking loss aged at 15°C always higher than aged at 4°C 
(p < 0.05). Similarly, the interaction of aging temperature had an 
effect on the Warner-Bratzler shear force (WBSF) of the beef 
(p < 0.05). Figure 1B shows that with the prolongation of aging 
time, the shear force values show a decreasing trend whether it is 
decreased at 4, 10, or 15°C; specifically, aging affected the shear 
force values of all the beef samples with the meat becoming 
increasingly tender at each time point (p < 0.05). The beef aged at 
elevated temperatures (10 or 15°C) for 5 days had equivalent shear 
force values as the beef aged at 4°C for 10 days (p > 0.05). The beef 
aged at 15°C for 3 days had equivalent shear force values to beef 
aged at 4°C for 8 days (p > 0.05). This indicated that the aging 
period could be shortened by placing the meat at a slightly higher 
temperature than the typical meat aging temperature (4°C). 
However, the final tenderness is not affected by the elevated 
temperature. Aging at 4°C resulted in no significant reduction in 
shear force values before 6 days due to lower temperatures, 
however, the shear force values of the beef aged at 10 and 15°C 
decreased rapidly to 47.9 and 47.1 N, respectively, at the same 
stage of aging. At 14 days after aging at 4°C, the beef samples had 
an average WBSF value of less than 50 N. Aging at 10°C and 15°C 
required about 6 days, to achieve the same results, likely due to the 
enhancement in proteolytic enzyme activity, proteolysis via 
calpains, and collagen fiber breakdown from lysosomal enzyme 
activity at high temperatures (Kim et  al., 2016). Furthermore, 
when the beef shear force under 50 N, the change is no longer 
significant. The time point could be considered as the end of beef 
aging, to save aging time and energy consumption.

Surface color

Meat color is a direct estimate of meat freshness and 
wholesomeness for consumers, who often associate discoloration 

with spoilage (Li et al., 2015). The L*, a*, and b* color attributes of 
beef samples are shown in Figures 2A–C. The L* value decreased 
with the extension of aging time. Groups aged at higher 
temperatures presented significantly decreased L* values compared 
with those aged at 4°C. a* is the most important color parameter for 
fresh meat (Yim et al., 2016). Generally, the higher a* value, the 
fresher the meat. Figure  2B shows that a* decreased with the 
extension of aging time. At the same aging time, the a* values of 
samples aged at 10°C and 15°C were lower than those of samples 
aged at 4°C, indicating that the higher temperature, the more 
unfavorable a* value of beef. With the progression of aging, the b* 
value increased, and the b* value of samples aged at 15 and 10°C was 
significantly higher than that of the samples aged at 4°C (p < 0.05). 
Furthermore, aged at 4°C for 14 days had equivalent b* values as the 
beef aged at elevated temperatures (10 and 15°C) for 5 days, 
indicating that the higher temperature, the more unfavorable the 
effect on meat color.

TVB-N analysis

TVB-N refers to the combined action of endogenous 
enzymes and bacteria in the muscle during the storage of animal 
food (Holman et al., 2021). It is highly temperature-sensitive and 
increases rapidly with small increases in storage temperature 
(Frank et al., 2019). The trend of TVB-N during aging at 4, 10, 
and 15°C was shown in Figure 2D. During aging at 4°C, the 
TVB-N content increased from the initial 4.6 to 12.5 mg/100 g 
after 14 days (p < 0.05). In vacuum-packaged beef aged at 4°C, it 
increased to 15 mg/100 g in approximately 16 days. During aging 
at 10°C, the TVB-N content increased to 13.4 mg/100 g after 
10 days and continued to increase to 15 mg/100 g on the next day. 
The TVB-N content exceeded 15 mg/100 g after 5 days of aging at 
15°C, indicating that the TVB-N values of beef increased rapidly 
at high temperatures, rose slowly in the early stages of storage, 
then rapidly increased.

A B

FIGURE 1

Cooking loss and Shear force analysis on beef samples aging at 4, 10, and 15°C. (A) Cooking loss, (B) Shear force analysis.
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Microbial counts

The changes in the microbial counts of beef samples aged 
at different temperatures are shown in Table 1. Temperature 
appears to be the most important factor that influences the 
spoilage and safety of meat (Kennedy et al., 2005). Significant 
aging time and temperature interactions affected the TVC and 
growth of Pseudomonas, Brochothrix thermosphacta, LAB, and 
Enterobacteriaceae (p < 0.05). Initially, microorganisms were 
present at low levels. The TVC in unaged beef samples was 
3.1 ± 0.01 log CFU/g, indicating that the sample is of good 
quality (Yang et al., 2018). In beef samples aged at 4°C, TVCs 
increased slowly at the beginning of aging but increased 
rapidly on day 6 and exceeded 5.8 log CFU/g by day 14, at 
which the shear force value reduced to less than 50 N. During 
aging at 10°C, the microbial counts exceeded 7.0 log CFU/g 
on day 10, and when the shear value started to drop below 
50 N on day 6, the corresponding microbial count was 6.0 log 
CFU/g. Similarly, during aging at 15°C, the shear value of 
beef started below 50 N on day 5, corresponding to the 
microbial count of 6.3 log CFU/g that did not exceed 7.0 log 
CFU/g (Yang et al., 2016). A TVC total of 7.0 log CFU/g is 

recommended as the load limit at the end of the shelf life for 
red meat, According to the microbial colony counts, the shelf 
life of beef samples as the aged temperature increased. In order 
to the quality and safety of beef, it could be  consider 
transferring the beef to 4°C storage when the shear value of 
beef is reduced 50 N to extend the shelf life, which is also our 
next research program. Pseudomonas, Brochothrix 
thermosphacta, Enterobacteriaceae, and Lactobacillus increased 
with a trend similar to the trend shown by the total number of 
colonies. LAB was the dominant population in the vacuum-
packaged beef samples in this study. Similarly, Gribble et al. 
(2014b) LAB, Enterobacteriaceae, and Pseudomonas spp. 
populations increased when the beef was subjected to higher 
aging temperatures.

Bacterial flora analysis

Overall structural changes in beef bacterial 
communities

In this study, high-throughput sequencing technology was 
used to investigate the microbiota found in beef samples collected 

A B

C D

FIGURE 2

Surface color and TVB-N analysis on beef samples aging at 4, 10, and 15°C. (A) L* value, (B) a* value, (C) b* value, (D) TVB-N value.
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FIGURE 3

Relative abundance (%) of the top bacterial genera (Genus level) found on beef samples aging 14 days at 4°C, aging 6 days at 10°C, and aging 5 days 
at 15°C.

at 14 days of aging at 4°C (Day14_4), 6 days of aging at 10°C 
(Day6_10), and 5 days of aging at 15°C (Day5_15).

The results of the species annotations were as follows: domain: 
1, kingdom: 1, phylum: 30, class: 69, order: 168, family: 269, genus: 
454, species: 649, OTU: 974. The top five phylum included 
Firmicutes, Proteobacteria, Actinobacteriota, Bacteroidota, and 

unclassified_k__norank_d__Bacteria. The top five genera 
included Lactobacillus, Carnobacterium, Hafnia–
Obesumbacterium, Pseudomonas, and Achromobacter. Figure 3 
shows the percentage of the most abundant bacterial genera in 
Day14_4, Day6_10, 5 Day5_15 and 0 day beef samples because 
these points of time corresponded to shear values that started 

TABLE 1 Microbial counts of beef samples under different aging temperature.

Colony 
counts (lg 
CFU/g)

Temperature Aging time(days)

0 1 2 3 4 5 6 8 10 14 18

Total viable counts 4°C 3.1 ± 0.01 / 3.4 ± 0.05 / 3.9 ± 0.09 / 4.4 ± 0.05 4.8 ± 0.02 5.4 ± 0.05 5.8 ± 0.07 6.9 ± 0.05

10°C 3.9 ± 0.12 4.3 ± 0.08 4.7 ± 0.04 5.2 ± 0.03 5.8 ± 0.11 6.0 ± 0.05 6.7 ± 0.21

15°C 4.1 ± 0.11 4.9 ± 0.04 5.3 ± 0.32 5.9 ± 0.14 6.3 ± 0.26

Pseudomonas spp 4°C 2.0 ± 0.08 / 2.7 ± 0.05 / 2.9 ± 0.06 / 3.2 ± 0.03 3.7 ± 0.06 4.2 ± 0.04 4.4 ± 0.03 4.6 ± 0.04

10°C 2.7 ± 0.03 3.5 ± 0.05 4.2 ± 0.11 4.7 ± 0.09 5.3 ± 0.10 5.7 ± 0.11 5.9 ± 0.14

15°C 2.4 ± 0.11 3.4 ± 0.14 3.8 ± 0.05 4.5 ± 0.03 5.9 ± 0.15

B. thermosphacta 4°C 2.7 ± 0.01 / 3.0 ± 0.05 / 3.5 ± 0.02 / 4.3 ± 0.05 4.7 ± 0.06 5.1 ± 0.03 5.8 ± 0.06 5.9 ± 0.04

10°C 3.8 ± 0.14 4.4 ± 0.13 5.0 ± 0.05 5.2 ± 0.06 5.4 ± 0.08 5.8 ± 0.03 5.8 ± 0.10

15°C 3.1 ± 0.19 3.9 ± 0.06 4.7 ± 0.05 5.1 ± 0.23 5.7 ± 0.31

Lactic acid 

bacteria

4°C 2.5 ± 0.03 / 2.8 ± 0.06 / 3.6 ± 0.11 / 4.6 ± 0.05 5.1 ± 0.04 5.5 ± 0.06 6.3 ± 0.05 6.6 ± 0.06

10°C 3.5 ± 0.03 4.2 ± 0.07 4.9 ± 0.01 5.4 ± 0.02 5.5 ± 0.05 6.2 ± 0.03 6.5 ± 0.09

15°C 3.8 ± 0.14 4.3 ± 0.11 5.6 ± 0.16 6.3 ± 0.09 6.7 ± 0.03

Enterobacteriaceae 4°C 1.4 ± 0.07 / 1.7 ± 0.06 / 1.9 ± 0.02 / 2.3 ± 0.05 2.4 ± 0.04 3.2 ± 0.08 3.7 ± 0.05 4.2 ± 0.05

10°C 1.7 ± 0.10 2.2 ± 0.03 2.5 ± 0.06 3.2 ± 0.04 3.3 ± 0.27 3.5 ± 0.18 3.7 ± 0.07

15°C 2.3 ± 0.04 2.7 ± 0.22 3.3 ± 0.14 3.7 ± 0.17 4.1 ± 0.15
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below 50 N. In the Day_0 sample, the dominant bacterial genera 
were Vagococcus and Carnobacterium, with average relative 
abundances of 17.95 and 17.60%, respectively, followed by 
Lactobacillus, Pseudomonas, Staphylococcus, Hafnia–
Obesumbacterium, and Serratia with abundances ranging from 
5.00 to 9.06%. Leuconostoc, Brochothrix, Lactococcus, and 
Mitochondria were also present in beef samples at abundances 
ranging from 0 to 5.00%. Chaillou et al. (2015) stated that these 
bacteria mainly originated from the meat processing 
environments, such as soil or water. In the sample aged at 4°C for 
14 days, Carnobacterium, Pseudomonas, and Leuconostoc were the 
dominant genera. Carnobacterium increased to 32.55%, 
Pseudomonas increased from 8.78 to 21.01%, and Cryptococcus 
increased from 0.39 to 21.74% in the sample aged at 4°C for 
14 days relative to those in the Day_0 sample. These species belong 
to the genus Cryophilus and exhibit good growth performance at 
low temperatures (Kaur et al., 2021). The genus Lactobacillus was 
clearly the dominant bacterial community in the Day6_10 sample 
and showed a seven-fold increase relative to that in the Day_0 
sample and accounted for 65.02% of the total number of bacteria. 
This genus showed better growth performance at 10°C than at 
other temperatures. In the Day5_15 sample, the genus 

Hafnia–Obesumbacterium predominated, with its content 
reaching 69.24%, far exceeding the number of other genera. This 
result is a good indication that the structure of the flora in beef is 
affected by temperature. Low temperatures significantly favored 
the growth of LAB (Carnobacterium and Leuconostoc), whereas 
higher temperatures favored members of the phylum 
Proteobacteria (Hafnia). Given that the dominant genera often 
develop into specific spoilage bacteria, these results provide ideas 
for the precise prevention and control of spoilage bacteria in high-
temperature aging.

Heatmap analysis of beef bacterial 
communities

A genus-level clustering heatmap based on the top 30 genera 
in terms of relative abundance was constructed to analyze and 
compare the composition and dynamic changes in microbial 
communities in different samples (Figure  4). The horizontal 
coordinate is the sample name, the vertical coordinate is the genus 
name, and the color gradient of the color block shows the variation 
in the abundance of the different species in the sample, with the 
values represented by the color gradient on the right-hand side of 
the graph. The heatmap demonstrated that in the day 0 sample, 

FIGURE 4

Heatmap of bacterial genera in beef samples found on beef samples aging 14 days at 4°C, aging 6 days at 10°C and aging 5 days at 15°C.
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FIGURE 5

Fingerprint spectra of volatile compounds in beef samples different stages aging at 4, 10, and 15°C.

Carnobacterium and Vagococcus clustered together with high 
relative OTU abundances during aging. Carnobacterium, 
Pseudomonas, and Leuconostoc clustered together with high 
relative OTU abundances in Day14_4. Lactobacillus clustered 
together with high relative OTU abundance on Day6_10 during 
aging. Hafnia–Obesumbacterium was present at higher relative 
contents in the Day5_15 sample. The bacterial compositions that 
gradually stabilized at late storage stages were generally dominated 
by bacteria that contribute largely to meat spoilage (Nychas 
et al., 2008).

Characteristic volatile fingerprints

A characteristic fingerprint corresponding to each aging 
temperature was established by using gallery plots, and the 
difference and specific distribution of volatile compounds between 
different aging temperatures were compared intuitively (Figure 5). 
The Gallery Plot plugin of LAV software was used to compare the 
differences in the volatile compounds in beef samples at aged at 
different temperatures comprehensively. The colors of the plots 
indicated the signal strengths of the compounds: the darker the 
signal, the weaker the signal intensity and vice versa (Huang et al., 
2022). The signal intensities of most volatile compounds 
significantly increased after aging at high temperatures, indicating 

that the levels of most volatile compounds were positively 
correlated with the aging temperature.

As shown in Figure  5, all the peaks to be  analyzed in the 
obtained two-dimensional GC–IMS spectrum were automatically 
generated on the basis of fingerprints. Each row in the figure 
represents all signal peaks selected in a beef sample, and each 
column in the figure represents the signal peaks of the same 
volatile organic compounds in different beef samples. The 
substances in the red box in the picture had the highest content 
on 0 day compared to other groups. This substance included 
benzaldehyde, which decreased during aging at 4, 10, or 
15°C. Benzaldehyde, is found in hyacinth, lemongrass, and 
rockrose and is a volatile compound that potentially results from 
the Strecker degradation of tyrosine, which has a bitter almond, 
cherry, and associated with a strong almond odor (Ma et  al., 
2012), if the level are raised too high, the undesirable flavor may 
result. The content of the substances in the yellow box in Figure 5 
increased significantly in the 4°C_14D sample (p < 0.05). These 
substances included 2-heptanone, isobutyl butyrate, 1-octen-3-ol, 
and 1-pentanol. 2-Heptanone can produce a buttery, creamy, and 
cheesy aroma; it can be used as a spice raw material and is critical 
to aging flavor (Resconi et al., 2012). Isobutyl butyrate exists in 
pineapples and other fruits naturally and has a pleasant aroma. It 
is potentially a characteristic compound of fresh beef. 1-Octen-
3-ol is positively correlated with umami flavor and is a volatile 
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alcohol with a mushroom-like aroma that is found in dry-cured 
ham and dry sausage (Tansawat et al., 2013). Positive attributes, 
such as umami and juicy flavors in grain-fed steaks, are correlated 
with 1-octen-3-ol (Song et al., 2011). 1-Pentanol has a strong, 
sweet, balsamic aroma (Liu et al., 2022). Meanwhile, the dominant 
bacterial community was Carnobacterium, including that could 
produce these VOCs at low temperatures. The substances in the 
orange box in Figure 5 have the highest content in the 15C_3D 
sample. They included butanal and ethanol. Butanal is found in 
many essential oils, such as flowers, fruits, and dairy products, and 
has an ethereal fragrance when extremely diluted (Lee et  al., 
2019). Ethanol is the main component of wine, ethanol can also 
be  used to make acetic acid, beverages, baked goods, and it 
generally have a low odour threshold, and thus they partly 
contribute to the flavour of cooked beef, what’s more, butanal and 
ethanol was found to decrease or remain stable at chill 
temperatures, whilst an increase was observed at elevated 
temperatures in vacuum packaged conditions. The substances in 
the green box in Figure 5 have the highest content in the 15C_5D 
sample compare to other groups. They included 2-methylbutanal, 
3-methylbutanal, 3-methylbutanol, 2-methyl-propanal, isoamyl 
acetate, phenylacetaldehyde and 1-penten-3-one, and 2-butanone. 
2-Methylbutanal is described as having a brothy, grainy or boiled 
meat aroma, which improves the sensory value of products (Lee 
et al., 2021). 3-Methylbutanal is a colorless and transparent liquid 
that is used as an intermediate in the production of flavors 
(Mansur et al., 2019). 2-Methylbutanal and 3-methylbutanal are 
Strecker degradation products of isoleucine and leucine, 
respectively (Saraiva et al., 2014). 2-Methyl-propanal is used in the 
synthesis of cellulose esters and flavors and is commonly applied 
in baked goods and meat products (Utama et al., 2018). Aldehydes, 
in general, are unstable and can easily react with other compounds 
to produce compounds with different flavors, it have a low odor-
detection threshold; hence, even a trace amount can contribute to 
meat flavor, and, consequently, they are the most interesting of the 
lipid-derived volatiles (Legako et al., 2016). Isoamyl acetate has 
banana and pear aromas and is widely used in the production of 
various fruity edible flavors (Ercolini et  al., 2009). 
Phenylacetaldehyde is naturally found in chicken, bread, rose oil, 
and citrus oil and confers beef with a clear and evocative aroma 
that differs in accordance with quality grade; specifically, it is 
higher in prime and low-choice steaks than in standard steaks 
(Zhu et al., 2016). 1-Penten-3-one is mainly used as a spice for 
food and in onion, garlic, and mustard flavoring; it has been 
identified as the main contributor to the integral flavor of beef due 
to its high odor activity values (Vilar et al., 2022). 2-Butanone is 
an intermediate in the preparation of pharmaceuticals, fragrances, 
antioxidants, and certain catalysts (Pavlidis et  al., 2019). 
Meanwhile, the dominant bacterial community was Hafnia–
Obesumbacterium, which can use the nutrients in beef to produce 
these compounds (Argyri et  al., 2015). It could conclude that 
different aging temperatures produce different flavor profiles, on 
the one hand, these compounds could be  formed protein 
degradation or oxidation of fatty acids; on the other hand, some 

bacteria studied in this work have probably contributed to 
different levels in the accumulation/depletion of the measured 
metabolic compounds.

Conclusion

The results suggested that high-temperature (10 and 15°C) 
aging had a significantly shorter aging time than conventional 
aging (4°C) without affecting the safety of the product. This 
statement is supported by the practical equivalence of the 
surface color, TVB-N content, microbial counts, and flavor 
traits of the beef samples aged at high temperatures to those of 
the control samples. In this study, combining the total number 
of colonies and shear force values, it could be suggested that 
the aging time should be  set 6 days at 10°C or 5 days at 
15°C. On the basis of this new information, the beef industry 
is recommended to adopt shorter aging periods using slightly 
elevated temperatures 10 °C or and 15°C to capitalize on the 
advantages of a condensed aging period.
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Salami is a kind of fermented meat product with rich nutrition and unique flavor.

Because it is rich in fat, it is easy to oxidize to produce bad flavor. Compared

with the way of adding artificial or natural antioxidants to reduce the degree of

sausage oxidation, the antioxidant characteristics of developing the starter itself

deserve more attention. In this study, firstly the antioxidant activities of 5 strains

of yeast were measured in vitro, and then the mixture of yeast and Lactobacillus

rhamnosus YL-1 was applied to fermented sausage model. The effect of the starter in

the sausage model was investigated through physicochemical parameters, degree of

fat oxidation, free fatty acid content, and though volatile flavor compound analysis,

sensory evaluation and various indexes after storage were observed. Metagenomics

was used to explore metabolic pathways, functional genes and key enzymes

related to lipid oxidizing substances in sausage in yeast. The results showed that

Wickerhamomyces anomalus Y12-3 and Y12-4 had strong tolerance to H2O2, and

had higher SOD and CAT enzyme activities. The addition of yeast effectively reduced

the material value of peroxidation value and active thiobarbiturate in salami. In flavor

analysis, the content of flavor compounds associated with lipid oxidation, such as

hexanal, heptanal, nonanal and (E)-2-decenal were significantly lower with the use

of Debaryomyces hansenii Y4-1 and Y12-3. Meanwhile, the possible pathways of

yeast metabolism of flavor substances related to lipid oxidation (mainly aldehydes)

were discussed with the help of metagenomic techniques. According to the results

of metagenomics, fatty acid degradation (ko00071) metabolic pathway was related

to the degradation of aldehydes through aldehyde dehydrogenase, which was the

potential key enzyme.

KEYWORDS

yeast, lipid oxidation, salami, volatile compounds, antioxidant potential

1. Introduction

Fermented sausage refers to the meat products with long shelf life, unique flavor, texture, and
color made by mixing raw meat with starter, seasoning and spices under specific temperature and
humidity conditions and pouring them into casings (Huang and Huan, 2016). The important
components in fermented meat products (protein and fat) are easily oxidized and degraded
in the process of production and processing, thus affecting the quality of products. In the
process of fermentation and maturation, proteins were hydrolyzed into short peptides and
free amino acids, which are degraded into aldehydes, acids and esters under the action of
microorganisms. Moderate degradation of protein can improve the nutritional value and flavor
of the product, while excessive oxidation of protein will adversely affect the texture, water
retention and flavor of meat, and oxidative induction of protein may also affect the digestibility
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and reduce the nutritional value of meat products (Berardo et al.,
2015). During fermentation process besides the protein hydrolysis
the lipid oxidation hydrolysis also plays an important role in
the production of flavor compounds. In addition to directly
producing volatile flavor compounds such as hexanal, 2-nonenal,
2, 4-nonadienal, ethyl butyrate and 1-octene-3-ol, lipid oxidation
degradation products can further participate in the Maillard reaction,
thus giving fermented meat products unique and rich flavor (Liu
et al., 2021b). Moderate fat oxidation can improve the meat flavor,
quality, but excessive oxidation results in rancidity, loss of color and
texture, and shorten the shelf life. It also affects consumer acceptance
and highly contribute to the production of toxic substances such as
malondialdehyde, amyl aldehyde, 4-hydroxy nonyl aldehyde which
are a big concern to human health (Cao et al., 2019). Therefore, in
processing and circulation of fermented meat products, keeping the
balance of protein and fat hydrolysis and oxidation is a big concern.

The application of synthetic antioxidants is widely used
technique, while it has its own drawbacks as mainly it is in
general synthetic and are mainly a concern related to the cause
of cancer. Among some of these antioxidants are butylated
hydroxytoluene (BHT), butylated hydroxyanisole (BHA), and tert-
butylhydroquinone (TBHQ) are mainly a concern to cancer while
the use of ascorbic acid is considered to be the safest (Seo et al.,
2021). With the decrease in synthetic antioxidants application,
the screening and application of starter cultures for fermented
sausage production with antioxidant capacity are attracting more
and more attention. Zhang et al. (2017) measured the antioxidant
activity of lactic acid bacteria isolated from fermented sour
meat, among which, L. curvatus SR6 had high 2-diphenyl-1-
picrylhydrazyl (DPPH) free radical scavenging and reducing ability,
and L. paracasei SR10-1 had high hydroxyl free radical scavenging
activity and lipid peroxidation inhibition ability. Coppola et al.
(1997) isolated 138 strains of Staphylococcus and Micrococcus from
molisana, a traditional Italian fermented sausage, all of which
had Catalase activity test (CAT) activity and moreover could
reduce nitrate to nitrite in most strains. Perea-Sanz et al. (2020)
found that sausages inoculated with D. Hansenii maintained a
lower degree of thiobarbituric acid reactive substances (TBARS),
while inhibiting nitrite oxidation and promoting the formation of
flavor substances such as 3-methylbutanal in sausages. This makes
D. Hansenii as one of the potential strains that can be applied as
a starter culture in fermented sausage products. Even though it
has a big potential, the study on the antioxidant activity is very
limited.

Although some strains such as Lactobacillus (Zhang et al.,
2017), Staphylococcus (Coppola et al., 1997), Aspergillus (Arora
and Chandra, 2010), Yeast (Banwo et al., 2021), and other
microorganisms also show some antioxidant potential, while there
is still lack of systematic and in-depth research in the antioxidant
activity of starters applicable in fermented sausage production. Based
on the understanding of this point, the antioxidant activities of
five yeast strains were measured in vitro first. Considering the
lack of acid producing and bacteriostatic effects of lactic acid
bacteria, if yeast is used alone for sausage production, it will
lead to quality and safety problems in the sausage. Therefore,
lactic acid bacteria and yeast were mixed together to apply to
fermented salami sausage. At the same time, lactic acid bacteria used
alone is set as the experimental control to obtain more accurate
results. The yeast antioxidant activity, degree of lipid oxidation and
volatile flavor components of sausage after fermentation and storage

were detected. The possible pathway of yeast metabolism of fatty
acid through aldehydes degradation was analyzed by metagenomic
technology.

2. Materials and methods

2.1. Yeast strains and culture media

Six species of starter cultures, designated Debaryomyces hansenii
Y3-1, Debaryomyces hansenii Y4-1, Wickerhamomyces anomalus
Y12-2, Wickerhamomyces anomalus Y12-3, Wickerhamomyces
anomalus Y12-4, and Lactobacillus rhamnosus YL-1 were previously
isolated from traditional fermented foods (Liu et al., 2015). They
were stored at the School of Food and Health, Beijing Technology
and Business University (BTBU), Beijing, China. L. rhamnosus YL-1
has been proved to have strong acid production capacity; in addition,
it has been shown to contribute to good flavor formation. YL-1 were
stored in glycerin and Man-Rogosa-Sharpe (MRS) broth medium
mixture at −80◦C until use, whereas yeasts were stored at −80◦C
on the glycerin and yeast-peptone-dextrose (YPD) broth medium
mixture until use.

2.2. Determination of tolerance of
hydrogen peroxide

After activation, the yeast was inoculated with the same OD
value (OD600 = 1.0) into the sterilized YPD liquid medium which
added H2O2 solution (the final concentration of H2O2 was 0.0,
2.0, 4.0, 6.0, or 8.0 mmol/L), and cultured at 28◦C and 150 rpm
for 24 h. The absorbance Ax of culture medium was measured at
wavelength 600 nm (Yang et al., 2012). The group without H2O2
solution was used as blank control with the absorbance labeled as A0.
The same volume of liquid medium YPD was used as blank-zero with
absorbance labeled as Aj. The survival rate of yeast was calculated
according to the following formula.

Survival Fraction (SF) =
Ax−Aj
A0−Aj

× 100% (1)

2.3. Determination of antioxidant activity
of yeast in vitro

After yeast strains were activated twice on YPD plate, single
colonies were selected and inoculated into 50 mL YPD liquid
medium, and cultured overnight at 28◦C and 150 rpm. Then, the
fermentation broth was transferred to 50 mL YPD liquid medium
with the same OD value (OD600 = 1.0), and cultured at 28◦C and
150 rpm for 72 h.

After the end of fermentation, the fermentation liquid was
centrifuged (4◦C, 20700 × g, 5 min). The precipitation was washed
with sterile deionized water and the yeast concentration was adjusted
to 109 CFU/mL. At the same time, a part of cell suspension was taken
for ultrasonic crushing for 40 min (650 W, 30 s on, 30 s off) under
ice bath condition. After crushing, the mixture was centrifuged (4◦C,
20700 × g, 5 min), and the supernatant was taken as the sample
of intracellular cell-free extracts (Chen et al., 2015). The above two
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samples were used for the determination of subsequent antioxidant
experiments.

2.4. Free radical scavenging capacity

The hydroxyl free radical scavenging rate and superoxide
anion free radical scavenging rate of each component of yeast
fermentation for 72 h were determined by referring to the method
of hydroxyl free radical determination kit and superoxide anion free
radical determination kit (Nanjing Jiancheng Technology Co., Ltd.,
Nanjing, China).

2.5. Total antioxidant capacity and
antioxidant enzyme activity

The total antioxidant capacity and antioxidant enzyme activity
was conducted using the manual for T-AOC kit and Glutathione
peroxidase (GPX) kit which were purchased from Nanjing Jiancheng
Technology Co., Ltd. The catalase activity test was performed
using Catalase (CAT) kit and the superoxide dismutase activity was
conducted following Superoxide dismutase (SOD) kit purchased
from Beijing Solarbio Technology Co., Ltd.

2.6. Sausage manufacture

The sausage was divided into following seven batches: batch
CK (without inoculation), batch LGG inoculated with about 107

CFU/g of L. rhamnosus YL-1, batch S1 inoculated with about 107

CFU/g of L. rhamnosus YL-1 and 106 CFU/g of D. hansenii Y3-
1, batch S2 inoculated with about 107 CFU/g of L. rhamnosus
YL-1 and 106 CFU/g of D. hansenii Y4-1, batch S3 inoculated
with about 107 CFU/g of L. rhamnosus YL-1 and 106 CFU/g of
W. anomalus Y12-2, batch S4 inoculated with about 107 CFU/g
of L. rhamnosus YL-1 and 106 CFU/g of W. anomalus Y12-3,
batch S5 inoculated with about 107 CFU/g of L. rhamnosus YL-
1 and 106 CFU/g of W. anomalus Y12-4. The formulation of
the sausages was modified based on the formulation of Huang
et al. (2020), Liu et al. (2021a). In detail it includes 80% lean
pork meat, 20% pork back fat, 3% NaCl, 0.3% sucrose, 0.3% black
pepper, 0.3% white pepper, 0.2% glucose, 0.1% garlic powder, 0.05%
D-sodium erythorbate, and 0.015% sodium nitrite. Lean meat, fat,
ingredients, and starter cultures were mixed with a blender at
4◦C. The mixture was then stuffed into a collagen casing (200 g
of meat-mixture for each sausage), and placed in a fermentation
chamber.

All sausages were fermented for 20 h at 23◦C with 80% relative
humidity (RH) and for 24 h at 21◦C with 65% RH. Then the sausages
are ripened for 24 h at 20◦C with 67% RH, 24 h at 19◦C with 69%
RH, 24 h at 18◦C with 71% RH, 24 h at 16◦C with 73% RH, 24 h
at 15◦C with 74% RH, 24 h at 14◦C with 76% RH, 24 h at 12◦C
with 77% RH, and kept at 10◦C with 73% RH until the end of
23 days. The samples in storage were kept sealed in the dark at room
temperature until 60 days, others sausage was vacuum packaged
and frozen at -80◦C for subsequent analyses. At each corresponding
fermentation time (0, 5, 10, 16, 23, and 60 days), three randomly
selected sausages of each treatment were used to analyze pH, aw, POV,

TBARS, free fatty acids measurement, volatile compound analysis
and sensory analysis.

2.7. Determination of physical and
chemical properties of sausage

According to the method of Beck et al. (2021), the pH, and
water activity aw were measured during sausage ripening using a pH
meter (Testo 205, AG, Testo, Lenzkirch, Germany) and an Aqualab
4TE water activity meter (Decagon Devices Inc., Pullman, WA,
United States), respectively.

2.8. Determination of the peroxide value

Peroxide values for sausages were determined using the method
of Vareltzis et al. (2008) with a few modifications. Take an appropriate
amount. A broken sausage samples 2.5 g was transferred into a
50 mL centrifuge tube and, add 3 times of petroleum ether with
respect to the sample weight, mixed well and left for extraction
for 12 h. The sample solution is filtered by a funnel containing
anhydrous sodium sulfate, and the filtrate is evaporated under
reduced pressure at 39◦C, and the residue is the sample to be
tested.

The 1 mL of samples to be tested and 50 µL ferrous
chloride (3.5 g/L) solution were transferred to centrifugal
tube, then the volume was adjusted to 10 mL by mixture of
dichloromethane:methanol (v :v = 7:3). Add 50 µL 30% potassium
thiocyanate solution, mixed well and the mixture was allowed
to stand for 5 min at room temperature. The absorbance of
the supernatant was measured at wavelength 500 nm, mixture
of dichloromethane:methanol (v :v = 7:3) was used to zero the
instrument. POV value was calculated by standard curve, and the
result was expressed as meq/kg sample.

POV =
C

m× 111.68
(2)

Where, C is the mass of iron obtained against the standard curve,
expressed in µg, m is the mass of the sample which represented
by 1 mL of samples to be tested, expressed in g, and 116.68 is the
conversion factor.

2.9. Determination of thiobarbituric acid
reactive substances

The TBARS was conducted following the method of Filho
et al. (2021) with some modifications. In detail adding 5.00 g
of broken sausage sample into 100 mL conical flask containing
50 mL of 75.00 g/L trichloroacetic acid solution (including 1.00 g/L
ethylenediaminetetraacetic acid disodium). The mixture sealed and
shake well then incubated in a thermostatic oscillator at 50◦C for
30 min. The mixture is filtrated when it cools to room temperature
and 5 mL of filtrate was transferred into a tube containing 5 mL
of 2.88 g/L thiobarbituric acid (TBA) solution. The sample solution
mixed, sealed, allowed to react in a 90◦C-water bath for 30 min.
After reaction take the tube out, and allowed to cool to room
temperature. The absorbance of the cooled reaction solution was
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measured at 532 nm. The content of TBARS was determined
by comparing the standard curve of malondialdehyde, which was
expressed as mg of malondialdehyde /1.00 kg sausage sample
(mg/kg).

2.10. Determination of free fatty acid

By referring to Feng et al. (2015) with some modifications,
the lipids and free fatty acids were extracted and separated. In
detail, 5.0 g of broken sausage samples were placed in 100 mL
beaker, then add 60 mL of chloroform/methanol solution (v:v = 2:1).
After mixing, the samples were homogenized (6000 rpm, 20 s)
and broken twice in ice bath. The homogenates was made to
stand in a fume hood for 1 h and then filtered. Filtrate was
collected and 0.2-fold volume of 0.9% normal saline was added.
The mixture was centrifuged for 10 min at 3000 × g, 4◦C. The
underlying organic phase was collected and evaporated into oil
droplets in a vacuum at 44◦C to serve as a lipid extraction
sample.

Free fatty acids were separated as follows. The 100 mg lipids
were weighed in a 2 mL centrifuge tube and dissolved using
1 mL chloroform and vortexed for mixing. The mixture was
transferred to an aminopropyl-silica gel cartridges (SPE columns,
Kangyuan Techbio Biological Technology Co., Ltd.) which activated
with 1 mL chloroform. After activation, the free fatty acids
in the SPE column were eluted with 3 mL 2 % acetic acid-
diethyl ether solution.

The separated free fatty acid solution was dried by blowing dry
nitrogen. The dried sample is mixed with 20 µL 2, 2-dimethoxy-
propane (to absorb trace water produced in the process of methyl
esterification) and 2 mL 14 % boron trifluoride-methanol solution,
mixed and reacted in water bath at 60◦C for 1 h. After methyl
esterification and cooling, 1 mL n-heptane and 1 mL ultrapure
water were added and dissolved using vortex. After standing for
stratification, the upper organic phase was collected and dried with
a nitrogen blower. Then the final volume was made up to 0.5 mL by
n-heptane, then detected using GC-MS (Gas-chromatography-mass-
spectrometry) detection.

The free fatty acids were separated and identified by GC-MS
(8890 GC System, 5977B MSD) equipped with a DB-WAX capillary
column (30 m × 250 µm × 0.25 µm, Agilent Technologies, Santa
Clara, CA, United States). The GC conditions were as follows: Helium
(purity of 99.99%) was used as a carrier gas at a constant flow
rate of 1.0 mL/min. The inlet temperature was set to 250◦C with
a solvent delay of 2 min, kept at 1 µL for injection volume, and
the split ratio was 5:1. The column initial temperature was 100◦C,
increased to 200◦C at a rate of 10◦C/min for 5 min, then further
increased to 220◦C at a rate of 1◦C/min for 5 min (Huang et al.,
2013).

The MS conditions were as follows. The auxiliary heater
temperature and ion source temperature were respectively set to
240◦C and 230◦C, and the four-stage rod temperature was 150◦C. MS
fragmentation was detected in electron-impact (EI) mode (ionization
energy of 70 eV) with an acquisition range from 40 to 500 m/z in
full-scan mode. The experimental results were qualitatively analyzed
by Supelco 37 Component FAME Mix (Supelco, Bellefonte, PA,
United States; catalog No. 47885-U) and NIST 14 library, and
quantitatively analyzed by peak area method.

2.11. Determination of volatile compounds

The Solid phase micro-extraction (SPME) method was used
to extract and quantitate the aroma compounds according to the
method of Li et al. (2015). Briefly, 3.0 g of minced sausage was
weighed precisely and placed in a 20 ml headspace vial. Immediately
after, 1 µL of internal standard (o-Dichlorobenzene, 1.306 µg/µL
in methanol) injected quickly, The vial was placed in an HH-
series digital constant-temperature water bath and incubated at
60◦C for 30 min. Then volatile compounds were extracted with
a extraction head (DVB/CAR/PDMS, 50/30 µm) for 30 min at
60◦C.

Volatile compounds in sausage were separated and identified by
GC-MS (8890 GC System, 5977B MSD) equipped with a InertCap
WAX capillary column (60 m × 0.25 mm × 0.25 µm; GL Sciences,
Tokyo, Japan). The GC conditions were as follows: Helium (purity
of 99.999%) was used as a carrier gas at a constant flow rate of
1.6 mL/min. The inlet temperature was set to 250◦C with desorbed
5 min. The column initial temperature was kept at 40◦C for 3 min,
increased to 180◦C at a rate of 3◦C/min for 3 min, then to 230◦C at
a rate of 10◦C/min for 5 min. The ion source temperature was set to
230◦C. MS fragmentation was detected in electron-impact (EI) mode
(ionization energy of 70 eV) with an acquisition range from 45 to
500 m/z in full-scan mode (Martín et al., 2003). The retention time
was calculated and compared with NIST 14 library to identify the
peaks, and the ratio of peak area to internal standard peak area was
calculated to determine the quantity.

2.12. Sensory analysis

Sensory evaluation of seven groups of sausage samples was
carried out after fermentation. Sensory assessment was performed
by 39 trained team members. Sausage samples are sliced into 2 mm
slices and placed on white plates. Samples were randomly labeled with
three digits, and each sample was evaluated three times. Cleanse the
palate between samples was performed by ingesting salt-free biscuits
and water. Odor (cheese, fruity, rancid, oily), texture, taste (sour,
salty, mellow), and overall acceptability of the samples were evaluated
according to a 7-point scale from 1 to 7, in which odor and taste
indicators were scored according to the intensity of perception from
low to high, and liking index was scored according to the degree of
liking (Liu et al., 2018).

2.13. Metagenomic sequencing

The S4 group (Y12-3) and S5 group (Y12-4) of fermented
sausages were selected for metagenomic sequencing in this
experiment. After they were matured (23 days), they were crushed
by a crusher and stored at −80◦C for standby. Metagenomic
sequencing was performed by the Shanghai Majorbio Bio-Pharm
Technology Co., Ltd.

2.14. Statistical analysis

Three replicates were set for each treatment in this experiment.
SPSS 25.0 (SPSS Inc., Chicago, IL, United States) were used for
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statistical significance analysis of experimental data, and GraphPad
Prism (Prism v8.0, GraphPad) was used for drawing.

3. Results and discussion

3.1. Comparison of tolerance of different
yeast to H2O2

As an important eukaryote, yeast is faced with various pressures
such as oxidative stress during its growth. H2O2 is a strong oxidant,
which can be converted into hydroxyl radical under the catalysis of
metal ions, and because of its toxicity to proteins, lipids, DNA, RNA,
and other molecules, so the resistance of yeast to oxidative stress
(such as H2O2) can reflect its antioxidant properties.

The effects of different concentrations of H2O2 on the survival
rate of yeast strains were shown in Figure 1. Compared with the SF
(100%) of the control group, the Y12-4 increased to a certain extent
after 24 h treatment with 2.0 mM H2O2, which may be due to CAT
in the yeast cells decomposed H2O2 into O2, thereby promoting its
growth. This conclusion is similar to that of Wang et al. (2020). In
contrast, the SF of the other four yeast strains was inhibited at 2.0 mM
H2O2. Growth of all yeasts was inhibited when the concentration
of H2O2 reached 6 mM. Among them, Y12-4 has the highest SF
(58.89%), followed by Y3-1 (25.94%) and Y12-3 (24.29%). When the
concentration of H2O2 was 8 mM, the SF of Y12-4 remained 9.64%.
In conclusion, Y12-4 was the most tolerant to H2O2, followed by Y3-
1 and Y12-3. While, strains Y4-1 and Y12-2 were the most sensitive
to H2O2.

3.2. Comparison of free radical scavenging
ability of different yeasts

Hydroxyl free radicals are an extremely active reactive oxygen
species with strong oxidation capacity, which can easily cause damage
to macromolecules of biological cells, thus affecting the normal

FIGURE 1

Survival rate of yeast at different concentrations of H2O2. Different
letters (a–d) indicated that there was significant difference in survival
rate between different yeast groups at the same H2O2 concentration
(p < 0.05).

function of cells. The hydroxyl radical scavenging ability of the
intact cell suspension and the broken cell-free extracts of 5 yeast
strains was measured, and the results were shown in Figure 2A.
The hydroxyl radical scavenging capacity of 5 yeast strains was
significantly different (p< 0.05). The hydroxyl radical scavenging rate
of the intact cell suspension exceeded 45%, while that in the broken
cell-free extracts was between 28 and 44 %. Among them, the intact
cell suspension scavenging rate of Y12-4 was the highest, reaching
55.27%, and the scavenging rate in the broken cell-free extracts of
Y4-1 was the highest, reaching 43.23%. Overall, the hydroxyl radical
scavenging rates of Y3-1 and Y12-2 were significantly lower than that
of other strains (p < 0.05).

Superoxide anion radical (O2
−) is a relatively weak oxidant.

Although it cannot directly induce the oxidation of lipids, it can
undergo Fenton reaction in the presence of metal ions, forming
strongly oxidized hydroxyl radicals and then participate in oxidation.
The same way with the hydroxyl free radical scavenging activity the
superoxide anion radical scavenging ability was measured for five
yeast strains with whole cell and broken cell as shown in Figure 2B.
The scavenging ability of superoxide anion radical of 5 yeast
strains was significantly different (p < 0.05). In terms of different
components, contrary to the results of hydroxyl radical scavenging
ability, the scavenging rate of broken cell-free extracts exceeded 51%,
which was stronger than that of intact cell suspension. The scavenging
rate of Y12-2 broken supernatant was the highest, reaching 57.48%.
The scavenging rate of superoxide anion free radicals in intact
bacterial suspension was 30−42%, and the scavenging rate of Y3-
1 intact bacterial suspension was 41.90%, which was significantly
higher than that of other strains (p < 0.05).

In conclusion, there were significant differences in the free radical
scavenging activities of intact cell suspension and broken cell-free
extracts of different yeasts. The free radical scavenging activity of
intact cell suspension may be related to its antioxidant substances
(such as enzymes, polyphenols, and other yeast secretions) and
polysaccharide proteins on the cell wall surface (Jaehrig et al., 2008).
Li et al. (2012) found that Polysaccharides or proteins on the surface
of intact cells of plantarum C88 participate in the DPPH scavenging
effect. After removing these compounds, the DPPH scavenging ability
of suspension is significantly reduced. The free radical scavenging
activity of the broken supernatant may be attributed to the role of
GSH-Px, SOD, CAT and other antioxidant enzymes. In general, the
hydroxyl free radical scavenging ability of intact cell suspension is
higher than that of the corresponding broken cell-free extracts, which
may be due to the thick cell wall of yeast, and makes it difficult for
ultrasonic crushing to release all the antioxidant substances stored
in the cells into the supernatant, so that the free radical scavenging
activity of the broken cell-free extracts is lower.

3.3. Comparison of total antioxidant
capacity of different yeasts

The total antioxidant capacity (T-AOC) is the result of
the combined action of antioxidant enzymes and non-enzymatic
antioxidant substances in the tested samples, as well as the ability to
scavenge free radicals, chelate metal ions and decompose peroxide.
The T-AOC of the broken cell-free extracts of 5 yeast strains was
measured, and the results were shown in Figure 3. All the broken cell-
free extracts of different yeast had a certain total antioxidant capacity,
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A B

FIGURE 2

Free radical scavenging rate of different yeasts. (A) • OH Scavenging Rate; (B) O2
• - Scavenging Rate. Different capital letters indicated that there was

significant difference in free radical scavenging rate among different intact cell suspension (p < 0.05). Different lowercase letters indicated that there was
significant difference in the free radical scavenging rate among different broken cell-free extracts (p < 0.05).

FIGURE 3

Determination of total antioxidant capacity (T–AOC) of different
yeasts. Different letters indicated significant difference in total
antioxidant capacity among different strains (p < 0.05).

indicating that there were substances with antioxidant activity in the
supernatant after crushing. However, except Y4-1, which had a low
total antioxidant activity (0.779 U/mg protein), the total antioxidant
capacity of other strains higher and had no significant difference
(p < 0.05).

3.4. Comparison of main antioxidant
enzyme activities of different yeasts

Antioxidant enzymes, mainly including CAT, SOD, and GPX,
play an important role in scavenging free radicals. The higher the
enzyme activity, the stronger the antioxidant capacity. The activity
results of main antioxidant enzymes in the broken cell-free extracts
of these 5 yeast strains are shown in Table 1.

Catalase activity test can catalyze the decomposition of H2O2
into H2O and O2. In this study, the CAT enzyme activity of these

5 strains ranged from 88.31 to 100.44 U/mg protein of which Y12-
4 had the highest enzyme activity, reaching 100.44 ± 2.08 U/mg
protein (p < 0.05), which was consistent with its H2O2 tolerance.
Superoxides in almost all cells and cellular organisms are eliminated
by SOD. In this study, the SOD activity of these 5 strains ranged from
3.85 to 10.04 U/mg protein, and Y12-4 had the highest SOD activity,
reaching 10.04± 0.24 U/mg protein (p < 0.05). GPX is an important
hydroxyl radical scavenger. GPX activity wasn’t detected in all yeast
strains except Y12-2, which may be due to the sensitivity of the
detection method is low or the GPX activity is too low to be detected.

Each yeast strain has its own advantages and disadvantages
in different in vitro antioxidant test indexes, and there is a lager
differences between the in vitro antioxidant test conditions and the
actual application environment of fermented sausage. For example,
its inhibition or promotion of lipid and protein oxidation in
fermented sausage is also related to lipase and protease activities
and metabolic regulation. Therefore, all the 5 yeast strains were
applied to the production of fermented sausage to further explore
their effects on lipid oxidation, free fatty acid changes and volatile
flavor substances.

3.5. Analysis of pH value of fermented
sausage in each group

LAB produces a large amount of lactic acid through carbohydrate
metabolism at initial stage of sausage fermentation, rapidly
reducing the pH value of sausage, thus inhibiting the growth of
spoilage organisms and promoting the formation of flavor and
color of sausage.

As shown in Figure 4, the pH value of ground meat on 0 days was
about 5.8. On the 5th day of fermentation, the pH value of the sausage
group with L. rhamnosus YL-1 was decreased to about 4.9, which
was significantly lower than that of the blank group CK (p < 0.05),
indicating that YL-1 had good acid-producing capacity in the sausage.
When the sausages were matured after 23 days of fermentation, there
was no significant difference (p < 0.05) in pH value of fermented
sausage groups except for CK group and S1 group, which was around
5.6 and 5.2, respectively. The increase of pH value in S1 group may
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TABLE 1 The main antioxidant enzyme activities in the broken cell-free extracts (U/mg protein).

Y3-1 Y4-1 Y12-2 Y12-3 Y12-4

CAT 91.70± 3.05ab 93.09± 0.28b 88.31± 1.10a 92.12± 0.99b 100.44± 2.08c

SOD 7.36± 0.28c 5.13± 0.54b 3.85± 0.62a 6.75± 0.25c 10.04± 0.24 days

GPX n.d. n.d. Trace n.d. n.d.

Different lowercase letters indicated that there was significant difference in antioxidant enzyme activity among different strains (p < 0.05). n.d., indicates no detection.

FIGURE 4

Evolution of pH value during the ripening of the different samples of
sausage. Different letters indicate that there is significant difference in
pH value between different groups of fermented sausage at the same
time (p < 0.05).

be related to the metabolism of lactic acid by D. hansenii Y3-1 (He
et al., 2017). On the whole, the pH value of fermented sausage in each
group showed a process of first decreasing and then slowly increasing
(after 10 days of fermentation). This may be due to the degradation of
the protein in fermented sausage by microorganisms or endogenous
protease to produce basic amino acids, biological amines and TVB-N,
resulting in a slow increase in pH value (Liu et al., 2013).

3.6. Analysis of aw value of fermented
sausage in each group

The aw directly affects the growth and metabolism of
microorganisms. It is generally believed that when aw is lower
than 0.90, it can effectively inhibit the growth of spoilage and
pathogenic bacteria (Leistner and Gould, 2002). As shown in
Figure 5, the initial aw values of the 5 groups of sausage samples were
all around 0.97. With the progress of fermentation, the water was
gradually lost and the aw value showed a trend of slow decline. At the
end of 23rd days of fermentation, the aw value dropped to below 0.78
in all groups. From the point of different starter groups at about the
10 days, the aw of fermented sausage in LGG, S1, S2, and S4 groups
were significantly lower than that in CK group (p < 0.05). This may
be caused by the fact that lactic acid produced by L. rhamnosus at
the initial stage of fermentation reduced the pH value of the sausage
system, made myosin close to the isoelectric point, changed its
binding ability with water, and thus promotes water loss (Hu et al.,
2021). At the end of the 23rd day of fermentation, the drying speed
of the CK control group may be too fast due to the high pH value,
low gelatinization degree of protein and loose texture. While there
was a significant difference between the mixed starter culture group

and the aw of the LGG group, which may be because the yeast mainly
grew on the surface of the sausage or the outside of the meat filling
during the fermentation process, thus controlling the loss of the
moisture activity of the mixed starter culture fermented sausage was
significantly higher than that of the LGG group (Ramos-Moreno
et al., 2021).

3.7. Analysis of POV value of fermented
sausage in each group

The determination of POV reflects the extent to which sample fat
is oxidized to hydroperoxide, and is applicable to the determination
of meat product quality at the initial stage of oxidation. As shown
in Figure 6, POV value rose at first in the whole process of sausage
fermentation and storage. With a trend of decreased slightly at
16−23 days of fermentation, and then increases again at 23−60 days.
This is mainly because the hydroperoxide of fat is extremely unstable
in the process of lipid oxidation, which is easy to further oxidize to
form small molecular compounds such as aldehydes and ketones,
thus affecting the accuracy of POV value (Zhang et al., 2021). Kim
et al. (2010) also obtained similar results when exploring the influence
of different addition forms of garlic and BHA on emulsion-type
sausage quality. Between different starter groups, the POV value of
fermented sausage in S5 group (with yeast added) was significantly
lower than that in LGG group (without yeast added) at 23rd days
(p < 0.05). In the sausage samples stored for 60 days, the POV value
of fermented sausage in S1, S3, S4, and S5 groups was significantly
lower than that in CK and LGG groups (p < 0.05), indicating that
the addition of yeast had a certain inhibitory effect on the change of
sausage POV.

FIGURE 5

Evolution of aw value during the ripening of the different samples of
sausage. Different letters indicate that aw value of fermented sausage
in different groups has significant difference at the same time
(p < 0.05).
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FIGURE 6

Evolution of peroxide value (POV) value during the ripening of the
different samples of sausage. Different letters indicate that POV values
of different groups of fermented sausage have significant difference at
the same time (p < 0.05).

3.8. Analysis of TBARS value of fermented
sausage in each group

Thiobarbituric acid (TBA) is the most commonly used method to
evaluate the fat oxidation of meat products. TBARS value represent
the contents of all substances that can react with TBA in meat
products, mainly the content of malondialdehyde, the secondary
product of lipid oxidation, and is a direct indicator of the degree
of oxidative deterioration of meat products. Its results are highly
related to the sensory quality and the degree of fat oxidation of
meat products. Tarladgis et al. (1960) found that the TBARS value
was highly correlated with the odor evaluation results of sensory
reviewers, with a correlation coefficient of 0.89, and when the TBARS
value ranged from 0.5 to 1.0, the reviewers could perceive the
rancidity taste.

As shown in Figure 7, TBARS values show an overall upward
trend in the whole process of sausage fermentation and storage.
However, TBARS in CK, S3, S4, and S5 groups were slightly reduced
on the 23rd day, which may be due to the fact that malondialdehyde
reacted with protein in a binding state and was not detected. Except
S2 group, the TBARS of sausage in all groups reached the maximum
value at 60 days. The TBARS values of S1, S2, S3, S4, and S5 sausage in
yeast group were 1.25, 0.50, 0.79, 1.07, and 0.70 mg MDA/kg sausage,
respectively. It was significantly lower than that of 2.45 and 3.60 mg
MDA/kg sausage in CK and LGG groups (p < 0.05), indicating that
yeast supplementation could inhibit the increase of TBARS value of
sausage.

3.9. Analysis of free fatty acid content of
fermented sausage in each group

Free fatty acids (FFA) play an important role as precursors to the
formation of flavor substances in fermented sausage. The release of
a certain amount of FFA during sausage fermentation is conducive
to the formation of special flavor of sausage. The effect of different
starter on lipid hydrolysis of fermented sausage could be evaluated by
measuring the content of FFA in each group. As shown in Table 2, 7
types of saturated fatty acids (SFA), 4 types of monounsaturated fatty
acids (MUFA) and 4 types of polyunsaturated fatty acids (PUFA) were
detected, respectively in each group of the fermented sausage, and
the types of FFA did not change between the groups, which means

that microbial fermentation only improved the degree of hydrolysis
of FFA, but didn’t change the way of lipid hydrolysis. Chen et al.
(2017) also reached a similar conclusion when exploring the effects
of bacterial fermentation on lipid decomposition and lipid oxidation
in Harbin dry sausage.

The CK group is the sausage without inoculating the starters.
Compared with the content of fatty acids in the meat mince used for
the sausage making, the changes of these two groups are not obvious,
with total fatty acids contents of 22.876 mg/g fat and 22.967 mg/g
fat, respectively. While total fatty acids contents in LGG, S1, S2, and
S5 groups increased to 29.343, 26.588, 24.330, and 36.106 mg/g fat,
respectively, indicating that the addition of starter, especially Y12-
4, was beneficial to the hydrolytic release of free fatty acids. While
for S3 and S4 groups they did not increase the content of free fatty
acids in fermented sausages after inoculation, which may be related
to the lipase activity of Y12-2 and Y12-3 strains. Another aspect may
also be that during the ripening process of sausage fermentation,
a large number of unsaturated fatty acids are oxidized to lipid
carbonyl compounds, and at the same time, alcohols, aldehydes and
ketones are produced, which can form peroxides through free radical
chain reaction. These secondary reactions produce a large number
of volatile compounds, thereby reducing the content of free fatty
acids. According to the proportion of different fatty acids in total fatty
acids, the contents of SFA and MUFA were about 38 %, higher than
PUFA (22−25 %). Compared with CK group, the proportion of SFA
in S1, S2, S3, S4, and S5 groups added with starter decreased, while
the proportion of PUFA increased. It is generally believed that the
addition of starter is conducive to the hydrolysis of lipids into short-
chain volatile fatty acids and other substances, endowing sausages
with special flavor, promoting the degradation of SFA and the release
of MUFA and PUFA (Hu et al., 2021). According to the types of fatty
acids, palmitic acid, stearic acid, oleic acid and linoleic acid were
relatively higher in all sausage samples, accounting for about 89%
of the total fatty acids, which were the main components of FFA in
fermented sausage.

3.10. Analysis of volatile flavor substance
of fermented sausage in different groups

The determination results of flavor substances in sausage samples
are shown in Table 4. A total of 75 volatile flavor substances were

FIGURE 7

Evolution of thiobarbituric acid reactive substances (TBARS) value
during the ripening of the different samples of sausage. Different
letters indicate that there are significant differences in TBARS values
between different groups at the same time (p < 0.05).
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TABLE 2 Changes of free fatty acids (FFA) content in different fermented sausage samples.

Time (d) 0 23

FFA (mg/g fat) Meat mince CK LGG S1 S2 S3 S4 S5

C10:0 0.122± 0.006b 0.119± 0.006b 0.136± 0.006b 0.129± 0.009b 0.135± 0.005b 0.136± 0.013b 0.129± 0.004b 0.172± 0.004a

C12:0 0.017± 0.003cd 0.015± 0.008d 0.031± 0.005b 0.022± 0.003bcd 0.028± 0.003bc 0.029± 0.004b 0.022± 0.002bcd 0.065± 0.006a

C14:0 0.498± 0.076d 0.538± 0.064cd 0.692± 0.007b 0.659± 0.045b 0.617± 0.038bc 0.594± 0.049bcd 0.536± 0.017cd 1.011± 0.069a

C16:0 4.818± 0.433d 4.981± 0.335cd 6.183± 0.062b 5.564± 0.226bc 5.276± 0.221cd 4.749± 0.117d 4.814± 0.614d 7.587± 0.345a

C17:0 0.098± 0.004c 0.086± 0.007d 0.136± 0.003a 0.121± 0.007b 0.095± 0.006cd 0.070± 0.001e 0.054± 0.006f 0.131± 0.003ab

C18:0 3.144± 0.334b 3.155± 0.212b 4.165± 0.144a 3.427± 0.196b 3.207± 0.194b 2.650± 0.019c 2.341± 0.181c 4.536± 0.178a

C20:0 0.098± 0.001b 0.096± 0.004b 0.117± 0.003a 0.097± 0.003b 0.096± 0.003b 0.088± 0.001c 0.080± 0.004d 0.102± 0.002b

C16:1 0.677± 0.046b 0.689± 0.071b 0.866± 0.016b 0.800± 0.051b 0.796± 0.045b 0.772± 0.050b 0.756± 0.089b 1.425± 0.229a

C17:1 0.094± 0.008c 0.084± 0.013cd 0.128± 0.001b 0.126± 0.006b 0.093± 0.007c 0.080± 0.002cd 0.071± 0.009d 0.162± 0.016a

C18:1n9c 7.395± 0.811d 7.739± 0.572cd 9.840± 0.128b 8.730± 0.408c 8.046± 0.420cd 7.295± 0.148d 7.220± 0.671d 12.013± 0.713a

C20:1 0.250± 0.012c 0.264± 0.021c 0.360± 0.006a 0.310± 0.016b 0.293± 0.019b 0.249± 0.003c 0.212± 0.014d 0.298± 0.000b

C18:2n6c 5.054± 0.584c 4.690± 0.415c 5.963± 0.062b 5.797± 0.374b 5.039± 0.309c 4.943± 0.187c 4.535± 0.156c 7.642± 0.476a

C18:3n3 0.306± 0.026cd 0.255± 0.032d 0.350± 0.006bc 0.398± 0.038b 0.304± 0.021cd 0.343± 0.024bc 0.278± 0.034cd 0.514± 0.068a

C20:2 0.226± 0.008cde 0.202± 0.018de 0.299± 0.012b 0.272± 0.029bc 0.248± 0.019cd 0.217± 0.009de 0.188± 0.026e 0.369± 0.042a

C20:4n6 0.079± 0.004b 0.054± 0.006b 0.077± 0.016b 0.136± 0.018a 0.057± 0.007b 0.068± 0.004b 0.061± 0.003b 0.079± 0.026b

SFA 8.795 (38.45%) 8.990 (39.14%) 11.460 (39.06%) 10.019 (37.68%) 9.454 (38.86%) 8.316 (37.32%) 7.976 (37.45%) 13.604 (37.68%)

MUFA 8.416 (36.79%) 8.776 (38.21%) 11.194 (38.15%) 9.966 (37.48%) 9.228 (37.93%) 8.396 (37.68%) 8.259 (38.78%) 13.898 (38.49%)

PUFA 5.665 (24.76%) 5.201 (22.65%) 6.689 (22.8%) 6.603 (24.83%) 5.648 (23.21%) 5.571 (25%) 5.062 (23.77%) 8.604 (23.83%)

Total FFA 22.876 22.967 29.343 26.588 24.330 22.283 21.297 36.106

Values in brackets of SFA, MUFA, and PUFA indicate the proportion of such fatty acids in total free fatty acids (%). Different lower case letters indicate that there is a significant difference in the content of this fatty acid between different groups of fermented sausages
(p < 0.05).
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TABLE 3 Changes of key volatile flavor compounds OAV in different fermented sausage samples.

Volatile
compounds

Threshold
value (µ g/kg)

OVA

CK LGG S1 S2 S3 S4 S5

1 Hexanal 5.00 7.94± 0.21 90.79± 2.03 19.53± 0.17 5.77± 0.76 27.35± 1.58 9.42± 0.86 30.04± 1.77

2 Heptanal 2.80 — 20.83± 1.50 — — 8.95± 0.40 — 10.22± 0.75

3 Nonanal 1.10 12.63± 2.00 55.97± 4.31 18.79± 0.46 14.04± 0.56 18.10± 0.99 12.12± 1.29 21.29± 1.88

4 (E)-2-octenal 3.00 — 10.69± 1.17 — — — — —

5 (E)-2-nonenal 0.19 — 74.45± 4.23 — — — — —

6 (E,E)-2,4-decadienal 0.03 — 122.4± 10.98 48.69± 4.99 22.50± 7.27 40.40± 3.71 27.41± 2.55 56.61± 2.01

7 Hexanol 5.60 0.42± 0.04 1.28± 0.12 1.41± 0.11 0.94± 0.03 1.93± 0.21 1.27± 0.09 2.13± 0.09

8 1-octene-3-ol 1.50 2.10± 0.17 46.16± 4.38 6.20± 0.33 3.05± 0.30 8.97± 0.32 3.93± 0.14 12.26± 1.22

9 1-heptanol 5.40 0.18± 0.04 1.87± 0.19 1.07± 0.06 0.77± 0.11 1.28± 0.09 0.94± 0.04 1.58± 0.19

10 Linalool 0.22 424.05± 24.32 389.44± 3.04 438.04± 12.04 427.18± 3.30 374.86± 23.42 379.39± 2.16 433.17± 36.13

11 Ethyl caproate 5.00 1.45± 0.12 — 1.77± 0.20 1.30± 0.12 1.66± 0.08 1.58± 0.05 2.11± 0.08

12 Ethyl octanoate 19.30 0.25± 0.02 — 0.40± 0.01 0.32± 0.02 0.84± 0.05 0.38± 0.04 1.05± 0.04

13 Acetoin 14.00 4.29± 0.15 11.19± 0.14 6.69± 0.30 4.89± 0.31 5.82± 0.48 4.58± 0.42 7.22± 0.31

14 α-pinene 14.00 20.88± 0.93 17.9± 0.05 26.65± 2.29 17.14± 0.92 14.67± 1.36 20.49± 1.32 19.17± 1.10

15 β-pinene 140.00 2.75± 0.14 2.14± 0.01 3.00± 0.29 2.26± 0.10 1.94± 0.24 2.39± 0.16 2.41± 0.14

16 δ-3-carene 770.00 1.88± 0.10 1.29± 0.06 1.73± 0.15 1.47± 0.12 1.42± 0.24 1.40± 0.01 1.78± 0.09

17 Sabinene 980.00 0.94± 0.07 0.67± 0.01 1.16± 0.01 0.87± 0.07 0.77± 0.06 0.98± 0.06 0.91± 0.06

18 Limonene 200.00 10.45± 0.69 9.24± 0.17 11.70± 1.10 9.39± 0.61 8.36± 0.46 9.34± 0.62 9.90± 0.50

19 Styrene 3.60 0.62± 0.07 0.65± 0.08 1.39± 0.10 0.94± 0.13 1.47± 0.14 1.12± 0.02 1.23± 0.14

20 β-caryophyllene 64.00 10.61± 1.14 9.82± 0.70 9.96± 0.72 12.97± 1.18 9.43± 0.49 8.57± 0.63 10.23± 0.64

21 Allyl methyl sulfide 22.00 4.64± 0.22 1.89± 0.37 5.39± 0.62 5.33± 0.45 3.13± 0.01 5.16± 0.12 1.97± 0.07

22 2-pentyl furan 5.80 — 2.95± 0.33 — — — — —

23 p-cymene 5.01 96.11± 6.52 94.85± 1.93 114.70± 0.84 92.59± 7.47 84.54± 5.20 91.64± 5.47 95.17± 6.01
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TABLE 4 Changes of volatile flavor substances content in different fermented sausage samples.

Volatile
compounds

Odor Threshold
value

(µg/kg)

Probable
origin

Sausage samples (µg/kg)

CK LGG S1 S2 S3 S4 S5 SEM

Aldehydes

1 Hexanal Grass, tallow, fat 5.00 Lipid oxidation 39.69± 1.06 453.95± 10.13 97.66± 0.84 28.84± 3.82 136.73± 7.89 47.12± 4.28 150.22± 8.85 30.24

2 Heptanal Fat, citrus, rancid 2.80 Lipid oxidation — 58.31± 4.21 — — 25.05± 1.11 — 28.62± 2.09 5.24

3 (E)-2-hexenal Apple, green 88.70 Lipid oxidation — 14.4± 1.32 — — — — — 0.93

4 Nonanal Fat, citrus, green 1.10 Lipid oxidation 13.89± 2.20 61.57± 4.75 20.67± 0.50 15.45± 0.62 19.91± 1.09 13.33± 1.42 23.42± 2.06 3.48

5 (E)-2-octenal Green, nut, fat 3.00 Lipid oxidation — 32.06± 3.5 — — — — — 2.48

6 Benzaldehyde Almond, burnt sugar 750.89 Amino acid
degradation

— 13.78± 0.96 9.31± 0.33 12.86± 0.94 14.33± 0.69 9.56± 0.02 13.38± 1.30 0.54

7 (E)-2-nonenal Cucumber, fat, green 0.19 Lipid oxidation — 14.15± 0.80 — — — — — 0.57

8 (E)-2-decenal Tallow 17.00 1.16± 0.11 7.58± 0.01 1.56± 0.57 1.10± 0.07 1.58± 0.30 0.98± 0.22 1.97± 0.15 0.45

9 Phenylethanal Hawthorne, honey,
sweet

6.30 Amino acid
degradation

— 1.14± 0.21 — — — — — 0.15

10 2-undecenal Sweet — 1.94± 0.00 — — — — 0.61 0.44

11 (E,E)-2,4-
decadienal

Fried, wax, fat 0.03 — 3.30± 0.30 1.31± 0.13 0.61± 0.20 1.09± 0.10 0.74± 0.07 1.53± 0.05 0.21

Total 54.74± 3.37 662.18± 26.19 130.51± 2.37 58.86± 5.65 198.69± 11.18 71.73± 6.01 219.75± 14.5 33.00

Alcohols

12 Ethanol Sweet 950000.00 Carbohydrate
fermentation

44.25± 5.58 34.6± 4.49 94.14± 3.44 81.49± 4.39 40.51± 2.57 54.74 47.96± 1.88 5.57

13 2-heptanol Mushroom 65.24 Lipid β oxidation 0.25± 0.10 2.07± 0.17 3.37± 0.19 2.87± 0.06 2.28± 0.19 2.34± 0.20 1.92± 0.13 0.20

14 Hexanol Resin, flower, green 5.60 Lipid oxidation 2.34± 0.24 7.17± 0.68 7.92± 0.62 5.26± 0.19 10.81± 1.17 7.12± 0.53 11.95± 0.49 0.79

15 2-octanol Mushroom, fat 7.80 Lipid oxidation 0.24± 0.05 0.19± 0.06 0.17± 0.01 0.30± 0.05 0.18± 0.08 0.17± 0.00 0.02

16 1-octene-3-ol Mushroom 1.50 Lipid β oxidation 3.16± 0.25 69.25± 6.57 9.31± 0.49 4.57± 0.45 13.46± 0.49 5.89± 0.22 18.39± 1.83 4.73

17 1-heptanol Chemical, green 5.40 Lipid oxidation 0.98± 0.24 10.11± 1.02 5.77± 0.34 4.17± 0.58 6.92± 0.47 5.08± 0.19 8.52± 1.00 0.69

18 2-ethyl-1-hexanol Rose, green 25482.20 Lipid oxidation 49.41± 2.84 40.46± 1.31 55.49± 2.00 35.10± 1.88 31.13± 3.40 36.08± 1.86 52.28± 4.18 1.97

19 (E)-2-hepten-1-ol Pungent, fatty,
plastic

4172.00 — — — — 0.67± 0.02 0.41± 0.03 0.79± 0.10 0.06

(Continued)
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TABLE 4 (Continued)

Volatile
compounds

Odor Threshold
value

(µg/kg)

Probable
origin

Sausage samples (µg/kg)

CK LGG S1 S2 S3 S4 S5 SEM

20 2-nonanol Cucumber 58.00 — 0.83± 0.07 1.4± 0.11 1.09± 0.02 0.97± 0.13 0.96± 0.02 0.43± 0.01 0.08

21 2,3-butanediol Fruit, onion 20000.00 Carbohydrate
fermentation

51.65± 2.86 — 44.55± 1.77 21.59± 2.07 46.58± 5.05 5.77± 1.12 6.24± 0.08 5.26

22 Linalool Flower, lavender 0.22 Spices 93.29± 5.35 85.68± 0.67 96.37± 2.65 93.98± 0.73 82.47± 5.15 83.47± 0.47 95.3± 7.95 1.58

23 Octanol Chemical, metal,
burnt

125.80 Lipid oxidation 2.77± 0.28 8.76± 0.86 4.07± 0.25 3.47± 0.24 4.66± 0.16 2.17± 0.16 4.36± 0.53 0.42

24 α-terpineol Oil, anise, mint 1200.00 Spices 11.61± 1.93 11.99± 0.66 11.18± 0.73 10.30± 0.62 11.10± 1.64 11.77± 0.50 13.25± 0.74 0.32

25 Myrtenol Sweet, mint, medical 7.00 0.48± 0.05 0.55± 0.11 0.62± 0.01 0.39± 0.03 0.43± 0.03 0.73± 0.11 0.55± 0.05 0.03

26 Benzylalcohol Sweet, flower 2546.21 Amino acid
degradation

0.87± 0.07 1.22± 0.16 1.83± 0.15 1.82± 0.11 1.85± 0.20 1.46± 0.10 2.31± 0.16 0.11

27 Phenethylalcohol Honey, spice, rose,
lilac

564.23 Smoking 5.31± 0.52 6.53± 0.51 13.62± 0.61 13.16± 0.64 13.36± 0.75 11.91± 0.61 19.48± 1.51 1.04

Total 266.37± 20.31 279.46± 17.33 349.83± 13.42 279.43± 12.02 267.5± 21.47 230.08± 6.2 283.9± 20.64 14.76

Acids

28 Acetic acid Sour 99000.00 Carbohydrate
fermentation

43.17± 2.81 191.18± 6.10 242.04± 2.63 213.12± 1.80 247.98± 50.83 156.09± 14.11 196.84± 10.58 15.56

29 Propionic acid Pungent, rancid, soy 2190.00 Lipid oxidation — — 3.32± 0.23 3.44± 0.34 3.66± 0.31 1.28± 0.26 2.46± 0.23 0.23

30 Butyric acid Rancid, cheese, sweat 2400.00 Lipid oxidation 13.92± 0.47 37.35± 2.36 54.05± 3.21 53.6± 2.26 51.15± 6.76 40.39± 3.39 58.99± 5.75 3.33

31 Isovaleric acid Sweat, acid, rancid 490.00 Amino acid
degradation

5.55± 0.55 6.18± 0.58 15.33± 0.53 8.18± 0.36 11.44± 1.24 8.22± 1.74 10.87± 0.61 0.78

32 Pentanoic acid Sweat 11000.00 Lipid oxidation 0.44± 0.06 2.51± 0.04 1.61± 0.10 2.41± 0.24 4.2± 0.51 2.44± 0.18 5.29± 0.58 0.40

33 Caproic acid Sweat 890.00 Lipid oxidation 1.9± 0.21 19.18± 2.88 12.02± 0.54 12± 1.15 15.27± 1.32 11.43± 0.86 22.11± 0.75 1.47

34 Heptanoic acid Rancid, sour, cheesy,
sweat

640.00 Lipid oxidation — 2.66± 0.11 2.73± 0.21 2.88± 0.13 3.94± 0.44 3.05± 0.15 5.29± 0.57 0.26

35 Octanoic acid Sweat, cheese 3000.00 Lipid oxidation 0.89± 0.02 6.81± 0.32 5.88± 0.54 5.68± 0.29 9.44± 0.92 7.09± 0.01 15.99± 2.64 1.19

36 Nonanoic acid Green, fat 4600.00 Lipid oxidation 0.49± 0.01 1.74± 0.17 2.22± 0.15 2.97± 0.21 4.03± 0.33 3.09± 0.69 10.49± 2.95 0.89

37 Decanoic acid Rancid, fat 10000.00 Lipid oxidation — 2.4± 0.03 2.85± 0.24 3.18± 0.24 5.24± 0.42 3.08± 0.37 8.13± 2.88 0.74

Total 66.36± 4.13 270.01± 12.59 342.05± 8.38 307.46± 7.02 356.35± 63.08 236.16± 21.76 336.46± 27.54 24.57

(Continued)

Fro
n

tie
rs

in
M

icro
b

io
lo

g
y

fro
n

tie
rsin

.o
rg

97

https://doi.org/10.3389/fmicb.2022.1113848
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


fm
icb-13-1113848

January
11,2023

Tim
e:14:20

#
13

Liu
e

t
al.

10
.3

3
8

9
/fm

icb
.2

0
2

2
.1113

8
4

8

TABLE 4 (Continued)

Volatile
compounds

Odor Threshold
value

(µg/kg)

Probable
origin

Sausage samples (µg/kg)

CK LGG S1 S2 S3 S4 S5 SEM

Esters

38 Methyl hexanoate Fruit, fresh, sweet 70.00 11.91± 2.93 — 22.89± 0.40 11.20± 0.82 — 18.31± 1.76 — 1.60

39 Ethyl caproate Apple peel, fruit 5.00 Esterase activity 7.25± 0.61 — 8.84± 1.00 6.48± 0.59 8.32± 0.38 7.88± 0.25 10.57± 0.41 0.32

40 Ethyl lactate Fruit 50000.00 1.17± 0.18 3.67± 0.03 4.68± 0.12 6.01± 0.80 5.12± 0.41 5.10± 0.34 6.17± 0.47 0.45

41 Methyl octanoate Orange 200.00 Esterase activity — 4.75± 0.62 4.85± 0.00 2.60± 0.15 4.23± 0.10 4.01± 0.29 4.21± 0.08 0.20

42 Butyl hexanoate Fruit 10000.00 0.71± 0.11 — — — — — — 0.06

43 Ethyl octanoate Fruit 19.30 Esterase activity 4.81± 0.44 — 7.75± 0.24 6.27± 0.29 16.22± 1.00 7.33± 0.71 20.25± 0.78 1.53

44 Ethyl nonanoate Fruity, rose, waxy,
wine

377.00 0.93 1.45± 0.03 0.82± 0.56 — 0.43± 0.06 0.63± 0.01 1.70± 0.03 0.16

45 γ-hexalactone Sweet, coumarin 260.00 Lipid oxidation 0.19 0.36± 0.03 0.32± 0.03 0.27± 0.06 — — 0.30± 0.10 0.02

46 γ-nonalactone Coconut, peach 9.70 0.37± 0.06 1.05± 0.02 1.10± 0.10 1.24± 0.04 1.73± 0.08 1.07± 0.06 1.88± 0.12 0.11

Total 27.34± 4.33 11.28± 0.73 51.25± 2.45 34.07± 2.75 36.05± 2.03 44.33± 3.42 45.08± 1.99 3.23

Ketones

47 2-nonanone Hot milk, soap,
green

41.00 Lipid β oxidation 5.59± 0.43 — — — — — — 0.22

48 Piperitone Mint, fresh 680.00 1.23± 0.05 1.19± 0.08 1.32± 0.04 1.35± 0.08 1.27± 0.15 1.47± 0.09 1.38± 0.09 0.03

49 DL-carvone Mint, basil, fennel 27.00 0.56± 0.01 0.83± 0.08 0.48± 0.09 0.42± 0.01 0.84± 0.08 0.53± 0.02 0.58± 0.06 0.04

50 Acetoin Butter, cream 14.00 Carbohydrate
fermentation

60.13± 2.09 156.72± 1.91 93.63± 4.21 68.51± 4.29 81.45± 6.74 64.07± 5.92 101.08± 4.36 6.67

Total 67.51± 2.58 158.74± 2.07 95.43± 4.34 70.28± 4.38 83.56± 6.97 66.07± 6.03 103.04± 4.51 9.00

Terpenes

51 α-pinene Pine, turpentine 14.00 Spices 292.27± 13.04 250.63± 0.75 373.08± 32 240.02± 12.88 205.37± 19.04 286.85± 18.43 268.35± 15.44 11.40

52 β-pinene Pine, resin,
turpentine

140.00 Spices 384.37± 20.03 299.76± 1.68 419.58± 40.01 315.93± 14.46 271.52± 34.04 334± 22.51 337.72± 19.01 11.22

53 δ-3-carene Lemon, resin 770.00 1445.16± 79.51 993.24± 49.07 1329.65± 117.93 1130.71± 88.87 1092.93± 184.61 1079.57± 4.63 1373.1± 71.94 39.59

(Continued)
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TABLE 4 (Continued)

Volatile
compounds

Odor Threshold
value

(µg/kg)

Probable
origin

Sausage samples (µg/kg)

CK LGG S1 S2 S3 S4 S5 SEM

54 Sabinene Pepper, turpentine,
wood

980.00 Spices 925.03± 65.23 658.18± 9.21 1139.96± 7.93 848.04± 65.04 751.56± 58.69 964.74± 60.42 892.36± 63.16 31.06

55 α-terpinene Lemon 80.00 Spices 36.80± 4.12 31.00± 1.61 59.13± 5.72 47.33± 3.14 40.74± 3.63 45.64± 3.17 47.55± 3.40 2.07

56 Limonene Lemon, orange 200.00 Spices 2090.01± 137.5 1847.49± 33.96 2340.64± 219.39 1878.23± 122.99 1671.00± 91.50 1868.14± 124.24 1979.72± 100.26 50.03

57 β-phellandrene Mint, turpentine 500.00 Spices 91.63± 8.75 65.48± 2.15 112.04± 12.16 81.27± 6.19 71.57± 4.77 87.37± 5.03 88.53± 5.42 3.14

58 γ-terpinene Gasoline, turpentine 1000.00 Spices 33.9± 4.62 33.28± 2.23 40.47± 1.40 34.21± 2.78 23.63± 0.19 35.68± 2.37 27.10± 2.56 1.22

59 (Z)-β-ocimene Citrus, herb, flower 34.00 Spices 9.38± 1.14 6.02± 0.04 10.05± 0.08 8.86± 0.60 9.59± 1.08 9.52± 0.52 8.01± 0.73 0.32

60 Styrene Balsamic, gasoline 3.60 Spices 2.25± 0.24 2.33± 0.30 5.00± 0.35 3.38± 0.48 5.30± 0.51 4.02± 0.07 4.44± 0.49 0.29

61 Terpinolene Pine, plastic 200.00 Spices 95.88± 12.55 68.06± 3.19 117.31± 9.46 96.93± 8.65 79.59± 3.28 98.84± 9.77 98.18± 6.24 3.33

62 α-p-
dimethylstyrene

Citrus, pine 85.00 26.69± 0.96 25.42± 2.53 31.68± 1.66 29.91± 0.29 26.25± 3.52 27.11± 0.57 30.43± 1.31 0.63

63 δ-elemene Wood Spices 48.16± 5.11 46.63± 3.65 50.88± 4.36 57.66± 5.37 65.55± 13.05 48.40± 2.21 54.95± 2.89 1.99

64 β-caryophyllene Wood, spice 64.00 Spices 679.23± 72.74 628.61± 44.65 637.20± 45.95 829.81± 75.50 603.47± 31.34 548.22± 40.17 654.56± 41.18 19.99

65 α-humulene Wood 160.00 Spices 36.2± 5.9 32.8± 2.94 32.61± 1.78 45.83± 5.44 32.58± 2.51 27.14± 0.48 35.95± 2.49 1.34

66 δ-cadinene Thyme, medicine,
wood

Spices 6.18± 0.18 6.02± 0.50 5.66± 1.18 7.10± 0.38 4.88± 0.31 4.45± 0.01 6.33± 0.60 0.22

67 Caryophyllene
oxide

Herb, sweet, spice 410.00 1.71± 0.23 2.63± 0.19 1.49± 0.12 1.21± 0.10 1.14± 0.15 0.74± 0.01 1.28± 0.13 0.12

Total 6204.85± 431.85 4997.58± 158.65 6706.43± 501.48 5656.43± 413.16 4956.67± 452.22 5470.43± 294.61 5908.56± 337.25 303.49

Others

68 Allyl methyl
sulfide

Garlic, onion 22.00 102.04± 4.94 41.61± 8.03 118.55± 13.71 117.26± 9.88 68.82± 0.14 113.56± 2.54 43.39± 1.57 7.67

69 2-pentyl furan Green bean, butter 5.80 Lipid oxidation — 17.10± 1.94 — — — — — 1.37

70 p-cymene Solvent, gasoline,
citrus

5.01 481.51± 32.66 475.18± 9.67 574.63± 4.21 463.88± 37.43 423.53± 26.04 459.12± 27.42 476.82± 30.10 10.22

(Continued)
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analyzed, including 11 aldehydes, 16 alcohols, 10 acids, 9 esters, 4
ketones, 17 terpenes, and 8 other types. The content of terpenes was
obviously higher, more than 70% in each sample group, followed
by other, acids, alcohols and aldehydes, esters and ketones were
relatively less. CK group had the least kinds of flavor compounds
(59 substances) in sausages in each group, while LGG and S5 had
67 substances, S1, S3, and S4 had 65 substances, and S2 had 64
substances.

Aldehydes mainly come from the automatic oxidation of
unsaturated fatty acids such as oleic acid and linoleic acid and
the degradation of amino acids. They have low threshold value.
Therefore, although the total content of aldehydes is low, they are of
great significance to the formation of sausage flavor. The total content
of aldehydes in LGG group was the highest (662.18 ± 26.19 µg/kg),
which was much higher than S2 group (58.86 ± 5.65 µg/kg) and
S4 group (71.73 ± 6.01 µg/kg). Hexanal, as the aldehyde with the
highest proportion, was considered to be positively correlated with
the degree of fat oxidation (Olivares et al., 2011). The content of
hexaldehyde in S1−S5 groups was 97.66 ± 0.84, 28.84 ± 3.82,
136.73 ± 7.89, 47.12 ± 4.28, and 150.22 ± 8.85 µg/kg, which was
much lower than 453.95 ± 10.13 µg/kg in LGG group. The results
showed that LGG group had the highest lipid oxidation degree, while
yeast fermentation effectively inhibited the production of hexanal,
which had good antioxidant effect, consistent with the results of POV
value and TBARS. In addition, heptanal, nonanal, (E)-2-decenal also
found the same change. (E)-2-hexenal, (E)-2-octenal, (E)-2-nonenal
and phenylacetaldehyde only detected in LGG group.

The OAV value of flavor compounds can directly reflect the
contribution of compounds to the formation of sausage flavor. It is
generally believed that flavor compounds with OAV ≥ 1 are the key
flavor compounds of the product, and the higher the OAV value, the
stronger the contribution. Table 3 collated the key flavor compounds
in the 23 days sausage sample. It isn’t difficult to find that the
OVA value of aldehydes was high, which plays an important role
in the flavor formation of sausage. Among them, hexanal, heptanal,
nonanal, (E)-2-octenal, (E)-2-nonenal, (E,E)-2, 4-decadienal are the
key flavor aldehydes, which have grass, rancid, fat, nut, cucumber and
fried flavor, respectively.

The formation of alcohols is mainly related to microbial
carbohydrate fermentation, such as ethanol and 2, 3-butanediol.
However, it is difficult to have a significant impact on the overall
flavor of sausage because of their high threshold. Some alcohols
are associated with fat β-oxidation and auto-oxidation, such as 1-
octene-3-ol (with mushroom flavor), which has higher content in
LGG group. On the whole, the content of alcohols in S1 group was
higher, which may be related to the strong carbohydrate capacity of
Y3-1. Among the key flavor alcohols, hexanol, 1-octene-3-ol and 1-
heptanol are mainly derived from lipid oxidation and β-oxidation,
and have resin, mushroom and pharmaceutical flavor, respectively,
while linalool is mainly derived from spice and has flower flavor.

The contents of acids, especially acetic acid and butyric acid,
in the sausage samples inoculated with starter were much higher
than those in the CK group. Acetic acid is mainly produced by the
metabolism of carbohydrates by microorganisms, and butyric acid is
thought to be related to the automatic oxidation of fat. Similar to
alcohols, acids also had higher thresholds, and no key flavor acids
were found in OVA analysis.

The production of esters is mainly affected by microbial esterase
activity, and most of them are aromatic. Esters generated by short-
chain fatty acids mostly have fruit flavor, while esters generated by
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TABLE 5 Changes of volatile flavor compounds in fermented sausage samples after storage.

Volatile
compounds

Odor Threshold
value

(µg/kg)

Probable
origin

0 day 23 days 60 days

CK LGG S4 S5 LGG S4 S5 SEM

Aldehydes

1 Hexanal Grass, tallow, fat 5.00 Lipid oxidation — 453.95± 10.13 47.12± 4.28 150.22± 8.85 540.59± 4.72 272.83± 22.84 227.12± 10.42 41.31

2 Heptanal Fat, citrus, rancid 2.80 Lipid oxidation — 58.31± 4.21 — 28.62± 2.09 74.74± 1.61 41.23± 3.24 39.13± 2.10 4.47

3 (E)-2-hexenal Apple, green 88.70 Lipid oxidation — 14.40± 1.32 — — 12.91± 1.24 5.86± 0.73 5.68± 0.45 1.32

4 Octanal Fat, soap, lemon,
green

0.59 Lipid oxidation — — — — 95.94± 22.21 51.64± 2.74 51.78± 3.90 7.56

5 (Z)-2-heptenal 56.00 Lipid oxidation — — — — 143.37± 13.14 56.53± 4.72 56.08± 5.21 13.49

6 Nonanal Fat, citrus, green 1.10 Lipid oxidation 1.56± 0.31 61.57± 4.75 13.33± 1.42 23.42± 2.06 76.76± 0.31 41.36± 2.59 43.89± 2.56 4.98

7 (E)-2-octenal Green, nut, fat 3.00 Lipid oxidation — 32.06± 3.5 — — 56.66± 5.10 — — 6.29

8 (E,E)-2,4-heptadienal Fatty, green,
cinnamon

57.00 — — — — 2.13± 0.19 — — 0.13

9 Benzaldehyde Almond, burnt sugar 750.89 Amino acid
degradation

4.05± 0.61 13.78± 0.96 9.56± 0.02 13.38± 1.30 17.83± 0.41 15.83± 1.44 17.41± 1.64 0.71

10 (E)-2-nonenal Cucumber, fat, green 0.19 Lipid oxidation — 14.15± 0.8 — — 24.94± 1.95 — — 2.72

11 (E)-2-decenal Tallow 17.00 7.58± 0.01 0.98± 0.22 1.97± 0.15 12.3± 1.16 5.54± 0.45 5.33± 0.34 0.94

12 Phenylethanal Hawthorne, honey,
sweet

6.30 Amino acid
degradation

1.14± 0.21 — — — — — 0.15

13 Ethyl benzaldehyde Sweet 13.00 3.63± 0.26 0.18

14 2-undecenal Sweet — 1.94± 0.00 — 0.61 5.32± 0.49 2.29± 0.09 2.55± 0.21 0.42

15 (E,E)-2,4-decadienal Fried, wax, fat 0.03 — 3.30± 0.30 0.74± 0.07 1.53± 0.05 13.44± 2.21 4.84± 0.69 4.07± 0.61 1.16

16 Hexadecanal Cardboard — — — — 1.73± 0.11 4.24± 0.79 4.49± 0.28 0.47

Total 5.61± 0.92 662.18± 26.19 71.73± 6.01 219.75± 14.5 1082.29± 55.11 502.19± 40.32 457.53± 27.72 69.92

Alcohols

17 Ethanol Sweet 950000.00 Carbohydrate
fermentation

— 34.6± 4.49 54.74 47.96± 1.88 33.26± 7.42 33.89± 6.61 26.30± 9.73 2.90

18 2-heptanol Mushroom 65.24 Lipid β oxidation — 2.07± 0.17 2.34± 0.20 1.92± 0.13 1.03± 0.15 1.95± 0.21 1.54± 0.17 0.11

19 Hexanol Resin, flower, green 5.60 Lipid oxidation 0.78± 0.13 7.17± 0.68 7.12± 0.53 11.95± 0.49 13.26± 1.22 39.10± 2.92 38.83± 1.19 3.66

20 2-octanol Mushroom, fat 7.80 Lipid oxidation — 0.24± 0.05 0.18± 0.08 0.17± 0.00 — — — 0.02

(Continued)
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TABLE 5 (Continued)

Volatile
compounds

Odor Threshold
value

(µg/kg)

Probable
origin

0 day 23 days 60 days

CK LGG S4 S5 LGG S4 S5 SEM

21 1-octene-3-ol Mushroom 1.50 Lipid β oxidation 0.98± 0.08 69.25± 6.57 5.89± 0.22 18.39± 1.83 120.99± 7.96 54.81± 3.63 55.62± 4.92 9.11

22 1-heptanol Chemical, green 5.40 Lipid oxidation — 10.11± 1.02 5.08± 0.19 8.52± 1.00 13.19± 1.04 16.92± 2.08 20.42± 0.61 1.21

23 2-ethyl-1-hexanol Rose, green 25482.20 Lipid oxidation 30.28± 1.1 40.46± 1.31 36.08± 1.86 52.28± 4.18 20.56± 2.81 20.64± 1.38 27.52± 1.91 2.78

24 (E)-2-hepten-1-ol Pungent, fatty,
plastic

4172.00 — — 0.41± 0.03 0.79± 0.1 — — — 0.10

25 2-nonanol Cucumber 58.00 — 0.83± 0.07 0.96± 0.02 0.43± 0.01 — — — 0.10

26 2,3-butanediol Fruit, onion 20000.00 Carbohydrate
fermentation

— — 5.77± 1.12 6.24± 0.08 — 39.44± 4.05 35.08± 2.00 5.31

27 Linalool Flower, lavender 0.22 Spices 57.80± 1.47 85.68± 0.67 83.47± 0.47 95.30± 7.95 86.55± 5.95 96.56± 5.33 105.72± 4.64 2.06

28 Octanol Chemical, metal,
burnt

125.80 Lipid oxidation 0.33± 0.17 8.76± 0.86 2.17± 0.16 4.36± 0.53 9.33± 0.84 5.98± 0.69 6.04± 0.04 0.61

29 α-terpineol Oil, anise, mint 1200.00 Spices 7.82± 0.71 11.99± 0.66 11.77± 0.50 13.25± 0.74 11.75± 1.11 13.43± 0.67 13.23± 2.88 0.36

30 Myrtenol Sweet, mint, medical 7.00 — 0.55± 0.11 0.73± 0.11 0.55± 0.05 0.65± 0.08 0.65± 0.12 — 0.03

31 Benzylalcohol Sweet, flower 2546.21 Amino acid
degradation

0.48± 0.05 1.22± 0.16 1.46± 0.10 2.31± 0.16 1.31± 0.31 2.06± 0.10 2.2± 0.02 0.11

32 Phenethylalcohol Honey, spice, rose 564.23 Smoking 0.31± 0.01 6.53± 0.51 11.91± 0.61 19.48± 1.51 3.88± 0.65 8.32± 0.35 8.50± 1.19 1.15

Total 98.78± 3.72 279.46± 17.33 230.08± 6.20 283.90± 20.64 315.76± 29.54 333.75± 28.14 341.00± 29.3 15.24

Acids

33 Acetic acid Sour 99000.00 Carbohydrate
fermentation

— 191.18± 6.10 156.09± 14.11 196.84± 10.58 185.09± 0.57 187.10± 17.7 194.98± 18.58 4.46

34 Propionic acid Pungent, rancid, soy 2190.00 Lipid oxidation — — 1.28± 0.26 2.46± 0.23 4.03± 0.30 3.45± 0.28 2.95± 0.40 0.25

35 Butyric acid Rancid, cheese, sweat 2400.00 Lipid oxidation 1.71± 0.81 37.35± 2.36 40.39± 3.39 58.99± 5.75 47.97± 2.96 63.52± 2.88 63.96± 2.46 2.72

36 Isovaleric acid Sweat, acid, rancid 490.00 Amino acid
degradation

— 6.18± 0.58 8.22± 1.74 10.87± 0.61 — — — 0.82

37 Pentanoic acid Sweat 11000.00 Lipid oxidation — 2.51± 0.04 2.44± 0.18 5.29± 0.58 9.65± 0.42 8.42± 0.29 8.39± 0.15 0.76

38 Caproic acid Sweat 890.00 Lipid oxidation 0.87± 0.3 19.18± 2.88 11.43± 0.86 22.11± 0.75 88.12± 3.21 64.46± 2.84 70.46± 1.76 7.32

39 Heptanoic acid Rancid, sour, cheesy,
sweat

640.00 Lipid oxidation — 2.66± 0.11 3.05± 0.15 5.29± 0.57 6.98± 0.52 8.62± 0.6 8.23± 0.62 0.59

40 Octanoic acid Sweat, cheese 3000.00 Lipid oxidation 0.31± 0.01 6.81± 0.32 7.09± 0.01 15.99± 2.64 24.55± 1.32 31.44± 2.31 32.24± 2.94 2.70
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TABLE 5 (Continued)

Volatile
compounds

Odor Threshold
value

(µg/kg)

Probable
origin

0 day 23 days 60 days

CK LGG S4 S5 LGG S4 S5 SEM

41 Nonanoic acid Green, fat 4600.00 Lipid oxidation 1.61± 0.18 1.74± 0.17 3.09± 0.69 10.49± 2.95 11.18± 3.15 15.49± 1.45 12.94± 1.82 1.32

42 Decanoic acid Rancid, fat 10000.00 Lipid oxidation — 2.4± 0.03 3.08± 0.37 8.13± 2.88 13.49± 1.00 21.56± 2.90 24.14± 1.58 2.15

Total 4.50± 1.30 270.01± 12.59 236.16± 21.76 336.46± 27.54 391.06± 13.45 404.06± 31.25 418.29± 30.31 25.28

Esters

43 Methyl hexanoate Fruit, fresh, sweet 70.00 0.89± 0.5 — 18.31± 1.76 — — — — 1.02

44 Ethyl caproate Apple peel, fruit 5.00 Esterase activity — — 7.88± 0.25 10.57± 0.41 — — — 0.61

45 Ethyl lactate Fruit 50000.00 — 3.67± 0.03 5.10± 0.34 6.17± 0.47 3.44± 0.17 5.10± 0.50 3.71± 0.32 0.27

46 Methyl octanoate Orange 200.00 Esterase activity 1.57± 0.10 4.75± 0.62 4.01± 0.29 4.21± 0.08 4.11± 0.35 4.17± 0.35 4.76± 0.34 0.10

47 Ethyl octanoate Fruit 19.30 Esterase activity — — 7.33± 0.71 20.25± 0.78 — 33.86± 1.42 34.01± 1.50 3.07

48 Ethyl nonanoate Fruity, rose, waxy,
wine

377.00 — 1.45± 0.03 0.63± 0.01 1.7± 0.03 1.83± 0.28 1.29± 0.93 — 0.18

49 γ-hexalactone Sweet, coumarin 260.00 Lipid oxidation — 0.36± 0.03 — 0.3± 0.1 1.5± 0.13 1.71± 0.08 1.29± 0.16 0.17

50 γ-nonalactone Coconut, peach 9.70 — 1.05± 0.02 1.07± 0.06 1.88± 0.12 1.61± 0.03 3.54± 0.36 3.35± 0.15 0.26

Total 2.46± 0.6 11.28± 0.73 44.33± 3.42 45.08± 1.99 12.49± 0.96 49.67± 3.64 47.12± 2.47 4.27

Ketones

51 Piperitone Mint, fresh 680.00 0.68± 0.07 1.19± 0.08 1.47± 0.09 1.38± 0.09 1.52± 0.07 1.66± 0.07 1.71± 0.16 0.05

52 DL-carvone Mint, basil, fennel 27.00 0.33± 0.02 0.83± 0.08 0.53± 0.02 0.58± 0.06 1.28± 0.04 1.09± 0.13 0.76± 0.10 0.06

53 Acetoin Butter, cream 14.00 Carbohydrate
fermentation

6.42± 0.38 156.72± 1.91 64.07± 5.92 101.08± 4.36 — — — 13.64

Total 7.43± 0.47 158.74± 2.07 66.07± 6.03 103.04± 4.51 2.80± 0.11 2.75± 0.20 2.47± 0.26 12.46

Terpenes

54 α-pinene Pine, turpentine 14.00 Spices 73.64± 6.59 250.63± 0.75 286.85± 18.43 268.35± 15.44 328.58± 53.06 344.37± 15.44 374.00± 24.60 11.35

55 β-pinene Pine, resin,
turpentine

140.00 Spices 112.30± 9.09 299.76± 1.68 334.00± 22.51 337.72± 19.01 375.35± 16.7 409.00± 16.06 407.52± 23.75 10.23

56 δ-3-carene Lemon, resin 770.00 558.34± 50.50 993.24± 49.07 1079.57± 4.63 1373.1± 71.94 1197.6± 23.69 1567.96± 190.84 1692.08± 75.63 62.96

57 Sabinene Pepper, turpentine,
wood

980.00 Spices 51.78± 16.14 658.18± 9.21 964.74± 60.42 892.36± 63.16 743.99± 115.18 1025.37± 27.42 1050.91± 34.82 34.14

58 α-terpinene Lemon 80.00 Spices 11.32± 1.24 31.00± 1.61 45.64± 3.17 47.55± 3.40 29.42± 2.81 49.52± 2.09 59.25± 0.13 2.63
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TABLE 5 (Continued)

Volatile
compounds

Odor Threshold
value

(µg/kg)

Probable
origin

0 day 23 days 60 days

CK LGG S4 S5 LGG S4 S5 SEM

59 Limonene Lemon, orange 200.00 Spices 668.46± 48.21 1847.49± 33.96 1868.14± 124.24 1979.72± 100.26 2093.74± 174.12 2294.97± 83.77 2303.58± 150.27 48.58

60 β-phellandrene Mint, turpentine 500.00 Spices 25.55± 1.42 65.48± 2.15 87.37± 5.03 88.53± 5.42 74.35± 4.2 91.78± 7.78 114.07± 8.67 3.80

61 γ-terpinene Gasoline, turpentine 1000.00 Spices 8.11± 0.58 33.28± 2.23 35.68± 2.37 27.1± 2.56 38.41± 1.42 39.74± 4.96 47.05± 4.20 1.70

62 (Z)-β-ocimene Citrus, herb, flower 34.00 Spices 1.50± 0.50 6.02± 0.04 9.52± 0.52 8.01± 0.73 4.08± 0.79 7.15± 1.48 10.16± 0.06 0.48

63 Styrene Balsamic, gasoline 3.60 Spices 1.01± 0.15 2.33± 0.30 4.02± 0.07 4.44± 0.49 3± 0.47 5.53± 0.24 4.77± 0.27 0.28

64 Terpinolene Pine, plastic 200.00 Spices 35.85± 1.90 68.06± 3.19 98.84± 9.77 98.18± 6.24 81.63± 11.73 110.50± 5.38 120.17± 4.81 4.08

65 α-p-dimethylstyrene Citrus, pine 85.00 14.71± 1.03 25.42± 2.53 27.11± 0.57 30.43± 1.31 28.88± 1.44 30.31± 1.41 30.63± 3.86 0.67

66 δ-elemene Wood Spices 15.00± 2.93 46.63± 3.65 48.40± 2.21 54.95± 2.89 54.86± 4.74 60.35± 5.25 68.53± 3.19 1.90

67 β-caryophyllene Wood, spice 64.00 Spices 286.46± 57.41 628.61± 44.65 548.22± 40.17 654.56± 41.18 759.46± 44.52 755.29± 63.33 802.57± 41.99 22.39

68 α-humulene Wood 160.00 Spices 16.64± 2.97 32.8± 2.94 27.14± 0.48 35.95± 2.49 39.52± 3.85 40.25± 3.73 45.1± 1.67 1.39

69 δ-cadinene Thyme, medicine,
wood

Spices 3.08± 0.16 6.02± 0.50 4.45± 0.01 6.33± 0.60 6.60± 0.39 7.51± 0.42 7.50± 0.53 0.27

70 Caryophyllene oxide Herb, sweet, spice 410.00 0.36± 0.06 2.63± 0.19 0.74± 0.01 1.28± 0.13 3.16± 0.27 1.91± 0.48 2.20± 0.22 0.19

Total 1884.11± 200.88 4997.58± 158.65 5470.43± 294.61 5908.56± 337.25 5862.63± 459.38 6841.51± 430.08 7140.09± 378.67 273.69

Others

71 Allyl methyl sulfide Garlic, onion 22.00 72.10± 4.10 41.61± 8.03 113.56± 2.54 43.39± 1.57 22.50± 13.85 53.63± 3.42 27.77± 17.35 8.56

72 2-pentyl furan Green bean, butter 5.80 Lipid oxidation — 17.10± 1.94 — — 58.18± 2.30 40.17± 2.16 42.55± 3.18 4.01

73 p-cymene Solvent, gasoline,
citrus

5.01 183.45± 23.56 475.18± 9.67 459.12± 27.42 476.82± 30.10 533.19± 27.55 556.53± 13.34 573.53± 35.92 11.53

74 D-camphor Camphor, minty,
phenolic, herbal

1360.00 2.30± 0.53 5.10± 0.79 5.62± 0.16 5.59± 0.5 8.50± 0.28 7.18± 0.32 7.12± 0.38 0.28

75 Borneol Camphor 180.00 0.22± 0.08 0.33± 0.06 0.41± 0.04 0.47± 0.03 0.41± 0.03 0.38± 0.03 0.34± 0.11 0.02

76 Phenol Phenol 58585.25 Amino acid
degradation

0.41± 0.04 0.91± 0.01 0.75± 0.05 0.82± 0.03 0.24± 0.13 1.13± 0.15 1.05± 0.07 0.07

77 p-cresol Medicine, phenol,
smoke

3.90 1.55± 0.11 1.66± 0.05 1.89± 0.07 2.64± 0.32 1.52± 0.14 2.85± 0.19 2.79± 0.32 0.14

78 Meta-cresol Fecal, plastic 15.00 4.26± 0.24 4.64± 0.45 4.43± 0.15 6.01± 0.54 5.12± 0.27 6.56± 0.45 6.85± 0.57 0.25

Total 264.29± 28.66 546.53± 21.00 585.78± 30.43 535.74± 33.09 629.66± 44.55 668.43± 20.06 662.00± 57.90 30.49

SEM is the Standard Error of Mean (SEM) of the same volatile compound content in different groups of sausage samples.
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long-chain fatty acids mostly have fat flavor. It is easily to find
from Table 4 that, the addition of yeast facilitates the formation
of esters. The content of esters in S1 group was the highest
(51.25 ± 2.45 µg/kg), which may be related to the high content of
acids and alcohols in S1 group, and then promoted the formation
of esters. Cano-García et al. (2014) also reached a similar conclusion
when exploring the influence of D. hansenii on aroma substances of
fermented sausage. Among the key flavor esters, ethyl caproate and
ethyl octanoate had fruit flavor, which were detected in all groups
except LGG.

Ketones may be derived from lipid oxidation or raw meat. Four
ketones were detected in 7 groups of sausage samples, of which 2-
nonanone (related to lipid β oxidation) was only detected in CK
group. 3-hydroxy-2-butanone (acetoin) was detected in all groups,
OVA > 1, and the highest content in LGG group. It was associated
with microbial carbohydrate fermentation, and had a pleasant buttery
odor and was thought to contribute significantly to the formation
of sausage flavor.

Alkenes accounted for the highest proportion of the flavor
substances, mainly from the use of spices, and α-pinene (pine), β-
pinene (pine resin), δ-3-carene (lemon), sabinene (pepper), limonene
(lemon), and β-caryophyllene (wood) were relatively high. In
addition, a certain amount of allyl methyl sulfide, 2-pentyl furan,
p-cymene and D-camphor were also detected in various sausage
samples. 2-pentyl furan is related to the automatic oxidation of fat
and is a secondary oxidation product of linoleic acid, which exists
in most preserved meat products (Shahidi and Wanasundara, 1998).
p-cymene had a citrus flavor and had little difference in content
among different groups, which might be derived from the use of
spices in sausage making process.

3.11. Analysis of sensory evaluation of
fermented sausage in each group

Although many literatures have indicated that moderate fat
oxidation can improve the flavor and quality of fermented meat

products, excessive oxidation will produce rancidity and rancid taste,
shorten the shelf life, and ultimately affect the acceptance of products.
However, there is no clear definition of the highest sensory acceptance
of products at what level of fat oxidation, and fermented sausage is
a relatively complex system. Therefore, it is difficult to explore the
effect of different yeast on the actual sensory quality of fermented
sausage by analyzing the degree of lipid oxidation and the content
of flavor substances. The sensory evaluation results of 7 groups of
fermented sausages by 39 professionally trained food students are
shown in Figure 8.

The higher cheese flavor in the LGG group may be partly due
to higher levels of 3-hydroxy-2-butanone (cheese, butter flavor). The
fruit flavor in the yeast groups were significantly higher than that of
LGG group and CK group, and the rancid taste and oily taste were
decreased. The score of S4 group was the lowest (1.23 ± 1.22 and
1.21 ± 1.15), and that of LGG group was the highest (1.56 ± 1.59
and 1.95 ± 1.73), which were consistent with the previous content
of aldehydes in volatile flavor substances, indicating that the use
of yeast improved the production of flavor substances related to
lipid oxidation. In terms of sour taste, the LGG group scored the
highest, while the yeast group scored lower, which may be related
to the yeast’s ability to utilize and metabolize organic acids. In terms
of odor (comprehensive score), taste (comprehensive score) and
mellow taste, compared with LGG group, scores of yeast groups
had increased except S1 group. It is generally believed that yeast
plays an important role in the formation of flavor substances such
as short peptides and esters during the maturation of fermented meat
products due to its ability to decompose protein and fat.

In terms of overall taste, the overall taste of S4 and S5 was higher,
reaching 3.67 ± 1.20 and 4.13 ± 1.28, while the overall taste of LGG
group and CK group was lower, partly due to the stimulating sour
taste of LGG group and the single taste of CK group. S5 group has
good performance in mellow taste, appearance color, odor, texture
and taste, indicating that this group is the most popular. In addition,
S4 group performed well in appearance color, smell and taste, and
there was no significant difference in the content of volatile flavor
aldehydes between group S4 and S2 (the lowest group). Therefore,

FIGURE 8

Radar image of sensory evaluation scores of different fermented sausage samples.
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FIGURE 9

OAV heat map of key volatile flavor compounds in different fermented sausage samples after storage.

FIGURE 10

Community abundance at species level of fungi in fermented sausage.

the S4 and S5 groups of sausage samples were selected to analyze
the flavor substances and metagenomic related indicators of sausage
samples after storage.

3.12. Analysis of volatile flavor compounds
in fermented sausage after storage

Based on above fat oxidation, volatile flavor compounds analysis
and sensory evaluation results, two groups of sausage samples S4

and S5 with low fat oxidation level and excellent sensory scores were
screened out. At the same time, the volatile flavor substances of the
sausage samples of LGG group stored until 60 days and 0 day of CK
were measured. The results were compared based on the 23rd day
results, as shown in Table 5. A total of 78 volatile flavor compounds
were identified in stored sausage samples, including 16 aldehydes, 16
alcohols, 10 acids, 8 esters, 3 ketones, 17 terpenes, and 8 others.

Compared with the results on day 23, 5 aldehydes were increased,
which were octanal, (Z)-2-heptenal, (E,E)-2, 4-heptadienal, ethyl
benzaldehyde and hexadecanal, which were mainly related to the
automatic oxidation of fat. Moreover, the proportion of aldehydes

Frontiers in Microbiology 21 frontiersin.org106

https://doi.org/10.3389/fmicb.2022.1113848
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


fmicb-13-1113848 January 11, 2023 Time: 14:20 # 22

Liu et al. 10.3389/fmicb.2022.1113848

FIGURE 11

Pathway classification statistics of Wickerhamomyces anomalus Y12-3.

in total volatile components increased significantly, indicating that
the oxidation degree of fat in sausage increased with the increase of
storage time, which was consistent with the previous results of POV
and TBARS values of sausage samples after storage. Compared with
fresh sausage, the types and proportions of other volatile compounds
in stored sausage didn’t change significantly. According to the
sausage sample groups, 43 flavor compounds were detected in the
CK- 0 d group, with the least species. 67, 65, and 67 flavor compounds
were detected in LGG-23d, S4-23d, and S5-23d, respectively, and 68,
66 and 64 flavor compounds were detected in LGG-60d, S4-60d, and
S5-60d, respectively.

Compared with the fresh samples at day 23, the content
of aldehydes in the stored samples at day 60 was significantly
increased, and the total content of aldehydes in LGG-60d group
was 1082.29 ± 55.11 µg/kg, significantly higher than LGG-23d
(662.18 ± 26.19 µg/kg), S4-60d (502.19 ± 40.32 µg/kg), and S5-
60d (457.53 ± 27.72 µg/kg). It should be noted that the aldehydes
content of the S4 group with lower aldehydes content at day 23
exceeded that of the S5 group at day 60. The contents of almost
all aldehydes increased after storage, and the content of LGG-60 d
group was much higher than that of yeast group, among which the
contents of hexanal, octanal, nonanal, (E)-2-octenal, (E)-2-decenal,

(E,E)-2, 4-decadienal were significantly different. According to the
OAV thermal map analysis (Figure 9), it was not difficult to find
that the OAV of aldehydes changed significantly (blue indicated
lower OAV value, while red indicated higher OAV value), indicating
that aldehydes had an important contribution to the formation of
unpleasant odor. Octanal and (Z)-2-heptenal were the newly added
key flavor aldehydes.

The contents of alcohols in samples increased slightly after
storage, and the contents of group S4-60d were the highest, reached
up to 333.75 ± 28.14 µg/kg. The contents of ethanol and 2-ethyl-
1-hexanol decreased after storage, while the contents of hexanol,
1-octene-3-ol, 1-heptanol and 2, 3-butanediol increased after storage.
The concentration of 1-octene-3-ol increased by 9.3 times and
3.0 times in S4-60d and S5-60d, respectively. 1-octene-3-ol has a
mushroom flavor at low concentration, but is considered to be the
main component of peculiar smell at high concentration (Zhou
et al., 2020). The variation of linalool content may be related to
the water loss of sausages after storage, which was verified by the
variation of aw.

The content of acids in samples was increased after storage,
some acid substances had obvious changes, such as butyric acid,
pentanoic acid, caproic acid, heptanoic acid, octanoic acid, nonanoic
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FIGURE 12

Diagram of fatty acid degradation metabolic pathway.

TABLE 6 Key genes and enzymes involved in the degradation of fatty acid in Wickerhamomyces anomalus Y12-3.

KEGG gene KO KEGG pathway KEGG enzyme Enzyme

ppa:PAS_c hr3_0987 K00128 ko00010, ko00053, ko00071, ko00280, ko00310, ko00330, ko00340,
ko00380, ko00410, ko00561, ko00620, ko00625, ko00903, ko00981

1.2.1.3 Aldehyde dehydrogenases

kmx:KLM A_70312 K01897 ko00061, ko00071, ko02024, ko03320, ko04146, ko 04216, ko04714, ko04920 6.2.1.3 Long chain acyl-coA synthase

acid and decanoic acid, but still did not reach the odor threshold, so
further discussion is not required. The total content of esters did not
change significantly in the samples after storage, among which methyl
caproate and ethyl caproate were difficult to be detected after storage,
while that of ethyl caproate increased. Wu et al. (2019) found that
the content of esters decreased at first and then increased during the
storage of air-dried sausage, which may be related to the formation of
esters through Maillard reaction during storage.

Acetoin, the highest content of ketones, was only detected in fresh
and mature samples, but not detected after storage, while the contents
of other ketones did not change significantly. The content of terpenes
in all sample groups was increased, mainly from the use of spices.
The main reason for the increase in content is related to the water
loss in the storage process of sausage. Among the other compounds,
the content of 2-pentyl furan (related to lipid oxidation) increased in
all groups, similar to the change of aldehydes, the content of 2-pentyl
furan in LG-60d group was the highest, reaching 58.18± 2.3 µ g/kg.

3.13. Exploration of functional genes
related to lipid oxidation in yeast

Based on the results of previous determination of volatile flavor
compounds in salami, combined with OAV values and possible
production pathways of flavor compounds, hexanal, heptanal,
nonanal, (E)-2-decenal, (E,E)-2, 4-decdienal and other flavor
compounds related to fat oxidation were selected as the flavor
compounds to focus on. The fungal community composition of
the samples can be used to analyze the community abundance
of fermented sausage at the level of fungal species. The relative
abundance of 9 fungi was greater than 0.01 % in the colony
structure of fermented sausage, as shown in Figure 10. Among
them, Wickerhamomyces anomalus, Wickerhamomyces ciferrii,
Cyberlindnera suaveolens, and Wickerhamomyces mucosus accounted
for about 95 %. The proportion of W. anomalus in group Y12-3 was
higher than that in Y12-4, and the repeatability was better. Therefore,
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FIGURE 13

The oxidation equation of aldehydes catalyzed by aldehyde dehydrogenase.

the subsequent analysis of functional genes in Y12-3 group could
reduce the influence of fungi such as W. ciferrii on characteristic
flavor substances to a certain extent. The W. anomalus Y12-3 gene set
was constructed, which was conducted KEGG function annotation
and Pathway classification statistics, and the results were shown in
Figure 11.

The Level 2 functional genes belonging to the same Level 1
were represented in the same color, with the functional gene names
for different levels 2 on the vertical axis and the abundance values
for the functional gene on the horizontal axis. The abundance
of genes related to Metabolism was significantly higher in all six
metabolic pathways. Secondary KEGG annotation was performed on
genes related to metabolic pathways, of which global and overview
maps abundance were the highest, followed by Carbohydrate
metabolism, Amino acid metabolism, Metabolism of other amino
acids, Nucleotide metabolism, and Lipid metabolism. Meanwhile,
the existence of Aldehyde Dehydrogenase (ALDH) function gene
could be annotated in the Y12-3 gene set through KEGG database
comparison, which was related to Aldehyde metabolism.

Aldehyde Dehydrogenase refers to a class of aldehyde
dehydrogenases that rely on NAD(P)+ to catalyze the oxidation
of aldehydes. The reaction pathway of its catalytic oxidation of
aldehydes is shown in Figure 11. Aldehydes, NAD(P)+ and H2O
undergo redox reactions under the catalysis of ALDH to produce
carboxylate, NAD(P)H and H+. Xu et al. (2020) analyzed the effects
of 8 W. anomalus strains on lipid oxidation of 4◦C frozen surimi
and found that the addition of yeasts J3, J7, J8, J9, J12, and J18 could
significantly reduce the content of TBARS in surimi (p < 0.05),
and the scavenging rate was proportional to the activity of ALDH.
Ziegler and Vasiliou (1999) summarized the research status of ALDH
super family and indicated that ALDH super family members can
catalyze exogenous and endogenous aldehydes in a broad spectrum.
ALDH1A1, ALDH1A2, ALDH1A3, ALDH3B1, and ALDH8A1
can effectively reduce aldehydes produced by lipid peroxidation
such as 4-hydroxynonenal, propanal, hexanal, octanal, n-decanal,
benzaldehyde, and malondialdehyde.

Aldehyde Dehydrogenase plays the function of metabolic
aldehydes through Fatty acid degradation (Pathway ID: ko00071),
and the related genes identified include aldehyde dehydrogenase
(ppa:PAS_chr3_0987) and long-chain acyl-CoA synthase
(kmx:KLMA_70312), as shown in Figure 12 and Table 6. Alcohols
form their corresponding aldehydes under the action of alcohol
dehydrogenase (EC: 1.1.1.1), and the aldehydes can produce
corresponding fatty acids under the action of ALDH. Meanwhile, it

should be noted that the above two processes are reversible reactions.
According to the results of volatile flavor substances in 23 days
sausage samples, except for caproic acid and valeric acid, the content
of acids related to lipid oxidation in S4 group was higher than that
in LGG group, which verified the possibility that Y12-3 could reduce
the content of aldehydes in sausage by metabolizing aldehydes
through ALDH (Figure 13).

4. Conclusion

The antioxidant capacity of five yeast strains isolated from
fermented food was evaluated in vitro based on H2O2 tolerance,
DPPH radical, superoxide anion radical, hydroxyl radical scavenging
activity of each cell component (complete bacterial suspension,
supernatant after crushing), all these five strains showed the potential
of antioxidant activity. However, more attention should be paid
to the antioxidation of starter in sausage and whether yeast still
retains strong antioxidation after long storage. Considering if yeast
is used alone for sausage production without the acid producing
and bacteriostatic effects of lactic acid bacteria, it will lead to quality
and safety problems in the sausage. Lactobacillus rhamnosus YL-1
is a strain screened in our laboratory with strong acid production,
nitrite degradation and bacteriostatic effect, and it was mixed with
yeast together to apply to fermented salami sausage. At the same
time, it could be used alone as the experimental control (LGG group)
to obtain more accurate results. Compared with LGG group, the
addition of yeast effectively reduced the POV value and TBARS value
of sausage, especially in Y12-3 and Y12-4 groups. The analysis results
of volatile flavor substances showed that the aldehyde content of
LGG group added with lactic acid bacteria alone was significantly
higher than that of other groups. After the co fermentation with
yeast, the aldehyde content was significantly reduced, especially
Y12-3 and Y4-1 groups. The content of flavor substances related
to lipid oxidation in Y12-3 group, such as hexanal (fat flavor),
heptaldehyde (rancid flavor), (E)-2-nonenal (yellow melon flavor),
(E, E)-2,4-decadienal (fried flavor), was significantly reduced. This
result was also supported by sensory evaluation. In Y12-3 group,
the scores of putrid taste and oily taste were significantly lower, and
the overall acceptance was good, and the oxidation of fat was still
effectively inhibited at 60 days. Species and functional contribution
analysis showed that yeast Y12-3 contributed the most to the overall
function of fungi, and its genes involved in the metabolic pathway
were the most abundant at KEGG level1, mainly involved in the
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global and overview map, carbohydrate metabolism and amino acid
metabolism. Two genes related to fatty acid degradation of aldehydes
(ko00071) pathway were found by Y12-3 gene mining. As the key
enzyme of aldehyde metabolism, ALDH can direct catalytic aldehyde
oxidative dehydrogenation to generate acid substances, which can be
used as the follow-up and enzyme activity and gene regulation object,
further clarify its role in aldehyde metabolism.

Yeast can be used as a potential antioxidant starter in the
production of fermented sausage. The research and development of
sausage has practical application value by exploring the antioxidant
effect of the starter itself. In the above research, although the
metagenomics technology was used to analyze the composition of
fungal colonies and predict the gene function, the metabolic pathway
of yeast to the lipid oxidation related flavor substances in salami
sausage was obtained, and the related enzymes were speculated,
the activity of aldehyde dehydrogenase in yeast still needs further
verification and reasonable regulation.
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Fiber-based food packaging 
materials in view of bacterial 
growth and survival capacities
Paul Jakob Schmid , Stephanie Maitz , Nadine Plank , 
Elisabeth Knaipp , Sabine Pölzl  and Clemens Kittinger *

Diagnostic and Research Institute of Hygiene, Microbiology and Environmental Medicine, Diagnostic and 
Research Center for Molecular Biomedicine, Medical University of Graz, Graz, Austria

Understanding interactions of bacteria with fiber-based packaging materials is 
fundamental for appropriate food packaging. We  propose a laboratory model to 
evaluate microbial growth and survival in liquid media solely consisting of packaging 
materials with different fiber types. We  evaluated food contaminating species 
(Escherichia coli, Staphylococcus aureus, Bacillus cereus), two packaging material 
isolates and bacterial endospores for their growth abilities. Growth capacities differed 
substantially between the samples as well as between bacterial strains. Growth and 
survival were strongest for the packaging material entirely made of recycled fibers 
(secondary food packaging) with up to 10.8 log10 CFU/ml for the packaging isolates. 
Among the food contaminating species, B. cereus and E. coli could grow in the 
sample of entirely recycled fibers with maxima of 6.1 log10 and 8.6 log10 CFU/mL, 
respectively. Escherichia coli was the only species that was able to grow in bleached 
fresh fibers up to 7.0 log10 CFU/mL. Staphylococcus aureus perished in all samples 
and was undetectable after 1–6 days after inoculation, depending on the sample. The 
packaging material strains were isolated from recycled fibers and could grow only 
in samples containing recycled fibers, indicating an adaption to this environment. 
Spores germinated only in the completely recycled sample. Additionally, microbial 
digestion of cellulose and xylan might not be a crucial factor for growth. This is the 
first study describing bacterial growth in food packaging materials itself and proposing 
functionalization strategies toward active food packaging through pH-lowering.

KEYWORDS

food packaging, food contamination, bacterial growth, packaging material, cellulose, 
survival, endospores

1. Introduction

One essential function of food packaging is to protect food from chemical, physical or 
microbiological changes to extend the shelf life and thereby ensure the quality of the food as well as 
preserve the consumer’s health. In recent years, extensive research on active food packaging has 
aimed to provide new materials to maintain microbial food integrity beyond traditional packaging 
systems (Norrrahim et al., 2021). However, many active food packaging strategies are still in their 
infancy, demand complex functionalization and therefore can only address single steps in the food 
supply chain (Azevedo et al., 2022). In contrast, the sources of microbial contaminants are manifold 
and may occur in all steps of food production, transportation, storage and preparation. A large 
number of different packaging materials are already used in this field to meet the requirements of 
product quality and safety. However, these established materials are often poorly investigated from 
the aspect of active food packaging. Fiber-based packaging materials stand out as cost-effective, 
biodegradable and sustainable solution in the food packaging field due to renewable raw materials 
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with a large degree of recycling possibilities. Furthermore, a huge 
diversity of different fiber types and a variety of formulations allow the 
production of packaging materials for any kind of application. Moreover, 
a microbiological superiority of fiber-based food packaging materials 
against plastic packaging has been shown more than once (Patrignani 
et  al., 2016; Siroli et  al., 2017). The beneficial effect of fiber-based 
packaging materials on the cross-contamination potential for stored 
food has been explained by the capability of entrapping microorganisms 
within the fiber-network together with a faster loss of viability compared 
to plastic surfaces (Siroli et al., 2017), indicating active food packaging 
properties. Nevertheless, little is known about the interactions of 
microorganisms with the surrounding matrix of fiber packaging due to 
the high diversity of different types of packaging. While factors affecting 
a potential transfer of bacteria to contact surfaces have already been 
assessed (Maitz et al., 2022), the knowledge about microbial growth and 
survival in food packaging materials needs to be extended. Previous 
research on the interactions of bacteria with fiber-based packaging 
materials has largely dealt with fermentation strategies to produce 
energy carriers such as hydrogen and methane (Ntaikou et al., 2009; 
Brummer et  al., 2014; Asato et  al., 2016; Poladyan et  al., 2020), or 
bioplastics (Abdelmalek et al., 2022). These studies usually aimed to 
optimize waste treatment and used packaging material waste, which was 
physiochemically treated prior to microbial digestion. Other research 
focused on spatial interactions and therefore growth media were 
supplemented to promote microbial growth at the expense of assessing 
growth capacities (Suominen et al., 1997; Hol et al., 2019). Numerous 
studies have been conducted on microbial growth in packaged foods, 
but to our knowledge, no study has ever examined bacterial growth 
capacities in the food packaging material itself, although fiber-based 
packaging materials have been postulated to provide a thriving 
environment for bacteria (Brandwein et al., 2016). More knowledge in 
this field may contribute to improved types and applications of fiber-
based packaging in the food sector as well as point out novel strategies 
for functionalization. Therefore, this research aimed to evaluate the 
growth capacities of certain bacterial species in four artificial growth 
media using only fiber-based packaging materials as a basis, differing in 
recycled fiber content and fiber bleaching. The tested bacterial strains 
are related to various food packaging issues either by representing 
species likely responsible for cross-contamination events, common food 
contaminants or packaging-inherent microorganisms. Escherichia coli 
(E. coli) and Staphylococcus aureus (S. aureus) are two examples of food-
contaminating species responsible for several severe food-borne 
outbreaks in the last decades (Hennekinne et al., 2012; Yang et al., 2017). 
The presence of bacteria in fiber-based packaging materials has been 
intensively studied covering the raw materials, the manufacturing 
environment and the final product (Väisänen et al., 1998; Zumsteg et al., 
2017). Studies on packaging materials revealed a predominance of 
Gram-positive, mesophilic, endospore-forming bacteria, mostly 
belonging to the family of Bacillaceae (Suihko et al., 2004; Lalande et al., 
2014), including food relevant Bacillus cereus (B. cereus) (Schmid et al., 
2021). Within the last years, the COVID-19 pandemic has drawn public 
attention to possible cross-contamination events through packaging 
materials (De Oliveira et al., 2021). However, this cross-contamination 
involves not only virus particles, but also bacteria in particular when it 
comes to food contamination. Although hardly any risk for food 
contamination emanates from the packaging inherent bacteria (Ekman 
et  al., 2009), two members of the Bacillaceae were isolated from a 
packaging material sample for a more comprehensive study. 
Furthermore, spore suspensions of Bacillus subtilis (B. subtilis) and 

B. cereus were tested for their germination and growth capabilities. Both, 
B. subtilis and B. cereus are also considered as food spoilage agents 
(Stenfors Arnesen et al., 2008; Moschonas et al., 2021), especially the 
latter being known for causing foodborne infections and intoxications. 
In addition, we  investigated factors that can promote or preclude 
growth, survival and decrease of microorganisms in fiber-based 
packaging materials by examining cellulose- and xylan-degrading 
properties of the microorganisms tested and evaluating the role of the 
pH as intrinsic antimicrobial factor of different packaging materials.

2. Materials and methods

2.1. Samples

In this study, four different cellulose-based fiber materials (PM 1–4) 
manufactured from three European packaging facilities were included. 
The samples were provided by industrial partners and were taken by 
instructed workers after manufacturing, wrapped in aluminum foil and 
sent to laboratory in sealed plastic bags. All samples came from the food 
packaging sector with different applications as defined by the 
manufacturer (Table 1).

2.2. Bacterial strains

The bacterial reference strains used in this study are listed in Table 2. 
Additionally, a spore suspension of B. cereus DSM 345 was prepared 
using sporulation agar according to EN ISO 7932:2004/prA1:2018 
(International Organization for Standardization, 2020). After incubation 
at 30°C for 5 days, the spores were harvested with 5 ml Sörensen’s 
Phosphate Buffer including KH2PO4 (0.067 mol/l, Merck KGaA, 
Darmstadt, Germany) and Na2HPO4 · 2 H2O (0.067 mol/l, Merck KGaA) 
adjusted to a pH of 7. Afterwards, the spore suspension was centrifuged 
(4,200 rpm, 15 min, 4°C) and the pellet was washed with Sörensen’s 
Phosphate Buffer up to four times until high purity of spores was verified 
using a light microscope. The spore suspension was finally stored in 
ddH2O at −80°C. In order to investigate growth capacities and 

TABLE 1 Packaging material samples.

Sample Fiber type Packaging 
type

Application

PM 1 Fresh fibers, 

bleached

Primary food 

packaging

Direct food contact 

(dry/moist/fatty)

PM 2 50% recycled 

fibers

Primary food 

packaging

Direct food contact 

(dry/moist/fatty) 

direct contact with 

food products that 

must be peeled or 

washed before 

consumption

PM 3 100% recycled 

fibers

Secondary food 

packaging

No direct food 

contact

PM 4 Fresh fibers, 

unbleached

Primary food 

packaging

Direct food contact 

(dry/moist/fatty)

Samples and corresponding information about the fiber type, food packaging type and 
application according to the manufacturers’ specifications.
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characteristics of packaging material inherent bacteria, two bacterial 
strains (strain 3.1, strain 3.2) were isolated from PM 3, identified on 
species level by MALDI-TOF (VITEK® MS, bioMérieux Marcy-l’Étoile, 
France) and 16S rRNA gene sequencing and included in all experiments. 
In brief, one gram of packaging material was disintegrated with 99 ml of 
0.9% saline solution in sterile plastic bags using a Bagmixer (Interscience, 
St. Nom la Bretèche, France), followed by plating 500 μl on tryptic soy 
agar (TSA, Oxoid Deutschland GmbH, Wesel, Germany) and incubation 
at 37°C for 24 h. Two different colonies were randomly picked. For the 
species identification, strains were grown on COL-S blood agar (Becton 
Dickinson Austria GmbH, Vienna, Austria) at 37°C overnight, followed 
by MALDI-TOF identification and 16S rRNA gene sequencing using 
primer pairs 8FPLm and 806R for the 5′ fragment of the 16S rRNA gene 
(Relman, 1993). The INVISORB Spin DNA Extraction Kit (Invitek 
Molecular, Berlin, Germany) was used for DNA purification and 
amplification products were sent to Eurofins Genomics Germany 
GmbH (Ebersberg, Germany) for sequencing. Species affiliation was 
performed using the BLAST Sequence Analysis Tool (Altschul 
et al., 1990).

2.3. Growth and survival experiments

For preparation of media used to investigate microbial growth,  
one gram of a packaging material sample was evenly homogenized with 
99 ml of 0.9% saline solution in sterile plastic bags using a Bagmixer. 
Subsequently, the fiber suspension was transferred into an Erlenmeyer 
flask and sterilized by autoclaving at 121°C. For pH measurements, 
10 ml of the packaging material medium were centrifuged at 4,200 rpm 
for 15 min followed by pH determination in the supernatant using a pH 
meter (Orion 3 Star, Fisher Scientific (Austria) GmbH, Vienna, Austria). 
To study the influence of pH in PM 4, the 0.9% saline solution was 
replaced with phosphate buffered saline (PBS, Merck KGaA) in all steps 
of the experiment. The sterile packaging material media were inoculated 
with one of the following species: E. coli, S. aureus, B. cereus, as well as 
the two packaging material isolates. For this purpose, overnight cultures 
were grown in tryptic soy broth (TSB, Oxoid Deutschland GmbH) at 
30°C (B. cereus and the isolated strains) or at 37°C (E. coli and S. aureus). 
Afterwards, the optical density at 600 nm (OD600) of the bacterial 
suspension was measured, followed by three washing steps in sterile 
0.9% saline solution and centrifugation at 4,200 rpm for 15 min each to 
remove remaining traces of TSB. Then, the bacterial suspension was 
adjusted to an OD600 of 0.5 in sterile 0.9% saline solution. Generally, a 
bacterial suspension with OD600 of 0.5 equals approximately 8 log10 
CFU/mL including species and strain variations. To study both eventual 
growth and survival, packaging material media were inoculated with 
bacterial cells in order to reach a final cell density of approximately 1 to 

3 log10 colony forming units (CFU) /mL and 5 to 7 log10 CFU/mL, 
respectively, in the culture flask. All dilutions were performed with 0.9% 
sterile saline solution. After inoculation, the flasks were shaken at 
120 rpm for 5 min in order to ensure even distribution of the spiked-in 
bacteria, immediately followed by initial determination of the microbial 
count and verification of the inoculum size. To determine the bacterial 
count, pour plate method was performed in which 1 ml was transferred 
either directly from the culture flask or appropriately diluted into a 
sterile petri dish and covered with 15 ml warm TSA. Bacterial counts 
were performed in technical triplicates. Agar plates were incubated at 30 
or 37°C for 24 h and CFU were counted. The culture flasks were then 
incubated at 30 to 37°C with 50 rpm shaking. Further determinations of 
the bacterial count were performed after 1, 2, 3, 6, and 7 days of 
incubation. In addition, we inoculated the packaging material media 
with bacterial spore suspensions of B. cereus DSM 345 and B. subtilis 
subsp. spizizenii according to the protocol described before. All 
experiments were performed in biological duplicates.

As a contamination control, sterile medium was included for each 
packaging material medium to verify proper autoclaving. After each 
growth experiment, the correct presence of inoculated species was 
verified by streaking the packaging medium on COL-S agar and 
subsequent MALDI-TOF identification. Spore germination was assessed 
by selected microscopic examination of the growth media. For this 
purpose, 5 to 10 ml of culture medium were pelleted and microscopically 
examined with the Zeiss Axio Lab.A1 microscope (Carl Zeiss AG, 
Oberkochen, Germany) and image capture software ZEN version 3.2 
(Carl Zeiss AG).

The data was analyzed and visualized in GraphPad Prism version 
7.0.0 for Windows (GraphPad Software, San Diego, United States).

2.4. Determination of cellulose- and 
xylan-digestion abilities

To test potential cellulose digestion by the tested bacteria, 
we  evaluated two carboxymethyl cellulose (CMC) media for 
CMC-assays previously described (Amore et al., 2013). For the CMC 
medium A, 5 g sodium CMC, (Sigma-Aldrich, Merck KGaA), 5 g 
Bacto™ tryptone (Thermo Fisher Scientific, Vienna, Austria) 4 ml micro 
salt solution consisting of 46.12 μl H3PO4 (Merck KGaA), 11.12 mg 
FeSO4 (Merck KGaA), 5.94 mg ZnSO4 (Merck KGaA), 0.436 mg CuSO4 
(Merck KGaA), 2.5 mg MnSO4 (Merck KGaA), 0.6 mg Co(NO3)2 (Merck 
KGaA), 0.6 mg Na2MoO4 (Merck KGaA) and 1.24 mg H3BO3 (Merck 
KGaA) in 1000 ml dH2O, as well as 5 g NaCl (Carl Roth GmbH +Co. KG, 
Karlsruhe, Germany), 2 g (NH4)H2PO4 (Merck KGaA), and 15 g agar-
agar (Carl Roth GmbH +Co. KG) were dissolved in 1 l deionized water 
by heating to 60°C, succeeded by autoclaving and agar plate preparation. 
For CMC medium B, 0.02% Remazol Brilliant Blue R (Merck KGaA) 
were added after autoclaving. Remazol Brilliant Blue R was intended for 
visualization of cellulose and xylan degradation indicated by a halo zone 
around colonies as mentioned by Amore et  al. (2013). TSA was 
supplemented with 5% CMC as an additional medium, in case CMC 
medium A and B did not result in growth. All bacterial strains included 
in this study were grown on TSA and then streaked on CMC medium 
A and B and incubated at 30°C for 4 days. If colonies were found, they 
were picked and a bacterial suspension equal to McFarland standard 0.5 
was prepared and diluted 10−3. Then one μL was spotted on CMC 
medium A and incubated for another 4 days at 30°C. After incubation, 
the CMC medium A was stained by flooding the agar plate with 0.1% 

TABLE 2 Bacterial reference strains used in this study.

Bacterial strain Origin

Escherichia coli DSM 1576 German Collection of Microorganisms 

and Cell Cultures GmbH (DSMZ), 

Braunschweig, Germany

Staphylococcus aureus DSM 799 DSMZ, Germany

Bacillus cereus DSM 345 DSMZ, Germany

Bacillus subtilis (BGA) spore suspension Merck KGaA, Darmstadt, Germany

Cellulomonas uda DSM 20108 DSMZ, Germany
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aqueous Congo red solution (Carl Roth GmbH +Co. KG) for 10 min and 
subsequent two times washing with 5 M NaCl to visualize cellulose 
degradation indicated by a clear halo around the colonies (Amore et al., 
2015). Halo zones were measured by taking the total diameter including 
colony and halo minus the diameter of the colony. All strains were tested 
in triplicates. For xylan digestion assay, 1,000 ml ready-to-use TSA base 
were prepared according to manufacturer’s protocol and supplemented 
with 5 g of birch wood xylan (Carl Roth GmbH +Co. KG) before 
autoclaving and agar plate preparation. All bacterial strains were 
pre-grown on TSA, then a bacterial suspension equal to McFarland 0.5 
was prepared and one μL was spotted on xylan medium and incubated 
at 30°C for 4 days. Afterwards, the agar plates were stained with 0.1% 
Congo red and washed with 5 M NaCl. If possible, halo diameters on 
xylan plates were measured as for CMC plates. As a control, bacterial 
strains were grown in medium A without CMC and TSA and 
then stained.

3. Results

3.1. Growth and survival studies on bacterial 
food contaminants in packaging material 
media

The critical food contaminants E. coli, S. aureus and B. cereus were 
spiked in four different sterilized and homogenized packaging material 
samples to evaluate their growth and survival capacities in this 
environment. Monitoring over 7 days of the spiked growth media 
revealed distinct differences in the growth capacities of the test strains 
depending on the type of fiber-based packaging material used 
(Figure 1). Microbial growth and survival was primarily associated with 
the 100% recycled fibers medium and the bleached fresh fibers medium, 
whereas the media composed of 50% recycled fibers and unbleached 
fresh fibers, respectively, resulted in both, lower microbial survival and 
no observable growth. For growth evaluation, the above listed bacterial 
species were added to the samples in quantities leading to bacterial 
counts ranging from 1 to 3 log10 CFU/mL (low inoculum) at the 
beginning of incubation. As a result, E. coli (Figure 1A) was able to 
grow in the PM 1 (fresh fibers, bleached) and PM 3 (100% recycled 
fibers) media and no growth but a decrease in the number of bacteria 
was seen for PM 2 (50% recycled fibers) and PM 4 (fresh fibers, 
unbleached). Thereby, E. coli reached a maximum bacterial count of 8.6 
log10 CFU/mL in PM 3 within 3 days and 7.0 log10 CFU/mL in PM 1 
after 7 days. In contrast, S. aureus decreased in all tested media and no 
growth was observed (Figure 1B). Bacillus cereus could only grow in 
the 100% recycled fibers medium PM 3 reaching a maximum of 6.1 
log10 CFU/mL (Figure 1C). Furthermore, it remained at stable bacterial 
counts in PM 1, while decreasing in PM 2 and PM 4. In addition to 
growth, survival was evaluated at an initially added bacterial level of 5 
to 7 log10 CFU/mL (high inoculum) to better visualize a potential 
decrease. Growth of E. coli even continued to be observed in PM 3 at 
high inoculation levels up to 9.9 log10 CFU/mL (Figure  1D). No 
significant changes in bacterial counts were observed in PM 1 and PM 
2 suggesting stable survival in these media. In PM 4 however, E. coli 
could not sustain and was completely eliminated within 2 days. No 
survival was observed for S. aureus in any of the media tested 
(Figure  1E), which corresponds to the observations in the growth 
experiments with lower spike-in levels. Nevertheless, incubation in 
PM3 resulted in longer survival and a slower decline for S. aureus. 

Similar to the growth results, B. cereus was able to survive in PM 1 and 
PM 3 without major changes in bacterial numbers (Figure 1F), but 
decreased in PM 2 and PM 4 without disappearing completely. As a 
control, the bacterial counts of each inoculum were determined prior 
to inoculation of the media. For each bacterial species, correct 
inoculations were observed with deviations of less than 1-log10 in the 
final medium to the inoculum. After each growth and survival 
experiment, the presence of the inoculated species was also correctly 
confirmed by MALDI-TOF identification.

3.2. Identification of packaging material 
isolates

To investigate the interaction of typical packaging material 
bacteria with different types of packaging materials, two isolates 
from PM 3 (100% recycled fibers) were collected, identified on 
species level and then tested for their growth and survival capacities. 
The MALDI-TOF identification revealed Bacillus firmus and 
Bacillus circulans for the two isolates, which was confirmed by 16S 
rRNA gene sequencing giving Cytobacillus (C.) firmus and Nialla 
(N.) circulans as a result. Cytobacillus firmus and Niallia circulans 
are both Gram-positive, rod-shaped endospore forming bacteria 
from the Firmicutes. For both species, new genera were recently 
proposed separating them from the genus Bacillus (Gupta et al., 
2020; Patel and Gupta, 2020).

3.3. Growth and survival studies on 
packaging material isolates

Both strains, C. firmus and N. circulans, were isolated from PM 
3 and showed strong growth in the PM 3 based medium consisting 
exclusively of recycled fibers (Figures 2A,B). When added to the PM 
3 medium at low initial spike-in counts (low inoculum) C. firmus 
and N. circulans reached maxima of 10.8 log10 CFU/mL and 10.2 
log10 CFU/mL, respectively, after 6 days of incubation, which clearly 
exceeded the growth capacities of tested E. coli and B. cereus strains 
in this packaging material medium. Moreover, microbial growth of 
C. firmus and N. circulans was also observed in the PM 2 medium 
composed of 50% recycled fibers, reaching up to 5.6 log10 CFU/mL 
after 6 days and 6.0 log10 CFU/mL after 3 days of incubation, 
respectively. No growth could be  observed for C. firmus and 
N. circulans in PM 1 and PM 4 media, both consisting of fresh 
fibers, which may indicate a specific interaction of these two isolates 
with packaging materials containing recycled fibers. Interestingly, 
in PM 4, C. firmus was already undetectable directly after 
inoculation at time point 0, which pointed toward an antimicrobial 
effect that emanates from this packaging material type. The 
inoculum control revealed a bacterial count of 3.2 log10 CFU/mL 
present in the medium after inoculation, thus, a 3-log10 reduction 
(99.9%) of C. firmus was observed in PM 4. This immediate 
antimicrobial effect in the PM 4 medium could also be  seen for 
N. circulans, which was reduced from 1.5 log10 CFU/mL after 
inoculation to a mean count of below 0 log10 CFU/mL (n = 2) at time 
point 0, followed by a complete elimination. When added to the PM 
3 medium at high initial spike-in counts for survival monitoring 
(high inoculum), C. firmus und N. circulans reached comparable 
counts of CFU/mL as in the growth experiments (Figures 2C,D). 
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Therefore, it confirms the extend of growth potential. Reduced 
growth of C. firmus and N. circulans was observed in PM 2 medium, 
confirming the extent of growth potential in this medium 
determined by the previous growth experiment. Unlike the food 
contaminants E. coli and B. cereus, the PM 3 isolates C. firmus and 
N. circulans could not sustain in PM 1 consisting of fresh fibers. 
While C. firmus has already disappeared completely after 1 day of 
incubation, N. circulans decreased notably but remained detectable 
in the medium for up to 7 days at levels below 1 log10 CFU/
mL. Incubation in PM 4 medium resulted in a reduction of 
C. firmus, but it was still detectable at levels below 1 log10 CFU/mL 
(Figure  2C). As for the growth experiment, an immediate 
antimicrobial effect was seen if comparing the inoculation of PM 4 
to 7.1 log10 CFU/mL final concentration with the detected number 
3 log10 CFU/mL (n = 2) at time point 0 (after 5 min), which 
corresponds to a 4-log10 reduction (99.99%) of inoculated bacteria 
(Figure 3). Although a continuous decrease over time could not 
be observed for N. circulans in PM 4 (Figure 2D), a discrepancy 
between inoculated bacteria and detected bacteria after 5 min was 
present. The inoculated bacteria of 5.5 log10 CFU/mL final 
concentration in the medium were reduced to 3.3 log10 CFU/mL, 
corresponding to a 2-log10 reduction (99%) (Figure 3). The low-level 
survival of C. firmus and N. circulans throughout the incubation 
period resembled the observations for B. cereus in PM 2 and PM 4 
(Figure 1F), suggesting a connection to the presence of endospores. 
Correct inoculations with C. firmus and N. circulans were observed 
for PM 1 and PM 2 with deviations of less than 1-log10. Inoculation 
of PM 3 tended to be more unstable which resulted in deviations of 
less than 2-log10 (Data not shown). After each growth and survival 

experiment, the presence of the inoculated species was also correctly 
confirmed by MALDI-TOF identification.

3.4. Germination and growth capabilities of 
Bacillus subtilis and Bacillus cereus 
endospores

The germination capacity of free bacterial endospores was 
assessed by including a commercial B. subtilis subsp. spizizenii spore 
suspension as well as a laboratory made spore suspension of B. cereus 
into our growth and survival experiments. For both strains, spore 
germination and subsequent growth was exclusively observed in PM 
3 medium (100% recycled fibers) (Figures 4A,B). This is in accordance 
with the results from the growth experiments with vegetative 
B. cereus, whereas lower bacterial counts were detected with a 
maximum of 5.8 log10 CFU/mL (Figure  4A). In sharp contrast to 
vegetative B. cereus cells, no decrease was observed in PM 2 and PM 
4, pointing to the increased stability of bacterial endospores compared 
to vegetative cells. Nevertheless, neither PM 1, PM 2 nor PM 4 
allowed microbial growth when bacterial endospores were added. The 
inoculation with B. subtilis endospores resulted in comparable 
observations as for B. cereus endospores (Figure  4B). Growth of 
B. subtilis was exclusively observed in PM 3 medium, but at both low 
and high bacterial inoculum up to 8.3 log10 CFU/mL (Figure 4C) and 
8.4 log10 CFU/mL (Figure  4D), respectively. Neither growth nor 
decrease of B. subtilis was seen in PM 1, PM 2 and PM 4 suggesting 
only a stable survival of dormant bacterial endospores (Figures 4C,D). 
This suggestion is supported by the correct identification of B. subtilis 

A B C

D E F

FIGURE 1

Evaluation of growth and survival of food contaminating species. Growth and survival were evaluated over time in liquid media solely consisting 
homogenized packaging materials. PM 1 (red) consists of bleached fresh fibers, PM 2 (blue) consists of 50% recycled fibers, PM 3 (green) consists of 100% 
recycled fibers, and PM 4 (yellow) consists of unbleached fresh fibers. (A) E. coli, low inoculum (1 to 3 log10 CFU/mL), (B) S. aureus, low inoculum, (C) B. 
cereus; low inoculum, (D) E. coli, high inoculum (5 to 7 log10 CFU/mL), (E) S. aureus, low inoculum, and (F) B. cereus high inoculum. All experiments were 
performed in biological duplicates. The mean with range is plotted.
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subsp. spizizenii and B. cereus using MALDI-TOF after completion of 
the experiments, as well as the generally correct inoculation with 
B. subtilis and B. cereus spores with deviations of less than 1-log10. A 

deviation of more than 1-log10 was observed for the growth 
experiment inoculation of PM 3 with B. cereus spores (Data not 
shown), however, without major effects due to growth in PM 3 

A B

C D

FIGURE 2

Evaluation of growth and survival of packaging material isolates. Growth and survival were evaluated over time in liquid media solely consisting 
homogenized packaging materials. PM 1 (red) consists of bleached fresh fibers, PM 2 (blue) consists of 50% recycled fibers, PM 3 (green) consists of 100% 
recycled fibers, and PM 4 (yellow) consists of unbleached fresh fibers. (A) Cytobacillus firmus (C. firmus), low inoculum (1–3 log10 CFU/mL), (B) Niallia 
circulans (N. circulans), low inoculum, (C) Cytobacillus firmus (C. firmus), high inoculum (5–7 log10 CFU/mL), (D) Niallia circulans (N. circulans), high 
inoculum. All experiments were performed in biological duplicates. The mean with range is plotted.

FIGURE 3

Comparison of inoculum and recovery in PM4. Comparison of the inoculum (initially spiked-in) and bacterial count after 5 min (t0) in the packaging material 
medium PM 4. Substantial reduction was only observed for Cytobacillus firmus (C. firmus, left) and Niallia circulans (N. circulans, right). Inoculum was 
prepared once (initially spiked-in). Inoculation of PM 4 and CFU counting after 5 min (t0) was done in biological duplicates. The mean with standard 
deviation is plotted.
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medium. Microscopic examination of pelleted growth media 
confirmed the limited potential of bacterial spores to germinate in 
PM 1, PM 2 and PM 4 (Figure 5). Germination of B. cereus spores was 
only observed very occasionally in PM 1 (Figure 5A), whereas no 
germination of B. subtilis was found in PM 1, PM 2 and PM 4.

3.5. Bacterial digestion of carboxymethyl 
cellulose and xylan

To investigate cellulolytic and hemicellulolytic properties, all strains 
were plated on two different media containing sodium carboxymethyl 

A B

C D

FIGURE 4

Evaluation of spore germination and growth capabilities. Spore germination and growth capabilities of B. cereus and B. subtilis endospores were evaluated 
over time in different liquid media solely consisting homogenized packaging materials. PM 1 (red) consists of bleached fresh fibers, PM 2 (blue) consists of 
50% recycled fibers, PM 3 (green) consists of 100% recycled fibers, and PM 4 (yellow) consists of unbleached fresh fibers. (A) Bacillus cereus endospores, 
low inoculum (1–3 log10 CFU/mL), (B) Bacillus subtilis endospores, low inoculum, (C) Bacillus cereus endospores, high inoculum (5–7 log10 CFU/mL), and 
(D) Bacillus subtilis endospores, high inoculum. All experiments were performed in biological duplicates. The mean with range is plotted.

FIGURE 5

Microscopic evaluation of Bacillus cereus endospore germination. Endospore germination was evaluated in liquid growth media solely based on different 
packaging materials. Spore germination was visually assessed in pelleted media using phase-contrast microscopy after 7 days of incubation at 30°C. 
Dormant bacterial spores are indicated with black arrows, while vital cells emerging from germination are indicated with empty arrows. (A) Bacillus cereus 
spores and vital bacterial cell in PM 1, (B) Bacillus cereus spores in PM 2, and (C) Bacillus cereus spores in PM 4. The packaging material medium PM 3 was 
excluded due to pronounced bacterial growth during incubation, making germination evaluation redundant.
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cellulose (CMC medium A and B) as well as one xylan-containing medium. 
Regarding the digestion of CMC, bacterial growth was only observed on 
medium A, whereas no colonies were detected on medium B indicating 
growth inhibition emanating from Remazol Brilliant Blue (Table 3). After 
spot inoculation and staining of CMC medium A, halos were observed for 
B. cereus and B. subtilis indicating bacterial cellulose degradation, including 
a double halo for B. subtilis (Figure  6). The evaluation of halo zones 
revealed large activity for B. subtilis (8.3 mm inner halo and 12.3 mm outer 
halo) and B. cereus (7.7 mm) compared to the positive control Cellulomonas 
uda (2.7 mm). However, bacterial growth of C. uda was noticeably slower, 
which resulted in very small colonies and compared to the large colonies 
of B. cereus and B. subtilis. Moreover, C. firmus turned out to be a more 
fastidious species and cellulolytic properties could not be assessed on CMC 
medium A. However, incubation on TSA supplemented with CMC 
resulted in bacterial growth, but no signs of cellulose degradation, while 
the control strain C. uda showed degradation on this medium. On xylan 
medium, all strains except for C. firmus were able to grow. After Congo red 
stain, clear halos were visible only for B. subtilis (16.7 mm) as well as for the 
positive control C. uda (8.7 mm) indicating digestion of the hemicellulose 
xylan. Incubation on control media without supplements (CMC or xylan) 
did not lead to halo formation on the respective media. Based on the results 
from previous growth experiments in packaging material media, no 
association could be established between the cellulolytic or xylanolytic 
properties and the specific microbial growth in packaging material.

3.6. Influence of the pH value of the 
packaging material on bacterial growth

Although the exact compositions of the packaging materials are not 
known, a potential factor for observed antimicrobial activity in PM 4 
could be determined by pH measurement of the media. The pH for growth 
media made of PM 1, PM 2 and PM 3 were 6.32, 7.98 and 8.21, respectively, 
and thus did not deviate widely from neutral pH. In contrast, PM 4 
medium showed a considerably lower pH of 4.46, which provides harsh 
conditions for microbial growth. In order to dissect the detrimental effects 
of pH in homogenized PM 4, the sample was additionally homogenized 
with PBS to maintain a neutral pH of 7.40 and inoculated with the test 
strains for growth monitoring. Growth experiments revealed a stable 
survival of E. coli instead of rapid decrease (Figure 7A) and prolonged 
survival of S. aureus in PM 4 with PBS (Figure 7B). For members of the 
Bacillaceae (B. cereus, N. circulans, and C. firmus) the stabilizing effect of 
buffered growth medium could not be  confirmed as the decrease of 
bacterial counts did not change notably compared to PM 4 with 0.9% NaCl 
(saline) solution (Figures  7C–E). However, the instant reduction of 
C. firmus and N. circulans in PM 4 homogenized with saline solution was 
not observed when PBS was used, giving evidence for the immediate effect 
of the pH on bacterial survival (Figure 7F). Furthermore, pH did not 

change significantly over incubation period in bacterial cultures of the 
Bacillaceae contradicting pH as the sole factor for antimicrobial activity.

4. Discussion

The awareness of food safety continues to grow and, as a result, 
there is a demand for appropriate food packaging that ensures the 
microbial integrity of food. Fiber-based packaging materials are widely 
used as primary food packaging (Deshwal et al., 2019) e.g. as bags for 
baked goods, pizza boxes, fast food containers, and especially cardboard 
crates for fruits and vegetables, as well as for secondary and tertiary 
food packaging applications. However, the effects of bacterial growth 
within these packaging materials have been scarcely studied. The 
curious lack of information regarding the microbial integrity of fiber-
based packaging materials compared to other packaging systems has 
already been stated (Brandwein et  al., 2016). A recent study 
investigating storage effects of fiber-based food packaging products on 
the microbial load reported significant reductions after 6 months of 
storage at 4°C (Zaidi et al., 2022). However, this long-term study lacked 
in more comprehensive investigations such as growth promoting 
temperatures, spiking with external microorganisms, and different time 
points. Our unique study contributes to fulfill this gap of knowledge by 
investigating the growth and survival of different species in fiber-based 
packaging materials, especially since all the packaging materials 
included are actually used in the food packaging sector (Table 1). These 
materials generally contain low quantities of bacteria per gram 
(Hladíková et al., 2015; Maitz et al., 2022), also supporting the need for 
growth studies in terms of food safety. Furthermore, our findings show 
possibilities to improve product safety but also storability and shelf life 
of both, packaged food and packaging material itself. It was suggested 
that certain packaging types select for and enrich certain 
microorganisms (Brandwein et al., 2016) which has been unequivocally 
confirmed by our results. Furthermore, we  could show that 
physicochemical interactions with fiber-based packaging materials 
contribute to the thriving environment for bacteria, rather than surface 
adhesion properties or the three dimensional cellulose fiber networks. 
The superiority of fiber-based packaging materials to plastic packaging 
regarding cross-contamination could already been shown (Siroli et al., 
2017), but explained the observed antimicrobial effects only by the 
physical structure of the porous fiber material. In contrast, 
we disintegrated the packaging material and therefore provided optimal 
growth conditions for bacteria including appropriate growth 
temperature, shaking in Erlenmeyer flasks and optimal water 
availability (water activity of 1.0). Thus, our growth-favoring model 
appears to be  more suitable to study metabolic and chemical 
interactions of microorganisms with packaging materials, but 
disregarding the physical structures. Only reduced shaking to 50 rpm 
during incubation was necessary to prevent floc formation, 

TABLE 3 Phenotypes of tested bacterial strains on different CMC media and xylan medium.

Growth 
medium

E. coli S. aureus B. cereus C. firmus N. circulans B. subtilis C. uda

CMC medium A (+) (+) 7.7 mm (−) (+) 8.3 mm (12.3 mm) 2.7 mm

CMC medium B (−) (−) (−) (−) (−) (−) (−)

Xylan medium (+) (+) (+) (−) (+) 16.7 mm 8.7 mm

If visible colonies with clear halos were detected, the sizes of the halos are shown in mm. If a second, outer halo was visible, the size in mm is given in brackets. (+) indicates visible colonies without 
any halo on the respective growth medium, while (−) indicates no visible microbial growth.
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guaranteeing maximal access to fibers and other compounds at the 
expense of not maximizing oxygen supply. Although in everyday food 
storage water activities above 0.9 and temperatures above 30°C are 
rarely reached, the present study investigated the basic principles of 
growth of different microorganisms in fiber-based packaging materials 
in very growth promoting conditions. Since a potential contact with 
liquids, e.g., rain, condensation, should not be  neglected and 
appropriate storage temperatures might fail, this work gives a 
fundamental insight into the interaction of bacteria with the packaging 
material itself for a general risk assessment. In general it has long been 
known that microorganisms can decompose fiber-based materials 
(Ntaikou et  al., 2009), which is a key aspect for an ecological and 
sustainable packaging material. Our study could reveal that microbial 

growth in the fiber-based materials is possible, but it depends on highly 
specific interactions of certain microorganisms with certain types of 
packaging material. Just because a species can grow in one packaging 
material does not imply it will grow in another due to the vast variety 
of different packaging types. Interestingly, E. coli was the only species 
able to grow in a bleached fresh fiber medium. The isolates C. firmus 
and N. circulans, on the other side, could only grow in two materials 
that contained recycled fibers, and growth of B. cereus was restricted to 
a material composed entirely of recycled fibers. These three species, 
belonging to the Bacillaceae, are typical packaging inherent bacteria 
(Suihko et  al., 2004; Lalande et  al., 2014; Schmid et  al., 2021) and 
appeared to be specifically adapted to the composition of the recycled 
fibers materials. Evaluation of spore germination is essential, since 

FIGURE 6

Cellulose degrading phenotypes of Bacillus cereus, Bacillus subtilis and Cellulomonas uda. Spot inoculation of B. cereus, B. subtilis and C. uda (control) on 
CMC medium A. Plates were stained with 0.1% Congo red solution to highlight CMC degradation indicated by clear halo formation. Two halos were 
observed for B. subtilis.

A
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FIGURE 7

Influence of PBS and saline solution on microbial survival in PM 4. Comparison of microbial survival in PM 4 growth media based on PBS or saline solution 
(0.9% NaCl). Packaging material PM 4 was homogenized either with PBS (orange, pH = 7.40) or with saline solution (blue, pH = 4.46) and inoculated with 5–7 
log10 CFU/mL for survival monitoring of the test strains (A–E). The mean with range is plotted. Additionally, the prepared inoculum and the bacterial counts 
after 5 min (t0) in the packaging material medium PM 4 were compared for C. firmus and N. circulans (F). The mean with standard deviation is plotted.

120

https://doi.org/10.3389/fmicb.2023.1099906
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Schmid et al. 10.3389/fmicb.2023.1099906

Frontiers in Microbiology 10 frontiersin.org

endospore forming bacteria comprise the major part of packaging 
inherent bacteria (Väisänen et al., 1991; Suihko et al., 2004). As a matter 
of fact, these aerobic mesophilic spore-forming bacteria have no 
medical significance in most cases. From an industrial standpoint, 
however, germination and subsequent growth of packaging inherent 
bacteria could affect the product quality. Here again, spore germination 
and growth was associated with the secondary food packaging material 
made of 100% recycled fibers. This underlines the increased microbial 
integrity of fresh fiber products that come into direct contact with food 
compared to recycled packaging materials. This is also supported by the 
fact that increased recycling content correlates with increased bacterial 
load (Hladíková et al., 2015). The actual role of the fiber type, however, 
remains ambiguous, since manufacturing of recycled packaging 
materials also involves numerous additives and fillers such as starch 
and calcium carbonate (Hubbe and Gill, 2016). Unfortunately, the 
industry partners did not disclose the exact ingredients of the packaging 
materials only giving fiber-type and current application in the food 
packaging sector. Therefore, upcoming research should focus on the 
identification and the actual role of additives from a microbiological 
point of view. Furthermore, the negligible influence of the fibers is 
supported by the divergent cellulolytic and xylanolytic phenotypes of 
the tested bacteria, which did not allow any correlation with their 
growth potential. Since cellulose fibers are an integral part of fiber-
based packaging materials, they can be denied a crucial role as a source 
of nutrients. The same applies to hemicelluloses, which are 
heteropolymers consisting of various sugar monomers. They are usually 
removed to varying degrees during the manufacturing of packaging 
materials and are also known as nutrients for microorganisms 
(Wedekind et al., 1988; Hu et al., 2013). However, the digestion of xylan 
was limited to B. subtilis indicating that hemicellulose digestion may 
not be a major contributor to microbial growth. Still, a hemicellulose 
contribution to microbial growth cannot be ruled out completely due 
to the exceptionally diverse class of hemicelluloses. More research on 
bacterial degradation of different hemicelluloses would be required, 
especially within complex materials. Methodologically, the specificity 
of CMC agar-based assays has been doubted (Johnsen and Krause, 
2014). Nevertheless, it proved to be a valid screening tool, and we were 
able to demonstrate the independence of microbial growth from 
cellulolytic enzymes. Generally, the food packaging sector constantly 
strives for novel packaging strategies to extend shelf life, minimize 
cross-contamination and control microbial growth. This led to the 
continuous development of newly functionalized biomaterials, thin 
films and coatings to achieve antimicrobial food packaging. Novel 
approaches in active food packaging often use CMC, chitosan or poly 
lactic acid films, which are coupled with bioactive components such as 
ZnO, Ar or TiO2 nanoparticles, or quaternary ammonium compounds 
(Li et al., 2017, 2018). Despite their antimicrobial effectiveness, these 
functionalization strategies are associated with high costs and product 
safety has hardly been evaluated. There have been only few studies 
evaluating the interaction of microorganisms with already established 
food packaging materials (Brandwein et al., 2016; Siroli et al., 2017). A 
more detailed investigation of these materials can contribute to finding 
the appropriate packaging material for different applications from a 
microbiological perspective. Furthermore, it can reveal new targets for 
potential functionalization and elucidate already existing properties 
typical for active food packaging, such as the prevention of microbial 
growth. In our study, we could observe the strongest growth using the 
packaging material consisting exclusively of recycled fibers (PM 3). 

However, according to the manufacturer, this packaging material is not 
intended for direct contact with food, so the risk of cross-contamination 
of food is not possible. On the other side, all packaging materials 
intended for direct food contact prevented the growth of S. aureus and 
B. cereus. Based on these findings, fiber-based food packaging materials 
can be developed to prevent microbial growth in the packaging itself. 
Nevertheless, food processing hygiene is much more crucial for food 
safety, than the negligible risk that emanates from the fiber-based 
packaging materials (Ekman et al., 2009). We also detected a low pH of 
4.5, which resulted in reduced survival for all tested bacterial species in 
PM 4. Unfortunately, we were not able to find the cause of this low pH 
and possible sources are manifold. Nevertheless, lowering of the pH has 
been known for a long time and is still used in food preservation to 
prevent microbial growth. Taking into account the relevant standards 
for food packaging materials (European Parliament, 2004) and the 
technical requirements during production, adjustment of the pH could 
provide a cost-effective and consumer-safe functionalization strategy 
of already established packaging materials. The fact that buffered media 
did not compensate all growth inhibiting effects strongly suggests 
further antimicrobial compounds active in the packaging medium. This 
also supports the need for further investigation of fiber-based packaging 
materials to find cost-effective and sustainable solutions with active 
packaging properties. Evaluation of bacterial growth in packaging 
materials is essential for future risk assessment in the food packaging 
sector. Our study provides information on the growth capacities but it 
is limited in the mathematical description of distinct growth 
parameters, mostly due to the strongly diverging growth phenotypes 
with different lag, log and stationary phases for the test strain in the 
diverse growth media. The focus on qualitative growth assessment 
rather than quantitative growth analysis, along with the small sample 
size of packaging materials, also resulted in a limited statistical analysis 
of the data. Nevertheless, all experiments were performed in replicates 
and descriptive statistics are given. Based on the results of this study, 
upcoming research will therefore concentrate on the growth kinetics in 
fiber-based packaging materials, taking mathematical models for 
bacterial growth into account.
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Physicochemical property, volatile 
flavor quality, and microbial 
community composition of Jinhua 
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The physicochemical property, volatile flavor compounds, and microbial 
community structure of Jinhua fatty ham (FH) and lean ham (LH) were investigated 
and compared by high-throughput sequencing and HS-GC-IMS. Results showed 
that FH had higher pH and slightly lighter and yellower color than LH. Meanwhile, 33 
volatile flavor compounds were identified from FH and LH, among which LH showed 
higher abundance of total alcohols and acids, but FH had generally richer aldehydes, 
ketones, esters, heterocyclic, and sulfur-containing compounds. Moreover, FH and 
LH did not have significant difference in α-diversity of bacterial community, but 
LH presented a much lower α-diversity of fungal community than FH. Besides, the 
dominant microorganisms (relative abundance >2%) in FH were Ruminococcaceae 
UCG-005, Staphylococcus, Ruminococcaceae UCG-014, Meyerozyma, and 
Aspergillus at the genus level, while in LH were Staphylococcus, Psychrobacter, 
Halomonas, Propionicicella, Ruminococcaceae UCG-005, Meyerozyma, 
Yamadazyma, and Aspergillus. Furthermore, the analysis of Pearson’s correlation 
and metabolic network confirmed that the discriminative flavor compounds of 
FH were mainly β-oxidation and degradation products of fatty acids, while those 
of LH were mostly derived from the Strecker reaction or microbial metabolism of 
amino acids. The present study could help understand the potential pathway of 
characteristic microorganisms affecting flavor formation of fat-deficient dry-cured 
hams and provide theoretical supports for developing healthier fermented meat 
products.

KEYWORDS

Jinhua ham, fatty ham, lean ham, volatile flavor compound, bacterial community, 
fungal community, GC-IMS, high-throughput sequencing

1. Introduction

Chinese dry-cure ham is a traditional fermented meat product with a long history of over 
1,000 years (Li et al., 2022). Jinhua ham, considered one of the most representative Chinese 
dry-cured hams, is widely prevalent around the world due to its unique flavor and abundant 
nutrients (Li W. et al., 2021; Wang et al., 2021). Jinhua hams are produced from fresh hind legs 
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of pigs through a long processing procedures, mainly including raw 
material selection, salting, dry-ripening, and post-ripening, which 
usually spend several months (Zhou et al., 2021a). The fats, proteins, 
and glycogens in raw hams can be degraded into large amounts of 
amino acids, fatty acids, and pyruvates during the dry-ripening, 
which further produce the characteristic flavor compounds of 
dry-cured hams through diverse chemical reactions, such as 
β-oxidation, deamination, Strecker degradation, and Millard reaction 
(Martínez-Onandi et al., 2017; Bosse et al., 2018; Shi et al., 2019). 
Hence, fat plays a crucial role in the formation of unique flavor of 
Jinhua hams. However, high-level fats or polyunsaturated fatty acids 
in meats are sensitive to oxidative deterioration, which are related 
with the rancid smell and may have a side effect on consumers’ 
acceptance (Benet et al., 2015; Zhou et al., 2021b). In addition, the 
consumption of foods with high-level saturated fats could 
be  associated with an increased risk of cholesterol-related 
cardiovascular pathologies (Trevisan et al., 1990; Benet et al., 2016). 
Therefore, the lean ham (LH), manufactured from the pork hind leg 
removed skin and fat tissues, are more and more popular among 
consumers, especially populations with health concerns. Nevertheless, 
the physicochemical property and flavor quality were rarely studied 
for LH, even though sufficiently reported for normal fatty hams (FH). 
Moreover, the effect of fat deficiency on the flavor characteristics of 
dry-cured hams was also not investigated yet.

On the other hand, the aforementioned complex reactions 
producing unique flavor compounds are dependent on the enzymatic 
actions of not only endogenous enzymes but also microbial enzymes 
(Petrova et al., 2015; Wang et al., 2021). Recent studies reported that 
various microorganisms could promote the formation of 
characteristic flavor and quality property of dry-cured hams by 
performing proteolysis, lipolysis, and oxidation activities (Toledano 
et al., 2019; Chen et al., 2021; Li et al., 2022). Meanwhile, several 
reports focused on the composition of microbial communities and 
relative content of volatiles in Jinhua FH (Ge et al., 2017; Wang et al., 
2021; Deng et  al., 2022). Moreover, the core microorganisms in 
Jinhua FH, such as Staphylococcus, Lactobacillus, Debaryomyces, and 
Apiotrichum, have been identified positively associated with the flavor 
compounds derived from the catabolism of amino acids, such as 
some branched aldehydes and heterocyclic compounds (Zhou et al., 
2022). However, there is still a lack of comprehensive knowledge on 
microbial community of Jinhua LH. Furthermore, the potential 
metabolic pathway of core bacteria/fungi affecting flavor formation 
in LH was also not understood.

Therefore, the objective of this study was firstly, to compare the 
physicochemical property, volatile flavor quality, and microbial 
community composition of Jinhua FH and LH, and secondly, to 
explore the correlations and connections between core microbes and 
differential flavor compounds. The color, pH, water activity, chemical 
composition, and nitrite residue of both FH and LH were determined. 
The headspace-gas chromatography-ion mobility spectrometry 
(HS-GC-IMS) and high-throughput sequencing of 16S rRNA/ITS 
genes were also utilized to analyze volatile flavor profiles and 
bacterial/fungal communities, respectively. Furthermore, the analysis 
of correlation and metabolic network was applied for the exploration 
of relationship between core microorganisms and volatiles. The 
information obtained from this study could help understand the 
potential pathway of characteristic microorganisms influencing flavor 
formation of dry-cured hams under the condition of fat deficiency.

2. Materials and methods

2.1. Processing and sampling of Jinhua fatty 
ham and lean ham

The Jinhua hams used in the present study were prepared and 
sampled in Jinhua Jinnian Ham Co., Ltd (Zhejiang, China). Six fresh hind 
legs (14.5 ± 0.5 kg, pH = 5.9 ± 0.2) of domestic pigs (Large White × 
Landrace) were used to prepare Jinhua FH and LH following the 
procedures of Zhou et al. (2021a) with some modifications. For Jinhua 
FH, three whole hind legs were salted for 75 days with 0.014% NaNO2 and 
10% NaCl per leg, followed by soak cleaning for 1 day and sun-drying for 
1 day. Subsequently, hind legs were dehydrated for 7 days in a dehydration 
plant, sun-dried for another day, and then ripened for 180 days in a 
dry-ripening room. During the ripening, the ambient temperature 
progressively increased from 5°C to 35°C, while the relative humidity 
gradually decreased from 85 to 65%. Afterward, legs were further post-
ripened for about 30 days at room temperature (25°C), and the hams were 
finally obtained when the weight loss reached approximately 40% of the 
initial weight. For Jinhua LH, the skins and fat tissues were firstly trimmed 
off from the other three hind legs. The final hams were also obtained 
following the gradual procedures of salting, soak cleaning, sun-drying, 
dehydrating, secondary sun-drying, dry-ripening, and post-ripening, 
which were all performed under the same conditions with Jinhua 
FH. Furthermore, as described by Chen et  al. (2021) with minor 
modifications, approximately 5 cm × 2 cm × 0.2 cm pieces were cut from 
the surface of the biceps femoris muscle of each ham, which were used for 
the fungal community determination. Meanwhile, about 20 g interior 
samples were taken from the central fraction (about 3–4 cm depth) of the 
biceps femoris muscle of each ham, which were used for the evaluation of 
physicochemical parameters, volatile flavor compounds, and bacterial 
community. All samples were vacuum-packaged and frozen at-80°C until 
further analysis.

2.2. Measurement of color, pH, and water 
activity (aw)

The color, pH and water aw were measured following the methods of 
our previous studies (Li H. et al., 2021; Zhang et al., 2022) with minor 
modifications. The color of samples was directly detected using a 
colorimeter (NH310, 3NH Technology Co., Ltd., China), where the L, a*, 
and b* values represent lightness, redness/greenness, and yellowness/
blueness, respectively. A white standard plate with the L, a*, and b* values 
of 99.46, 0.19, and −1.98, respectively, was used for calibration before 
color detection. The pH value was determined using a portable pH meter 
(Testo 205, Testo Instruments Co., Ltd., Shenzhen, China) equipped with 
a piercing pH probe and a temperature-compensated temperature probe. 
The aw value was determined with an intelligent water activity meter 
(HD-4, Huake Instrument and Meter Co., Ltd., Wuxi, China).

2.3. Detection of chemical composition

The chemical composition of ham samples was detected as described 
by our previous study (Zhang et al., 2017) with minor modifications. 
Briefly, the total contents of moisture, protein, fat, and minerals were 
analyzed by the method of direct drying (GB/T 5009.3–2016), Kjeldahl 
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(ISO 5983-1997), Soxhlet extraction (ISO 1444-1996), and dry-ashing 
(ISO 5984-2002), respectively.

2.4. Estimation of nitrite residue

According to the method of Liu et  al. (2019) with minor 
modifications, the content of residual nitrite was detected with a nitrite 
assay kit following the manufacturer’s instruction (Nanjing Jiancheng 
Bioengineering Institute, Nanjing, China). Briefly, ham samples were 
dispersed into distilled water and filtrated, followed by the reaction with 
sulphanilamide solution and N-naphthyl-ethylenediamine 
dihydrochloride. The nitrite content was calculated based on the 
absorbance of supernatant at 550 nm, which was assayed using an 
ultraviolet–visible spectrophotometer (UV-1750, Shimadzu, 
Kyoto, Japan).

2.5. Determination of volatile flavor 
compounds

As described by Liu et  al. (2020) with minor modifications, the 
volatile flavor compounds of ham samples were identified by a 
headspace-gas chromatography-ion mobility spectrometer (HS-GC-IMS; 
Flavorspec, G.A.S. Instrument, Germany) equipped with a SE-54 capillary 
column (15 m × 0.53 mm × 1 μM). Samples were firstly cut into 
approximately 1 cm × 1 cm × 1 cm cubes and minced by an analytical 
grinder (Aika Instrument Equipment Co., Ltd., Guangzhou, China). Then 
2 g samples were put into a 20 ml headspace sampling vial and incubated 
at 60°C for 20 min. Afterward, 500 μL headspace was injected into the 
injector automatically with a heated syringe at 85°C. Subsequently, 
samples were transferred into the capillary column by high-purity 
nitrogen (>99.99%) at the following programmed flow rates: initially 2 ml/
min for first 2 min, then 10 ml/min for 8 min, next 100 ml/min for 10 min, 
and eventually 150 ml/min for 5 min. Meanwhile, the temperature of 
column and drift tube was kept as 60°C and 45°C, respectively, and the 
flow rate of drift gas (nitrogen gas, >99.99% purity) was maintained as 
150 mL/min.

The IMS data were analyzed using the instrumental laboratory 
analysis view (LAV) software with the Reporter, Gallery Plot, and 
Dynamic PCA plug-in applications. The volatile flavor compound was 
identified by comparing the retention index (RI) and drift time (DT) with 
the NIST library and IMS database retrieval software obtained from 
G.A.S. The intensities of these compounds were calculated based on the 
height of selected signal peaks.

2.6. Analysis of bacterial and fungal 
communities

The analysis of microbial communities, including the compositions 
of both fungi and bacteria, were performed by high-throughput 
sequencing following the procedures of Chen et al. (2021) and Wang et al. 
(2021) with some modifications. The total genome DNA of bacteria and 
fungi was extracted using a Cetyltrimethylammonium Bromide (CTAB) 
method following the manufacturer’s instructions of the genomic DNA 
extraction kit. The V3-V4 hypervariable regions of bacterial 16S rRNA 
genes were amplified with the forward 
primer 5’-CCTAYGGGRBGCASCAG-3′ and reverse primer 

5′-GGACTACNNGGGTATCTAAT-3′. The ITS1-1\u00B0F regions of 
fungal ITS genes were amplified with the forward primer 
5′-CTTGGTCATTTAGAGGAAGTAA-3′ and reverse primer 
5′-GCTGCGTTCTTCATCGATGC-3′. All PCR reactions were 
conducted in 30 μL reactions with 15 μL Phusion® High-Fidelity PCR 
Master Mix (New England Biolabs), 0.2 μM forward and reverse primers, 
and approximately 10 ng template DNA. PCR products were then mixed 
in equidensity ratios and purified through the Axy Prep DNA Gel 
Extraction Kit (AXYGEN; for bacteria) or Qiagen Gel Extraction Kit 
(Qiagen, Germany; for fungi).

The data sequencing was carried out according to the procedures of 
Wang et  al. (2021) and Li et  al. (2022) with some modifications. 
Sequencing libraries were generated using the NEB Next® Ultra™ DNA 
Library Prep Kit for Illumina (NEB, United  States; for bacteria) or 
TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, United States; 
for fungi) following the manufacturer’s recommendations and index 
codes were added. The library quality was evaluated on the Qubit@ 2.0 
Fluorometer (Thermo Fisher Scientific) and Agilent Bioanalyzer 2,100 
system. Then the library was sequenced on the Illumina Miseq/HiSeq2500 
(for bacteria) or NovaSeq (for fungi) platform. Afterward, the QIIME 
(V1.9.1) quality controlled process was performed to filter raw reads to 
obtain high-quality clean reads. The reads were compared with the 
reference database (Silva database) using the UCHIME algorithm to 
detect chimera sequences, and the chimera sequences were removed to 
acquire the effective clean reads. The sequence analysis was performed 
using the UPARSE algorithms. Sequences with ≥97% similarity were 
assigned to the same operational taxonomic units (OTUs), and 
representative sequences for each OTU were screened for further 
annotation. The significance of differences in microbial communities was 
statistically analyzed based on the relative abundance of bacteria or fungi 
at various levels, mainly including phylum, genus, and species. The 
α-diversity was presented via the Shannon index, Simpson index, ACE 
index, Chao 1 index, and observed species, while the β-diversity was 
assayed by the principal coordinate analysis (PCoA).

2.7. Statistical analysis

All experiments were performed in triplicate with the results shown 
as average ± standard deviation. Tables were made by the Microsoft Excel 
2016 software, while figures were drawn with the Origin V2021 
(Origin-Lab, Northampton, United States) and Microsoft PowerPoint 
2016. Analysis of variance (ANOVA) was performed using the SAS V8 
software (SAS Institute Inc., Carry, United  States), while analysis of 
Pearson’s correlation and hierarchical cluster (HCA) was conducted by 
the plug-in applications in Origin V2021. Differences among mean values 
were established with the Duncan multiple range test. The significant 
difference was confirmed when p < 0.05.

3. Results and discussion

3.1. Differences In physicochemical 
properties

The physicochemical property of dry-cure ham was closely associated 
with the flavor quality and microbial diversity (Domínguez et al., 2022). 
The physicochemical parameters of internal samples from Jinhua FH and 
LH, including color, water activity (aw), pH, chemical composition, and 
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nitrite residue, are shown in Table 1. It is clear that there is no significant 
distinction between the a* values (redness) of FH and LH (p > 0.05). 
However, FH showed slightly higher L and b* values than LH (p < 0.05), 
suggesting that the color of FH was slightly lighter and yellower than that 
of FH. This result may be attributed to their difference in the redox degree 
of proteins, especially the myoglobin and hemoglobin (Parolari et al., 
2016). Specifically, myoglobin and hemoglobin are the main pigments 
responsible for the color of dry-cured hams (Parolari et al., 2016; Zhou 
et al., 2021b), and the lack of protection by fat and skin tissues might allow 
more myoglobins/hemoglobins in LH to be oxidized during dry-ripening, 
possibly resulting in the darker color of LH.

Besides, the aw values of FH and LH were not obviously different 
(p > 0.05) and both far under 0.85, which was a low aw that protects hams 
from most harmful microbes and meanwhile allows the growth of salt-
consuming and flavor-generating bacteria/fungi (Chen et  al., 2021). 
However, LH exhibited a remarkable lower pH than FH (p < 0.05). Bosse 
et al. (2018) reported that a pH of 6.0–6.2 would cause a higher microbial 
risk and reduced water diffusion ability in hams, while hams with pH of 
5.6–6.0 have more desirable saltiness, color, and texture. The pH values of 
FH and LH were 6.08 ± 0.03 and 5.75 ± 0.04, respectively, suggesting that 
LH might has higher sensory quality and edible safety than FH. The 
distinct pH values of FH and LH was probably attributed to their 
distinction in the intensity of acids generated during ripening (Table 2; 
Figure 1).

Furthermore, these two hams also exhibited no significant difference 
in chemical compositions (p > 0.05). The moisture content of both FH and 
LH (around 31.5%) was similar with that of Mianning hams reported by 
Chen et al. (2021), which is low enough to prevent spoilage and improve 
quality of hams. This result was also consistent with the aw data as 
mentioned above, since the water content is usually considered positively 
correlated with the water activity. Meanwhile, the minerals in hams can 
be mainly salts (Domínguez et al., 2022), hence FH and LH showed 
similar mineral contents (about 8.50%; p > 0.05) because of the same 
adding amount of NaCl during salting. Additionally, the nitrite residues 
were 1.13 ± 0.21 and 1.57 ± 0.12 for FH and LH, respectively, without 
marked distinction (p > 0.05) and far under the secure nitrite residue 
limits (30 mg/kg) for meat products in China (Chen et al., 2021). On the 
other hand, the pigments contributing to the rose-red color of dry-cured 
hams are mainly nitromyoglobins and nitrohemoglobins, which are the 

product of reactions between nitrites/nitrates and myoglobins/
hemoglobins (Parolari et al., 2016). Therefore, the similar nitrite residue 
of FH and LH suggested a same nitrite consuming amount for the 
production of red pigments, which can be  the main reason for their 
similar redness (a* value) as mentioned above. Overall, the data shown in 
Table 1 indicate that LH had an obviously lower lightness, yellowness, and 
pH than FH, probably resulting from their discrimination in oxidation 
and fermentation products.

3.2. Comparison of volatile flavor 
compounds

The volatile flavor profiles of internal samples from Jinhua FH and LH 
were analyzed by HS-GC-IMS and results are illustrated as a two-dimension 
spectra plot (Figure  2). The y-axis and x-axis in Figure  2 showed the 
retention time (RT) of GC and the relative drift time (DT) of ions, 
respectively (Liu et al., 2020). Meanwhile, the red line representing x = 1.0 
was the reactive ion peak (RIP). Besides, each data point corresponded to a 
volatile flavor compound, and its color indicated the intensity of volatile (Li 
et  al., 2019). Specifically, the blue and white colors represented a low 
intensity of volatiles, whereas the yellow and red colors showed a high 
intensity of compounds. It is exhibited that the two hams showed similar 
number of ion peaks within the DT range of 1.0–1.7 ms, suggesting that the 
numbers of main identified volatiles were not obviously different in FH and 
LH. However, the data points (ion peaks) of FH mostly showed a redder 
color or bigger size than those of LH, indicating that FH had an overall 
higher intensity of volatile flavor than LH.

Furthermore, to compare the finger-print of characteristic volatiles in 
FH and LH, the Gallery plot plug-in was utilized with results presented 
in Figure 3. Each row in Figure 3 represented a single volatile flavor 
compound, which could correspond to a single signal (monomer) or a 
pot (dimer) in the IMS spectra plot (Figure  2) depending on its 
concentration (Arroyo-Manzanares et al., 2018). As shown in Figure 3, a 
total of 33 volatile compounds were identified, which can be classified into 
7 chemical families. In details, there were 7 alcohols, 8 ketones, 10 
aldehydes, 4 esters, 2 acids, 1 heterocyclic compound, and 1 sulfur-
containing compound. These findings were in accordance with the 
reports of Liu et al. (2020), Wang et al. (2021), and Li et al. (2022) on the 
volatile profiles of Jinhua hams.

The profiles of individual volatile flavor compounds were further 
analyzed with data shown in Table 2. Aldehydes are known as the major 
contributors to the unique flavor of fermented meats due to their high 
concentrations and low aroma thresholds (Liu et al., 2020; Wang et al., 
2021). As exhibited in Table  2, hexanal, 2-methylbutanal, and 
3-methylbutanal were the richest aldehydes in both FH and LH, followed 
by 2-methylpropanal (for FH) or phenylacetaldehyde (for LH), in 
accordance with the findings of Wang et al. (2021) on the volatiles of Jinhua 
hams. Hexanal is regarded as the major lipid oxidation product in dry-cured 
hams, and a low-content hexanal generally provides a pleasant grassy, fruity, 
and green odor (Benet et al., 2015; Domínguez et al., 2022). 2-methylbutanal, 
3-methylbutanal, and 2-methylpropanal are all branched aldehydes, 
deriving from oxidative deamination and decarboxylation of valine, leucine, 
and isoleucine through Strecker degradation (Narváez-Rivas et al., 2014). 
Meanwhile, they are also medium-chain (C4-C9) aliphatic aldehydes, 
which were considered responsible for grassy, fatty, and/or nutty flavors of 
meat products (Liu et  al., 2020; Wang et  al., 2021). Furthermore, the 
abundances of most identified aldehydes were significantly lower (p < 0.05) 
or similar (p > 0.05) in LH compared with those in FH. Noteworthily, only 

TABLE 1 Physicochemical parameters of internal samples from Jinhua FH 
and LH.

Physicochemical 
indexes

FH LH

L 29.44 ± 0.89a 25.33 ± 0.36b

a* 12.38 ± 0.11a 12.11 ± 0.27a

b* 5.27 ± 0.83a 3.43 ± 0.85b

aw 0.71 ± 0.09a 0.73 ± 0.01a

pH 6.08 ± 0.03a 5.75 ± 0.04b

Moisture (%) 31.90 ± 6.47a 31.37 ± 3.88a

Protein (%) 46.53 ± 3.75a 44.10 ± 1.87a

Mineral (%) 8.43 ± 1.05a 8.67 ± 1.06a

Fat (%) 4.60 ± 0.80a 3.23 ± 0.91a

Nitrite (mg/kg) 1.13 ± 0.21a 1.57 ± 0.12a

Different lowercases within the same row denote significant differences between Jinhua FH and 
LH (p < 0.05). FH, fatty ham; LH, lean ham.
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TABLE 2 Intensities of 33 identified volatile flavor compounds from Jinhua FH and LH by HS-GC-IMS.

Volatile flavor 
compound

RI RT (s) DT (ms) Intensity (V) Odor description

FH LH

Alcohols (7)

1-Octen-3-ol (M) 984.1 564.06 1.159 503.76 ± 6.15a 274.88 ± 13.82b Mushroom, earthy, green, 

oily, fungal, and raw 

chicken

1-Pentanol (M) 764.0 250.95 1.252 493.27 ± 12.62a 412.24 ± 11.95b Fusel oil, sweet, and 

balsam1-Pentanol (D) 761.8 248.94 1.504 199.36 ± 6.12a 105.39 ± 3.98b

Ethanol (M) 460.0 102.79 1.047 1002.96 ± 11.62a 417.87 ± 6.27b Strong alcoholic, ethereal, 

and medical

2-Propanol (M) 492.9 112.30 1.093 797.08 ± 20.78b 2096.11 ± 73.43a Alcohol, musty, and 

woody

1-Hexanol (M) 868.8 364.51 1.639 71.06 ± 0.37a 30.14 ± 4.30b Ethereal, fusel oil, fruity, 

alcoholic, and sweet green

3-Hexen-1-ol (M) 854.8 346.98 1.233 45.35 ± 3.40b 179.71 ± 2.83a Fresh, green, cut grass, 

foliage vegetable, herbal, 

and oily
3-Hexen-1-ol (D) 855.1 347.34 1.515 27.70 ± 6.54b 95.37 ± 12.43a

3-Methyl-1-butanol (M) 729.6 221.15 1.246 679.72 ± 7.45b 1049.00 ± 13.76a Fusel oil, alcoholic, 

whiskey, fruity, and 

banana
3-Methyl-1-butanol (D) 732.4 223.45 1.488 990.89 ± 14.04a 787.58 ± 7.39b

Ketones (8)

3-Octanone (M) 990.4 577.91 1.303 159.31 ± 13.96a 72.22 ± 0.52b Fresh, herbal, lavender, 

sweet, and mushroom

6-Methyl-5-hepten-2-one 

(M)

990.9 578.83 1.178 65.32 ± 2.46a 43.86 ± 3.84b Citrus, green, musty, 

lemongrass, and apple

2-Octanone (M) 995.4 589.04 1.334 115.78 ± 6.85a 67.28 ± 2.40b Earthy, weedy, natural 

woody, and herbal

2-Heptanone (M) 890.9 394.27 1.261 660.05 ± 11.70a 320.17 ± 15.8b Fruity, spicy, sweet, herbal, 

coconut, and woody2-Heptanone (D) 890.3 393.34 1.636 460.71 ± 20.68a 155.21 ± 1.46b

3-Hydroxy-2-butanone (M) 706.1 202.82 1.051 511.53 ± 11.82a 320.74 ± 2.83b Sweet, buttery, creamy, 

dairy, milky, and fatty3-Hydroxy-2-butanone (D) 706.6 203.21 1.331 347.91 ± 6.76a 172.67 ± 2.35b

2-Butanone (M) 582.2 142.82 1.061 852.91 ± 27.62a 712.45 ± 17.96b Acetone-like, ethereal, 

fruity, and camphor2-Butanone (D) 582.2 142.82 1.249 5370.31 ± 127.24a 2892.93 ± 88.18b

Acetone (M) 489.2 111.19 1.122 4875.18 ± 109.71a 3946.4 ± 204.50b Solvent, ethereal, apple, 

and pear

2-Pentanone (M) 684.0 187.89 1.376 299.59 ± 26.72a 370.21 ± 49.84a Sweet, fruity, ethereal, 

wine, banana, and woody

Aldehydes (10)

n-Nonanal (M) 1103.1 790.53 1.473 458.85 ± 18.37a 394.49 ± 28.14b Waxy, aldehydic, rose, 

fresh, orris, orange, peel, 

fatty, and peely

Phenylacetaldehyde (M) 1046.9 678.37 1.253 838.99 ± 87.35b 1025.35 ± 21.09a Green, sweet, floral, 

hyacinth, clover, honey, 

and cocoa

Benzaldehyde (M) 957.3 508.64 1.152 701.51 ± 14.23a 358.10 ± 3.70b Strong, sharp, sweet, 

bitter, almond, and cherryBenzaldehyde (D) 957.6 509.33 1.472 287.89 ± 18.00a 111.62 ± 11.07b

Heptanal (M) 899.5 407.29 1.332 735.02 ± 10.05a 676.13 ± 63.83a Fresh, aldehydic, fatty, 

green, herbal, wine-lee, 

and ozone
Heptanal (D) 898.7 406.05 1.700 339.87 ± 24.74a 364.63 ± 95.29a

(Continued)
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the phenylacetaldehyde showed a relatively higher richness in LH (p < 0.05). 
Phenylacetaldehyde is originated from the Strecker degradation of 
phenylalanine and might contribute to the spicy sensation of hams (García-
González et al., 2008).

Ketones are another important flavor component in dry-cured meat 
products, and the high-intensity ketones are usually associated with the 
creamy, fruity, cooked, and spicy flavor characteristics (Zhu et al., 2018). 
The most abundant ketones in the two hams were 2-butanone and acetone 

(p < 0.05; Table 2). Acetone could be mainly transferred from acetyl-CoA, 
one of the major degradation products of glycogens in the muscle, and 
imparts a buttery taste and fruity aroma to meat products (Shi et al., 2019; 
Li W. et al., 2021). 2-butanone and other methyl ketones are produced via 
the decarboxylation of β-keto acids or the β-oxidation of saturated fatty 
acids, and act as precursors in the formation of fatty flavor during the 
ripening of meats (Pham et al., 2008; Shi et al., 2019). Besides, FH had 
significantly higher intensities in almost all identified ketones than LH 

TABLE 2 (Continued)

Volatile flavor 
compound

RI RT (s) DT (ms) Intensity (V) Odor description

FH LH

Hexanal (M) 789.8 275.65 1.564 3640.15 ± 347.86a 3153.10 ± 219.67a Fresh, green, fatty, 

aldehydic, grass, leafy, 

fruity, and sweaty

Pentanal (M) 696.8 196.03 1.181 526.97 ± 25.28a 426.90 ± 12.33b Fermented, bready, fruity, 

nutty, and berryPentanal (D) 693.4 193.58 1.422 337.35 ± 68.60a 457.12 ± 83.29a

2-Methylbutanal (M) 661.6 176.87 1.403 3545.00 ± 9.58a 2102.76 ± 28.43b Musty, cocoa, phenolic, 

coffee, nutty, malty, 

fermented, fatty, and 

alcoholic

3-Methylbutanal (M) 643.0 168.25 1.411 5331.26 ± 80.80a 3386.63 ± 13.16b Ethereal, aldehydic, 

chocolate, peach, and fatty

Octanal (M) 1009.5 612.88 1.406 487.59 ± 18.22a 510.4 ± 63.07a Aldehydic, waxy, citrus, 

orange, peel, green, 

herbal, fresh, and fatty
Octanal (D) 1009.0 612.04 1.831 61.05 ± 5.04a 69.99 ± 13.53a

2-Methylpropanal (M) 550.3 131.08 1.107 1110.38 ± 27.14a 614.7 ± 4.31b Fresh, aldehydic, floral, 

and green2-Methylpropanal (D) 559.6 134.41 1.282 513.10 ± 60.84a 384.57 ± 8.87b

Esters (4)

γ-Butyrolactone (M) 915.5 433.14 1.086 172.75 ± 35.18a 172.77 ± 13.88a Creamy, oily, fatty, and 

caramel

Ethyl acetate (M) 614.6 155.86 1.103 287.71 ± 9.74a 160.31 ± 7.09b Ethereal, fruity, sweet, 

weedy, and greenEthyl acetate (D) 618.8 157.63 1.338 477.6 ± 19.91a 213.95 ± 21.01b

Butyl acetate (M) 808.2 294.23 1.237 93.36 ± 3.70a 65.08 ± 3.88b Ethereal, solvent, fruity, 

and bananaButyl acetate (D) 806.9 292.80 1.622 18.75 ± 8.54a 20.13 ± 3.71a

Butyl propanoate (M) 908.9 422.32 1.281 24.65 ± 9.19b 43.59 ± 1.69a Earthy, sweet, weak, and 

rose

Acids (2)

Isovaleric acid (M) 837.4 326.20 1.208 450.36 ± 63.62b 643.21 ± 22.42a Sour, stinky, feet, sweaty, 

cheese, and tropicalIsovaleric acid (D) 837.4 326.20 1.491 52.44 ± 8.41b 88.37 ± 3.49a

2-Methylpropanoic acid (M) 750.8 239.03 1.162 174.86 ± 5.30b 477.95 ± 5.84a Acidic, sour, cheese, dairy, 

buttery, and rancid2-Methylpropanoic acid (D) 752.8 240.79 1.377 51.77 ± 9.65b 397.47 ± 9.53a

Heterocyclic (1)

2-Pentylfuran (M) 993.0 583.67 1.255 255.32 ± 17.21a 162.83 ± 13.59b Fruity, green, earthy, 

beany, vegetable, and 

metallic

Sulfur-containing (1)

Dimethyl disulfide (M) 746.1 234.96 0.970 237.54 ± 3.56a 71.35 ± 2.33b Sulfurous, vegetable, 

cabbage, and onion

Different lowercases within the same row denote significant differences between Jinhua FH and LH (p < 0.05). FH, fatty ham; LH, lean ham; RI, retention index; RT, retention time; DT, drift time; M, 
monomer; D, dimer. The odor description of volatile flavor compounds was from the good scents company information system (www.thegoodscentscompany.com).
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(p < 0.05) excluding 2-pentanone. The 2-pentanone did not show 
noteworthy distinction between the two hams (p > 0.05; Table 2).

Alcohols are considered contributing less to the aroma of hams 
because of their relatively higher odor thresholds than aldehydes and 
ketones, but they can also impart to an herbal, woody, and oily flavor at 
high concentrations (Liu et al., 2020). The linear-chain aliphatic alcohols 
are the oxidation products of lipids, whereas the branched alcohols are 
mostly reported as the microbial degradation products of corresponding 
branched aldehydes (Shi et al., 2019). It is clear in Table 2 that the most 
abundant alcohol was obviously distinct for the two hams, which was 
2-propanol in LH but ethanol in FH. Meanwhile, most identified linear-
chain alcohols showed a higher richness in FH (p < 0.05), while 
2-propanol, 3-methyl-1-butanol (monomer), and 3-hexen-1-ol presented 
higher abundances in LH (p < 0.05).

Two short-chain fatty acids (SCFAs; C1-C6), isovaleric acid and 
2-methylpropanoic acid, were also identified in both FH and LH, 
which probably originated from the deamination of amino acids or the 
secondary metabolism by microbes (Liu et al., 2020; Li et al., 2022). 
Interestingly, both the two identified acids were more abundant in LH 
(p < 0.05; Table 2), which can be a key reason for its relatively lower pH 
(p < 0.05; Table 1). These acids could contribute to a sour taste and 
cheese flavor, and neutralize some deleterious alkaline compounds in 
fermented meats such as amine and pyrazine (García-González et al., 
2008; Liu et al., 2020). Esters were found with relatively high aroma 
thresholds, generated via the esterification between carboxylic acids 
and alcohols, and partially provided the sweet, fruit, and/or fatty 
flavors in meat products (Carrapiso et al., 2015). The predominant 
esters were ethyl acetate and γ-butyrolactone in both FH and LH. The 
intensity of γ-butyrolactone was similar in FH and LH (p > 0.05), but 
the richness of ethyl acetate was relatively higher in FH than that in LH 
(p < 0.05).

Moreover, only one heterocyclic compound, 2-pentylfuran, was 
found in the two hams, which was also determined as the most abundant 

furans in Chinese bone-less hams by Li et al. (2022). 2-pentylfuran is 
regarded as an odor-active compound with a green and fruity flavor in 
dry-cured hams (García-González et al., 2008). In addition, dimethyl 
disulfide was the only identified sulfur-containing volatile in the two 
hams, which was in line with the report of Liu et al. (2020) on Jinhua 
hams. This chemical family is generally products of sulfur-containing 
amino acid catabolism or microbial metabolism, and usually provides an 
unpleasant flavor with low odor threshold (Pérez-Santaescolástica et al., 
2018). However, dimethyl disulfide has a vegetable aroma and important 
contribution to the characteristic flavors of cured meats (Liu et al., 2020). 
Besides, both 2-pentylfuran and dimethyl disulfide showed higher 
concentrations in FH than those in LH (p < 0.05).

The total abundance of volatiles belonged to each chemical family was 
further summarized with results illustrated in Figure 1. It is shown that 
FH had significantly higher total intensity of ion peaks for volatiles than 
LH (p < 0.05). On one hand, aldehydes were the most abundant volatiles 
among all chemical families for both FH and LH, followed by ketones and 
alcohols, which were consistent with the findings of Liu et al. (2020) and 
Li W. et al. (2021) on volatiles from various Chinese dry-cured hams. On 
the other hand, LH showed remarkably higher total intensities of acids 
and alcohols (p < 0.05), whereas other types of volatiles were obviously less 
abundant for LH (p < 0.05).

3.3. Analysis of bacterial community 
structure

The high-throughput sequencing of 16S rRNA genes was performed 
to investigate the bacterial community structures of Jinhua FH and 
LH. The α-diversity of bacteria from FH and LH, including Shannon, 
Simpson, ACE, and Chao 1 indexes, are shown in Table 3. Shannon and 
Simpson indexes represent the community diversity, and the ACE and 
Chao 1 indexes are associated with the community richness (Mu et al., 
2020). It is clear that the two hams did not have significantly different 
α-diversities in terms of all indexes (p > 0.05). Besides, the numbers of 
observed bacterial species in FH and LH were 1,058 ± 307 and 1,262 ± 71, 
respectively, without marked difference (p > 0.05). These data indicate that 
FH and LH had an overall similar diversity and richness in 
bacterial communities.

Figure 4 compares the bacterial community structure of two hams at 
various levels, including phylum, genus, and species. As illustrated in 
Figure 4A, Firmicutes was the most abundant bacteria at the phylum level 
in FH with a relative abundance of 87.23% (p < 0.05), followed by 
Bacteroidetes (6.06%) and Proteobacteria (3.46%; p < 0.05). This result was 
in consistence with the reports of Wang et al. (2021) and Li et al. (2022) 
on the bacterial composition of Jinhua hams. However, the dominant 
bacterial phyla (>5%) in LH showed a greater variety, which included 
Proteobacteria (41.39%), Firmicutes (20.33%), Cyanobacteria (16.26%), 
Actinobacteria (8.92%), and Bacteroidetes (5.57%; p < 0.05). Compared 
with the bacteria in FH, the richness of Firmicutes was sharply decreased 
in LH (p < 0.05), but Proteobacteria, Cyanobacteria, Actinobacteria, 
Chloroflexi, and ε-acteraeota exhibited a significant elevation in relative 
abundance (p < 0.05).

At the genus level (Figure 4B), Ruminococcaceae UCG-005 (22.39%), 
Staphylococcus (11.91%), and Ruminococcaceae UCG-014 (4.27%) were 
the dominant bacteria (>2%) in FH (p < 0.05), while Staphylococcus 
(22.88%) and Psychrobacter (11.58%) were the richest bacterial genera in 
LH (p < 0.05), followed by Halomonas (2.50%), Propionicicella (2.07%), 

FIGURE 1

Comparison of volatile flavor compound intensities of Jinhua FH and 
LH in different chemical families. Different lowercases above the error 
bar denote significant differences between Jinhua FH and LH (p < 0.05). 
FH, fatty ham; LH, lean ham. Log10 P is the logarithmic value of total 
intensity for compounds of each chemical family in HS-GC-IMS 
spectra.
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and Ruminococcaceae UCG-005 (2.02%; p < 0.05). Wang et al. (2021) 
reported that Staphylococcus, Psychrobacter, Halomonas, and unidentified 
Ruminococcaceae were among dominant bacterial genera of Jinhua hams 
ripened for different months, which were corresponded to our above 
findings. Furthermore, among the main bacterial genera with a relative 
abundance >1%, FH had richer Ruminococcaceae UCG-005, 
Ruminococcaceae UCG-014, Bacteroides, Ruminococcaceae NK4A214 
group, and [Ruminococcus] torques group (p < 0.05), whereas LH showed 
higher richness of Staphylococcus, Psychrobacter, Propionicicella, 
Ochrobactrum, Sphingomonas, Lactobacillus, and Halomonas (p < 0.05).

At the species level (Figure 4C), the dominant bacteria (>1%) were 
Staphylococcus sp., Ruminococcaceae UCG-005 sp., and 
Ruminococcaceae NK4A214 group sp. for FH (p < 0.05), whereas 
Staphylococcus sp., Ochrobactrum sp., Psychrobacter pulmonis, and 
Halomonas subglaciescola for LH (p < 0.05). On the other hand, among 
the core bacterial species with a richness >0.5%, the richness of 
Ruminococcaceae UCG-005 sp. and Ruminococcaceae NK4A214 group 
sp. were more abundant in FH (p < 0.05), while Staphylococcus sp., 
Ochrobactrum sp., Psychrobacter pulmonis, Prevotella paludivivens, and 
Halomonas subglaciescola presented a relatively higher richness in LH 
(p < 0.05).

3.4. Analysis of fungal community structure

The high-throughput sequencing of ITS genes was applied to analyze 
the fungal community structures of Jinhua FH and LH. The α-diversity 
of fungi from the two hams are exhibited in Table  4. Generally, FH 
presented much higher Shannon, ACE, and Chao 1 indexes than LH 
(p < 0.05). Moreover, the number of fungal species observed from FH was 
697 ± 147, approximately 2.8 times of that observed from LH (246 ± 5; 
p < 0.05). These results reveal that both diversity and richness of fungal 
community in LH was dramatically reduced in comparison to FH.

Figure 5 illustrates the fungal community structure of FH and LH 
at the phylum, genus, and species level. As illustrated in Figure 5A, 
Ascomycota was the richest fungus phylum in FH and accounted for 
a relative abundance of 82.79%, followed by Basidiomycota (6.06%) 
and Mortierellomycota (2.66%; p < 0.05). Meanwhile, Ascomycota was 
the only dominant fungal phylum (>5%) in LH (p < 0.05), accounting 
for a much higher relative abundance (97.69%) than that in FH 
(p < 0.05). In accordance with this finding, Lin et al. (2020) and Chen 
et  al. (2021) also found that Ascomycota was the absolutely 
predominant fungus at the phylum level in Laowo dry-cured hams 
and Mianning hams, respectively. Besides, the relative abundances of 

FIGURE 2

Comparison of volatile flavor profiles of Jinhua FH and LH with two-dimension HS-GC-IMS spectra. FH, fatty ham; LH, lean ham.
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many fungal phyla, mainly including Basidiomycota, Rozellomycota, 
Chytridiomycota, and Glomeromycota were significantly lower in LH 
than those in FH (p < 0.05).

At the genus level (Figure 5B), Meyerozyma (55.61%) was the most 
abundant fungus in FH (p < 0.05), followed by Aspergillus (11.67%; 

p < 0.05). While Meyerozyma (64.79%), Yamadazyma (17.76%), and 
Aspergillus (12.82%) were the dominant fungal genera (>2%) in LH 
(p < 0.05). Consistent with these findings, Lin et al. (2020) also found 
that Yamadazyma, Meyerozyma, and Aspergillus was the most 
abundant fungal genus in Laowo dry-cured hams ripened for 1–3 
years, respectively. On the other hand, among the core fungal genera 
with a relative abundance >1%, the richness of Fusarium, 
Debaryomyces, Marasmius, and Apiotrichum were relatively higher in 
FH (p < 0.05), and Yamadazyma was the only more abundant fungus 
in LH (p < 0.05).

At the species level (Figure  5C), Meyerozyma sp., Aspergillus 
proliferans, and Yamadazyma triangularis were all among the core fungi 
(>1%) of both FH and LH (p < 0.05). Besides, Debaryomyces sp. and 
Apiotrichum sp. were also the dominant fungi in FH (p < 0.05). Moreover, 
among the core fungal species with a relative abundance >0.5%, FH 
showed more abundant Marasmius siccus, Debaryomyces sp., Apiotrichum 
sp., Archaeorhizomyces sp., and Fusarium solani (p < 0.05), whereas LH 
presented a higher relative abundance in Yamadazyma triangularis 
(p < 0.05).

TABLE 3 α-diversity indexes of bacterial communities in Jinhua FH and LH.

α-diversity 
indexes

FH LH

Shannon 5.24 ± 0.83a 5.23 ± 1.06a

Simpson 0.88 ± 0.07a 0.83 ± 0.11a

ACE 1314.42 ± 269.91a 1316.98 ± 62.12a

Chao1 1280.03 ± 274.09a 1344.48 ± 85.11a

Goods coverage 1.00 ± 0.00a 1.00 ± 0.00a

Observed species 1,058 ± 307a 1,262 ± 71a

Different lowercases within the same row denote significant differences in bacterial 
communities between Jinhua FH and LH (p < 0.05). FH, fatty ham; LH, lean ham.

FIGURE 3

Gallery plot of characteristic flavor finger-print of Jinhua FH and LH determined by HS-GC-IMS. FH, fatty ham; LH, lean ham.
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3.5. Correlations and connections between 
differential core microorganisms and 
discriminative volatile flavor compounds

Figure 6A shows the Pearson’s correlations between 17 differential 
core microbial genera (p < 0.05 and relative abundance >1%; 12 bacterial 
genera, 2 yeast genera, and 3 mold genera) and 29 discriminative volatile 
flavor compounds (p < 0.05) in Jinhua FH and LH. Surprisingly, 12 of the 
17 differential core microorganisms, including 10 bacterial genera and 2 
yeast genera, showed significant correlations with the distinct volatiles 
(p < 0.05 and |r| > 0.82). Among these microbial genera, Staphylococcus, 
Lactobacillus, Yamadazyma, Ochrobactrum, and Sphingomonas were one 
type of microbes mainly positively correlating with acids, branched 

alcohols, and a few linear-chain alcohols (2-propanol and 3-hexen-1-ol) 
in the two hams (p < 0.05 and r > 0.82). Staphylococcus has been considered 
the most important factor in the sensory characteristics development of 
dry-cured hams, owning to its strong abilities of nitrate reductase, 
catalase, protease, and lipase (Landeta et al., 2013; Xiao et al., 2020). 
Lactobacillus could extend the shelf life of hams by inhibiting the growth 
of spoilage bacteria via its product lactic acid, which could be further 
utilized by other microorganisms for SCFA synthesis (Figure 6A; Table 1; 
Xiao et  al., 2020; Hu et  al., 2022). Yamadazyma has been reported 
positively related to the organic acid level and negatively associated with 
the amino acid content in hams (Lin et  al., 2020; Mu et  al., 2020), 
suggesting its potential capability of producing SCFAs from amino acids 
(Figure 6A). Furthermore, Lactobacillus and Yamadazyma were both core 
microorganisms with higher relative abundances in LH (p  < 0.05; 
Figures 4B, 5B), which could be an important contributor to the relatively 
higher acid volatile level (Figure 1; Table 2) and lower pH (Table 1) of LH 
(p < 0.05), owning to their potential association with SCFA generation.

On the other hand, Ruminococcaceae UCG-005, Psychrobacter, 
Ruminococcaceae UCG-014, and Debaryomyces were another type of 
microorganisms that positively correlated with aldehydes, ketones, most 
linear-chain alcohols, esters, and the other two compounds (2-pentylfuran 
and dimethyl disulfide) in the two hams (p < 0.05 and r > 0.82). 
Psychrobacter is a common bacterium in low-temperature fermented 
foods with substantial proteolysis ability (Broekaert et al., 2013). Zhang 
et al. (2021) has reported that Debaryomyces could produce branched 
aldehydes, such as 2-methylbutanal and 3-methylbutanal, by utilizing 
amino acids. Furthermore, Flores et al. (2004) reported that Debaryomyces 

A C

B

FIGURE 4

Bacterial community structure of Jinhua FH and LH at the phylum, genus, and species levels. (A) Relative abundance at the phylum level. (B) Relative 
abundance at the genus level. (C) Heatmap of HCA for the relative abundance of main species (top 20). The color gradation in panel C represents the 
Z-scores of corresponding relative abundances. FH, fatty ham; LH, lean ham.

TABLE 4 α-diversity indexes of fungal communities in Jinhua FH and LH.

α-diversity 
indexes

FH LH

Shannon 3.58 ± 1.15a 1.91 ± 0.03b

Simpson 0.66 ± 0.17a 0.56 ± 0.02a

ACE 750.46 ± 161.03a 277.53 ± 13.40b

Chao1 742.63 ± 160.02a 270.22 ± 13.81b

Goods coverage 1.00 ± 0.00a 1.00 ± 0.00a

Observed species 697 ± 147a 246 ± 5b

Different lowercases within the same row denote significant differences in fungal communities 
between Jinhua FH and LH (p < 0.05). FH, fatty ham; LH, lean ham.
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could promote the generation of ethyl esters in dry-fermented meats. The 
intensities of 2-methylbutanal, 3-methylbutanal, and ethyl acetate were 
all positively correlated with the richness of Debaryomyces (Figure 6A), 
which were consistent with their findings. Moreover, the role of 
Ruminococcaceae family was rarely reported in fermented meat products, 
but it is known with capacities of fat degradation and fatty acid 
β-oxidation (Baars et al., 2018), which might contribute to the high-level 
volatiles originated from fats in FH, such as methyl ketones, furans, and 
some liner-chain aldehydes/alcohols (Figure 6A).

According to the present data and associated previous reports (Chen 
et al., 2017; Shi et al., 2019; Mu et al., 2020; Li et al., 2022), the potential 
metabolic network of discriminative volatiles’ formation under the 
involvement of core microorganisms in Jinhua FH and LH is further 
illustrated in Figure 6B. Briefly, the absence of fats significantly affected 
the microbial community structure and the flavor formation process in 
LH. By lipases from Staphylococcus and Ruminococcaceae in FH, fats can 
be degraded into fatty acids, which further generated methyl ketones and 
furans through decarboxylation and other reactions. Besides, the 
unsaturated fatty acids can be broken down through the β-oxidation by 
Ruminococcaceae to produce linear-chain aldehydes, which can 
be  reduced to linear-chain alcohols and further esterified under the 
promotion of Debaryomyces. Whereas in LH, the protein metabolism was 
relatively enhanced due to the lack of fats and the action of characteristic 
core microbes. Under the proteolysis of Staphylococcus and Psychrobacter, 
more proteins were degraded into amino acids, which were then subjected 
to Strecker degradation and deamination for further generation of some 

aromatic aldehydes or linear-chained alcohols. Besides, the branched 
acids could be  generated by Yamadazyma and some other microbes 
through utilizing amino acids or Lactobacillus-produced lactic acids. In 
summary, this metabolic network confirmed that the discriminative 
flavor compounds of FH were mainly β-oxidation and degradation 
products of fatty acids, whereas those of LH were mostly derived from the 
Strecker reaction or microbial metabolism of amino acids.

4. Conclusion

In conclusion, the lack of fats obviously influenced the microbial 
composition and flavor formation of LH, which further affected some 
physiochemical parameters. FH and LH did not show significant 
differences in redness, water activity, chemical composition, and nitrite 
residue, but FH had higher pH and a slightly lighter and yellower color. 
Besides, a total of 33 volatile flavor compounds were identified. FH and 
LH exhibited significant differences in 29 identified volatiles, among 
which LH showed higher total abundance of alcohols and acids, 
whereas FH had generally richer aldehydes, ketones, esters, heterocyclic 
compounds, and sulfur-containing compounds. Meanwhile, FH and 
LH also showed no significant difference in α-diversity of bacterial 
community, but LH had a both lower richness and diversity of fungal 
community than FH. The dominant microorganisms (>2%) were 
Ruminococcaceae UCG-005, Staphylococcus, Ruminococcaceae 
UCG-014, Meyerozyma, and Aspergillus in FH at the genus level, 

A C

B

FIGURE 5

Fungal community structure of Jinhua FH and LH at the phylum, genus, and species levels. (A) Relative abundance at the phylum level. (B) Relative 
abundance at the genus level. (C) Heatmap of HCA for the relative abundance of main species (top 20). The color gradation in panel C represents the 
Z-scores of relative abundances. FH, fatty ham; LH, lean ham.
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whereas Staphylococcus, Psychrobacter, Halomonas, Propionicicella, 
Ruminococcaceae UCG-005, Meyerozyma, Yamadazyma, and 
Aspergillus for LH. The analysis of Pearson’s correlation and metabolic 
network confirmed that the discriminative flavor compounds of FH 
were mainly β-oxidation and degradation products of fatty acids, while 
those of LH were mostly derived from the Strecker reaction or 
microbial metabolism of amino acids. Furthermore, Staphylococcus, 

Yamadazyma, Ruminococcaceae, Debaryomyces, Lactobacillus, and 
Psychrobacter might be the core microorganisms contributing to their 
differences in flavor characteristics and pH value. This work could help 
understand the potential pathway of characteristic microorganisms 
influencing flavor formation of fat-deficient dry-cured hams and 
provide theoretical supports for developing healthier fermented 
meat products.

A

B

FIGURE 6

Pearson’s correlations (A) and potential pathways (B) between differential core microorganisms and distinct volatile flavor compounds. The color gradation 
and circle size in panel A represent the correlation coefficient (r value), while the pattern without a “×” symbol indicates a significant correlation (p < 0.05). 
The green and red arrows in panel B indicate an up-regulation in FH and LH, respectively. A1, n-nonanal; A2, phenylacetaldehyde; A3, benzaldehyde; A4, 
pentanal; A5, 2-methylbutanal; A6, 3-methylbutanal; A7, 2-methylpropanal; B1, 3-octanone; B2, 6-methyl-5-hepten-2-one; B3, 2-octanone; B4, 
2-heptanone; B5, 3-hydroxy-2-butanone; B6, 2-butanone; B7, acetone; C1, 1-octen-3-ol; C2, 1-pentanol; C3, ethanol; C4, 2-propanol; C5, 1-hexanol; C6, 
3-hexen-1-ol; C7, 3-methyl-1-butanol; D1, ethyl acetate; D2, butyl acetate; D3, butyl propanoate; E1, isovaleric acid; E2, 2-methylpropanoic acid; F1, 
2-pentylfuran; G1, dimethyl disulfide; M, monomer; D, dimer.
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Methyl-branched aldehydes, especially 3-methylbutanal, have been reported to be

perceived either as a malty or as a nutty/chocolate-like aroma and were considered

an important flavor contributor in fermented meat products. Decomposition of

leucine (Leu) by branched-chain amino acid transaminase (BACT) is a crucial

step in the metabolism of Leu to 3-methylbutanal. This study was conducted to

explore the effects of mixed-starter culture (Lactobacillus fermentum YZU-06 and

Staphylococcus saprophyticus CGMCC 3475) and addition of Leu (0, 1, and 3 mM)

on the flavor and quality of fermented sausages. The pH, water activity, texture

profile analysis, color, counts of lactic acid bacteria (LAB) and staphylococci, peptide,

and flavor compounds were detected during fermentation. The results showed

that the starter culture group increased hardness, elasticity, the counts of LAB and

staphylococci, peptide content, volatile flavor compounds, as well as the sensorial

scores of sausage, while decreasing pH, aw, and L∗ and b∗ values compared with the

non-inoculation group. The mixed starter of adding with 3 mM Leu enhanced the

content of 3-methylbutanal and overall flavor of fermented sausages. It is applicable

to directionally produce methyl-branched aldehydes and improve the overall quality

of fermented sausage by the addition of Leu and using starter of L. fermentum

YZU-06 and S. saprophyticus CGMCC 3475.

KEYWORDS

fermented sausage, leucine, Lactobacillus fermentum YZU-06, 3-methylbutanal, flavor

1. Introduction

Fermentation is an important process of meat preservation and the development of meat
products, among which fermented sausage is favored by consumers worldwide. The texture and
flavor of sausage are developed during fermentation involving many physical, microbiological,
and biochemical changes. Flavor is one of the most important attributes of fermented sausage,
consisting of esters, aldehydes, alcohols, ketones, acids, terpenes, aromatic, and compounds
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(Ammor et al., 2005; Baick and Kim, 2015). Branched-chain
aldehydes are notably derived from precursors of branched-chain
amino acids [BCAAs, i.e., leucine (Leu), isoleucine (Ile), and valine
(Val)] that give the fermented sausage-rich aroma characteristics.
Among them, the odor threshold is low for 3-methylbutanal,
0.06 ppm, followed by 2-methylbutanal (0.10 ppm), and 2-
methylpropanal (0.10 ppm), which have been perceived as nutty and
almond flavor in Hungarian Salami (Söllner and Schieberle, 2009). In
addition, the presence of 3-methylbutanal, a degradation production
of Leu, confers malt and chocolate aroma in fermented sausages
(Smit et al., 2005). Olivares et al. (2009) determined the aroma-
active compounds in fermented sausage at different processing
stages and found that 3-methylbutanal was an important aroma
contributor since the start of the ripening process. The relatively high
concentrations of branched-chain aldehydes prominently contribute
to the overall flavor of fermented sausage (Herranz et al., 2004).

Branched-chain amino acid transaminase (BCAT), the rate-
limiting step of BCAA catabolism, is crucial to the biosynthesis
of branched-chain aldehydes during fermentation (Afzal et al.,
2012). The first step of synthetic branched-chain aldehydes is the
formation of the corresponding α-ketoacids by the transamination
reaction of BCAAs, which was catalyzed by BCAT. The α-ketoacid
is subsequently decarboxylated and converted into its corresponding
aldehydes (Afzal et al., 2012). The mutant of branched-chain
aminotransferase gene (bcaT) in Lactobacillus lactis subsp. cremoris
NCDO 763 would cause the subsequent decline in the production of
intermediate keto acid (Yvon et al., 2000). Moreover, our previous
study proved that Lactobacillus fermentum YZU-06 with high BCAT
activity could be used for promoting BCAA metabolite synthesis
in the myofibrillar protein model (Liu et al., 2022). From this
perspective, the starter culture with high BCAT activity is able to
contribute to the flavor of fermented meat products.

Flavor precursors are another essential factor in improving the
aroma and quality of fermented meat products. Our previous study
confirmed that the content of branched-chain aldehydes, alcohols,
and acids, as well as texture properties, was improved by adding
BCAAs in dry-cured fermented sausage (Wang et al., 2021). As an
important precursor of flavor substances, protein is involved in the
process of proteolysis to produce peptides and free amino acids
(FAAs) (Yu et al., 2021). The application of protease can further
promote proteolysis for better odor, flavor, texture, and general
acceptability in dry fermented sausages (Bruna et al., 2002). In
addition, lactic acid bacteria (LAB) have the ability to hydrolyze
muscle proteins, contributing to flavor and/or aroma generation
in products (Yu et al., 2020). Casaburi et al. (2008) reported that
sarcoplasmic proteins were significantly degraded during sausage
maturation by adding Staphylococcus xylosus and L. curvatus.
Casaburi et al. (2006) found that Staphylococcus saprophyticus
screened from fermented sausage was able to preferentially hydrolyze
the N-terminal residue substrate, including leucine. The proteolytic
ability of S. saprophyticus CGMCC 3475 has been confirmed in
our previous work (data not shown). In this study, S. saprophyticus
CGMCC 3475 was used to hydrolyze proteins and intended to
release more aroma precursors (peptides and FAAs) for the flavor
improvement of fermented sausage. Meanwhile, L. fermentum YZU-
06 with both proteolytic and BCAT activity presented more BCAA
metabolites of 3-methylbutanal and 2-methylbutanal than that of
L. plantarum CGMCC18217 in myofibrillar protein model in our
previous work (Liu et al., 2022). However, it is not clear whether
the characteristic 3-methylbutanal can be directionally produced by

adding exogenous Leu and L. fermentum YZU-06 in meat products.
Therefore, the aim of this study was to evaluate the effects of
L. fermentum YZU-06 in combination with S. saprophyticus CGMCC
3475 and the addition of Leu on the flavor and quality of sausage
during the fermentation for the flavor development of a fermented
product.

2. Materials and methods

2.1. Material preparation

L. fermentum YZU-06 and S. saprophyticus CGMCC 3475 were
isolated from Jinhua ham and maintained at −80◦C in de Man-
Rogosa-Sharpe (MRS) medium containing 25% (v/v) glycerol. The
strain of 1% (v/v) inoculum was activated twice and grown in 10 ml
MRS broth at 37◦C for 18 h before use. The bacterial cells were
harvested by centrifugation at 6,000× g for 10 min at 4◦C. The pellet
was washed three times with 0.1 M phosphate-buffered saline (PBS)
solution (pH 7.0) and resuspended in PBS solution. Edible-grade Leu
was purchased from Shanghong Biotech, Zhengzhou, China. Pork
muscle and back fat were obtained from the carcasses aged for 24 h at
4◦C in a commercial slaughter plant (Sushi Meat Co., Ltd., Huai’an,
China). Glucose, salt, monosodium glutamate, spice powder, ginger
powder, Daqu liquor, and distilled water were purchased from the
Auchan’s Market (Yangzhou, China).

2.2. Preparation of fermented sausages

The fermented sausages were manufactured in accordance with
Ge et al. (2019) with some modifications. Lean pork (35 kg)
and pork fat (15 kg) were minced and mixed with the following
ingredients: glucose (7%), salt (3%), monosodium glutamate (0.2%),
spice powder (0.1%), ginger powder (0.15%), Daqu liquor (2%), and
distilled water (10%). The mixture was divided into the following
nine groups. The inoculation density of the single bacteria starter
(L. fermentumYZU-06) or mixed-starter culture (L. fermentumYZU-
06 and S. saprophyticus CGMCC 3475 at a 2:1 ratio) was 107 CFU/g
in the sausages. The first group without strains and Leu was assigned
to the CK group. The groups added with 1 and 3 mM Leu were
assigned to the CK-1 and CK-3 groups, respectively. The group
fermented with L. fermentum YZU-06 was assigned to the G group.
L. fermentum YZU-06 and Leu (1 and 3 mM) were added, designating
as the G-1 and G-3 groups. The group inoculated with mixed-starter
culture was assigned to the GQ group. The mixed-starter culture with
different concentrations of Leu, including 1 and 3 mM, was added
and named the GQ-1 group and GQ-3 group, respectively. Mixtures
were filled in natural casings of 4 cm in diameter and 10 cm in length.
Three independent batches of fermented sausages were prepared, and
three sausages were performed in each batch. Sausages were placed
in a fermentation room. In the first stage of fermentation, relative
humidity (RH) and temperature were set to 95% and 30◦C ± 0.5◦C
for 1 day. The temperature was adjusted to 16◦C ± 0.5◦C, and RH
was successively decreased to 90, 87, and 85%. The duration for each
RH was 2 days. The fermentation temperature in the third stage was
12◦C ± 0.5◦C, and RH was set at 85, 80, and 75%, and each RH
condition was fermented for 7 days. The total ripening period was
28 days. Samples were taken from each group on days 1, 7, 14, 21,
and 28 of fermentation.
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2.3. pH value measurement

A digital pH value meter (Testo 205, Testo AG, Germany)
was used to measure the pH value of fermented sausages after the
casings were removed. Standard buffers of pH 4.0, 7.0, and 10.0
[Thermo Fisher Scientific (China) Co., Ltd., Shanghai, China] were
used to calibrate the pH meter. The sausage samples (10 g) were
homogenized with 50 ml distilled water for 10 s twice at 8,000 rpm
on ice, with a 15 s interval between bursts. The pH was recorded and
averaged from triplicate measurements.

2.4. Determination of water activity (aw)

The aw was determined using the aw meter (Novasina AG,
Novasina, Switzerland). Sausages (3 g) were minced and placed in the
measuring chamber for 10 min at 24◦C. The aw value was recorded
after the measurement was completed.

2.5. Texture profile analysis (TPA)

The TPA of fermented sausages was detected and referred to
the method of Ge et al. (2019) with slight modifications. Fermented
sausages were cut into cubes in the shape of 1 cm × 1 cm × 1 cm
and then measured by the texture analyzer (TA-XT. plus, Stable
Micro Systems, Godalming Surrey, UK), which was equipped with
a stainless-steel cylinder probe (P/36 R, Stable Micro Systems,
Godalming Surrey, UK). The sausage sample was compressed to
50% of its original height with a pretest speed of 2 mm/min, a test
speed of 2 mm/min, and a post-test speed of 1 mm/min. Hardness
(N), adhesion (mJ), cohesion (ratio), elasticity (mm), and chewiness
(mJ) were recorded. The TPA attributes of each sausage sample were
averaged from triplicate measurements.

2.6. Determination of color of fermented
sausages

The color was determined using a colorimeter (Chroma Meter
CR-400, Konica Minolta, Japan) and calibrated with a white ceramic
tile. The instrumental color parameters, including L∗, a∗, and b∗

values, of each sample were measured in triplicate from different sites.

2.7. Microbiological analysis

The microbiological analysis was performed according to Kaban
and Kaya (2009) with slight modifications. A 10-g sausage was cut
using a sterile knife and then transferred into a sterile plastic bag.
The meat sample was homogenized with 90 ml sterile water using
a homogenizer (80 microBiomaster, Seward, Britain) for 120 s with
a 10 s interval between bursts. The serial 10-fold dilutions were
prepared in sterile physiological water (0.85% NaCl). Appropriate
dilution samples (0.1 ml) were poured or spread in duplicate on
different growth media. LAB was enumerated on MRS agar (Hope
Bio-Technology Co., Ltd., Qingdao, China) after 48 h at 30◦C.
Staphylococcus was determined on mannitol salt agar (Hope Bio-
Technology Co., Ltd., Qingdao, China) after the incubation was
carried out at 30◦C for 48 h.

2.8. Peptide analysis

Peptides were determined according to the methodology
described by Nie et al. (2014). The 3 g fermented sausage sample
was homogenized with 27 ml of 15% TCA solution (w/v) using
a homogenizer (T 18 digital, IKA group, Staufen, Germany) at
3,000 rpm for 60 s, followed by centrifugation at 12,000 × g for
10 min at 4◦C. The content of soluble peptides in the supernatant
was determined using a Stable Lowry Protein Assay Kit (C504051-
1000, Shanghai Shenggong Co., Ltd., Shanghai, China) and expressed
as µg/g sample.

2.9. Determination of volatile compounds

Volatile components were determined as described by Montanari
et al. (2016) with some modifications. For each analysis, a
10 g sausage sample was minced and weighed into a 40 ml
headspace vial, and methyl caprylate (0.68 mg/ml) was used as the
internal standard solution by adding 20 µl into each headspace
vial. A solid-phase microextraction needle covered with 75 µm
carboxen/polydimethylsiloxane (CAR/PDMS Stable Flex) (Supelco,
Steinheim, Germany) was exposed headspace of the sample for
45 min in the vial with 60◦C water bath. After the adsorption of
the volatile compounds, the fiber was injected and kept for 5 min
in the inlet (230◦C, splitless mode) of a gas-chromatograph-mass
spectrometry (Trace ISQ, Thermo Scientific, Waltham, USA). The
volatile compounds were separated using a 30 m × 0.25 mm × 0.2
µm capillary column (DB-WAX, Agilent, USA). The carrier gas was
nitrogen (grade N2 > 99.999%) at a constant flow rate of 3.0 ml/min.
The temperature of the detector was maintained at 280◦C. The
oven temperature was initially kept at 40◦C for 1 min, increased by
5◦C/min up to 100◦C for 8 min, and then 8◦C/min up to 240◦C
for 5 min. The ionization mode was EI+, and the electron energy
was 70 eV. The scan time was 0.2 s, and the detector voltage was
500 V. The volatile compounds with similarities greater than 80%
were shown by comparing the mass spectral data of the samples
with those retrieved from digital libraries. The content of the aroma
compound was expressed as relative content based on the internal
standard.

2.10. Sensory evaluation

The sensory evaluation of fermented sausage was conducted
with the method described by Valencia et al. (2006). There were
12 panelists (6 men and 6 women), aged between 20 and 35 years,
majoring in Food Science at the School of Food Science and
Engineering of Yangzhou University, Yangzhou, China. The panelist
training, sensory room, and procedures of sensory evaluation were
followed by the Chinese standard GB/T 22210-2008 (Criterion for
sensory evaluation of meat and meat products). The sensory panelists
received the training according to the nine-point scoring criteria
(Table 1). The panelists were set in individual compartments, and
all forms of communication were not allowed during the evaluation.
Smoking, drinking, and eating were not allowed for at least 1 h before
sensory analysis. The sample (0.3 cm thick) of each fermented sausage
at room temperature was placed on a white ceramic plate labeled
with a three-digit random code. Distilled water was provided to the
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TABLE 1 The definition of sensory quality attributes for fermented sausage.

Scoring
items

Scoring criteria Score

Color (9) The cut meat filling is shiny, the muscle is rosy red,
and the surface is bright

7–9

The cut surface is glossy, the fat is yellow, and the
muscle is dark

4–6

The meat filling is dull and the muscle is gray 1–3

Flavor (9) It has the characteristic aroma of fermented sausage 7–9

The aroma of fermented sausage is weak 4–6

Poor aroma and peculiar smell 1–3

Texture (9) The cut meat filling is tight, the lean meat is closely
combined with the fat meat, and the boundary is clear

7–9

The meat filling on the cut surface is loose, and the
combination of lean meat and fat meat is not tight

4–6

The section is completely loose and the center is
softened

1–3

Taste (9) Salty and sweet, pure sour taste, pleasant aftertaste 7–9

The taste is not pure and there is less aftertaste 4–6

Strong sour taste and unpleasant aftertaste 1–3

panelists to rinse their mouths to avoid cross-interference. All the
data were collected and used for statistical analysis.

2.11. Statistical analysis

The data obtained from the experiment were analyzed using
SAS V8 software (SAS Institute Inc., Cary, NC, USA). Physical,
microbial, and quality characteristic data were evaluated using a
mixed-model ANOVA using Leu concentration (0, 1, and 3 mM),
starter treatments (non-starter, single-strain starter, and mixed-strain
starter), and fermentation time that were set as the main effect factors
and batches as the random factor. For the sensory evaluation, the
random effects included sausage and sensory panel (session number,
tasting order, and panelist number). The mean standard error of
each treatment was used to describe the least significant difference of
means after the data were subjected to the Bonferroni test (P < 0.05).
A principal component analysis was performed using the statistical
software SIMCA 14.1 (MKS Instruments AB Inc., Malmo, Sweden).

3. Results and discussion

3.1. pH and aw changes

The change in pH values during sausage fermentation is shown
in Figure 1A. The initial pH value of all treatment samples
was approximately 5.94, showing no significant difference among
treatments (P > 0.05). A declining trend in pH values was observed
in the first 7 days and then increased during the later fermentation,
which may be due to the buffering effect of the peptides, and
amino acids from proteolytic degradation and the organic acids
produced by LAB during fermentation (Essid and Hassouna, 2013).
The pH value of fermented sausages in the GQ, GQ-1, and GQ-
3 groups was lower than that of the groups with and without

L. fermentum YZU-06 inoculation during the fermentation. By the
end of fermentation, the lowest pH values (a mean of pH 5.16) were
found in the mixed-starter groups, which was significantly lower than
those of other groups (P < 0.05). This may be due to the combined
effects of the acid produced by Lactobacillus and Staphylococcus (Sun
et al., 2016), which may contribute to the inhibition of the growth
of spoilage microorganisms and prolonged shelf life of fermented
sausage production (Adams and Nicolaides, 1997).

Figure 1B shows a decreasing trend in aw of sausage through
the entire fermentation process. The high aw values (0.96) of the
samples were detected at the beginning of the processing and then
aw decreased gradually to the lower values ranging from 0.61 and
0.64 at the end of fermentation. The imbalance in humidity between
the inside and outside of the sausages causes moisture loss (Olivares
et al., 2010). Moreover, the denaturation of proteins as a result of
the drop in pH during fermentation and the degradation of protein
caused by microorganisms involved in fermentation likely decreased
the water-holding capacity (Seleshe and Kang, 2021). The starter
and fermentation time was shown to have a cross-impact on aw
value. The aw of the inoculated group was significantly lower than
that of the control groups during incubation (P < 0.05), which
was consistent with the finding that the lowest aw value in the
dry fermented sausage was fermented by L. plantarum GM77 and
S. xylosus GM92 (Kaban and Kaya, 2009). The results suggested that
the inoculation treatments promoted the reduction of aw, while the
addition of Leu had a minimal effect on the aw decline in sausage
during fermentation.

3.2. Texture properties

As shown in Figure 2A, the hardness of the sausage increased
significantly during 28 days of fermentation (P < 0.05). At the
end of fermentation, the hardness of the inoculated groups was
significantly higher than that of the control groups (P < 0.05),
except for the CK-1 group. These results are in agreement with
those found by Lorenzo and Franco (2012), who reported that the
hardness was negatively related to aw value in dry-cured foal sausages.
On the contrary, the adhesion of sausages decreased at 28 days
compared with the beginning of fermentation, and the adhesion of
the inoculation groups was significantly higher than those of the
CK and CK-1 groups (P < 0.05, Figure 2B). Figure 2C shows
that no significant differences were observed in cohesion among
treatment groups at 28 days (P > 0.05), and the addition of starter
and Leu, as well as fermentation time, had no significant effects on
cohesion (P > 0.05). Elasticity and chewiness increased with the
fermentation time (Figures 2D, E). The starters are responsible for
the fermentation of carbohydrates added to the mixture, leading to a
decrease in the pH value. The acidification below the isoelectric point
of muscle protein affects protein coagulation, which is responsible for
the hardness and chewiness of the final product (Essid and Hassouna,
2013). The results of texture are consistent with the findings of
Lorenzo and Franco (2012) that the change in TPA is attributed to
the water loss in sausage during the maturing period.

3.3. Color changes

The changes in L∗, a∗, and b∗ values of fermented sausages
are shown in Figure 3. All samples exhibited the typical color

Frontiers in Microbiology 04 frontiersin.org141

https://doi.org/10.3389/fmicb.2022.1118907
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


fmicb-13-1118907 January 28, 2023 Time: 14:25 # 5

Liu et al. 10.3389/fmicb.2022.1118907

FIGURE 1

The pH values (A) and aw (B) of fermented sausages among treatments during the fermentation for 0, 7, 14, 24, and 28 days. Different lowercase letters
(a–f) indicate a significant difference between different treatment groups at the same fermentation time (P < 0.05). The group without starter culture and
leucine was assigned to the CK group. The groups added with 1 and 3 mM of leucine without starter culture were assigned to the CK-1 and CK-3 groups,
respectively. The group with Lactobacillus fermentum YZU-06 was assigned to the G group. The groups with Lactobacillus fermentum YZU-06 and
different concentrations of leucine (1 and 3 mM) were named G-1 and G-3 groups, respectively. The fermented sausage with the mixed-starter cultures
of Lactobacillus fermentum YZU-06 and Staphylococcus saprophyticus CGMCC 3475 was assigned to the GQ group. The groups with the mixed-starter
cultures and different concentrations of leucine (1 and 3 mM) were named GQ-1 and GQ-3 groups, respectively.

FIGURE 2

Changes in the texture of sausages, including hardness (A), adhesion (B), cohesion (C), elasticity (D), and chewiness (E), among treatments during the
fermentation for 0, 7, 14, 24, and 28 days. Different lowercase letters (a–d) indicate a significant difference between different treatment groups at the
same fermentation time (P < 0.05). The group without starter culture and leucine was assigned to the CK group. The groups added with 1 and 3 mM of
leucine without starter culture were assigned to the CK-1 and CK-3 groups, respectively. The group with Lactobacillus fermentum YZU-06 was assigned
to the G group. The groups with Lactobacillus fermentum YZU-06 and different concentrations of leucine (1 and 3 mM) were named G-1 and G-3
groups, respectively. The fermented sausage with the mixed-starter cultures of Lactobacillus fermentum YZU-06 and Staphylococcus saprophyticus
CGMCC 3475 was assigned to the GQ group. The groups with the mixed-starter cultures and different concentrations of leucine (1 and 3 mM) were
named GQ-1 and GQ-3 groups, respectively.
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FIGURE 3

Changes in the color attributes of L∗ (A), a∗ (B), and b∗ (C) in sausages among treatments during the fermentation for 0, 7, 14, 24, and 28 days. Different
lowercase letters (a–f) indicate a significant difference between different treatment groups at the same fermentation time (P < 0.05). The group without
starter culture and leucine was assigned to the CK group. The groups added with 1 and 3 mM of leucine without starter culture were assigned to the
CK-1 and CK-3 groups, respectively. The group with Lactobacillus fermentum YZU-06 was assigned to the G group. The groups with Lactobacillus
fermentum YZU-06 and different concentrations of leucine (1 and 3 mM) were named G-1 and G-3 groups, respectively. The fermented sausage with
the mixed-starter cultures of Lactobacillus fermentum YZU-06 and Staphylococcus saprophyticus CGMCC 3475 was assigned to the GQ group. The
groups with the mixed-starter cultures and different concentrations of leucine (1 and 3 mM) were named GQ-1 and GQ-3 groups, respectively.

characteristics of fermented sausages. The L∗ value decreased from
51.11 to 32.01 in sausage during 28 days of fermentation (P < 0.05).
At the end of fermentation, the L∗ values of the G-1 and GQ-1
groups were 29.33 and 31.32, respectively, which were significantly
lower than that of the other groups (P < 0.05). The average a∗

value of the incubated samples decreased from 15.08 to 5.86 during
14 days of ripening and then increased to 8.15 at the end of the
process. The b∗ value in all treatment groups decreased from 15.11
to 5.76 during the ripening. The b∗ value of the inoculated G-1 group
was significantly lower than those of the control groups during 21–
28 days of fermentation (P < 0.05). Color plays an important role in
consumers’ sensory perception of fermented sausage. Casaburi et al.
(2007) found that the L∗ value of sausages decreased throughout
the entire fermentation period. Likewise, the decrease in L∗ value
of Suck sausage within 15 days of maturation led to a decrease in
gloss, which was consistent with the report by Kayaardı and Gök
(2004). The decrease in a∗ value could be the denaturation of nitroso-
erythropoietin due to the production of lactic acid. This result was
in agreement with the findings of Ge et al. (2019), who found that
the change in a∗ value in the L. plantarum NJAU-01 group was in
the same trend as this study. The Spanish dry-cured sausages showed
a decreasing trend in b∗ value during the maturation stages (Pérez-
Alvarez et al., 1999). The decrease in b∗ value was probably due to the
consumption of oxygen by microorganisms, resulting in a decrease
in oxygenated myoglobin, which was an important component of the
yellow coloration.

3.4. Changes in the count of LAB and
staphylococci

The change in LAB counts in the sausages during fermentation
is shown in Figure 4A. The addition of Leu had no significant effects
on the initial LAB counts (P > 0.05). At the initial fermentation stage,
the counts of MRS solid media in the sausage groups inoculated with
LAB were about 7.17–7.27 lg CFU/g, and the counts in the control
groups were 4.13–4.22 lg CFU/g. The inoculated groups with starter
cultures reached the highest level of LAB (8–9 lg CFU/g) at 7 or

14 days of fermentation. After 7 days of fermentation, the counts of
LAB in the GQ, GQ-1, and GQ-3 groups were lower than that of the
G, G-1, and G-3 groups. However, at the end of the fermentation, the
counts of LAB in the GQ, GQ-1, and GQ-3 groups were significantly
higher than that in the G, G-1, and G-3 groups and the control
groups (P < 0.05). This indicated that L. fermentum YZU-06 and
S. saprophyticus CGMCC 3475 were well adapted to the environment
and propagated rapidly during sausage fermentation. The addition
of a starter inhibited the growth of undesirable bacteria, and the
mixed starter promoted better growth of LAB (Essid and Hassouna,
2013). The low pH and aw values may contribute to the decrease in
the count of LAB in the fermented sausage at the end of ripening
(Samelis et al., 1998).

Figure 4B shows the changes in the counts of staphylococci in
the sausages during fermentation. The initial counts of staphylococci
were 5.21–5.23 lg CFU/g in the sausages of GQ, GQ-1, and GQ-3
groups and 4.61–5.06 lg CFU/g in the sausages of LAB inoculated and
control groups, respectively. The counts of staphylococci increased
to 6.64–7.13 lg CFU/g, 5.62–6.36 lg CFU/g, and 6.53–6.84 lg CFU/g
in inoculated staphylococci, inoculated LAB, and control groups at
7 days of fermentation, respectively. After the completion of the
fermentation, the counts of staphylococci decreased to 3.80–4.45 lg
CFU/g. The reduction in staphylococci during the last 2 weeks
of maturation in sausages indicated that staphylococci were less
competitive and inhibited by the intensive growth of LAB and a lower
pH value (Casaburi et al., 2008).

3.5. Peptide content

The content of soluble peptides derived from the fermented
sausages at the end of fermentation is shown in Figure 5. The
peptide contents of GQ, GQ-1, and GQ-3 groups with the mixed
starter and supplemented with Leu were significantly higher than the
control groups CK, CK-1, and CK-3 (P < 0.05). The increase in total
peptides indicated protease activity, mainly deriving from the action
of microorganisms and endogenous muscle enzymes (Visessanguan
et al., 2004). The higher total peptide content of the mixed inoculated
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FIGURE 4

Changes in viable counts of LAB (A) and staphylococcus (B) in sausages among treatments during the fermentation for 0, 7, 14, 24, and 28 days. Different
lowercase letters (a–h) indicate a significant difference between different treatment groups at the same fermentation time (P < 0.05). The group without
starter culture and leucine was assigned to the CK group. The groups added with 1 and 3 mM of leucine without starter culture were assigned to the
CK-1 and CK-3 groups, respectively. The group with Lactobacillus fermentum YZU-06 was assigned to the G group. The groups with Lactobacillus
fermentum YZU-06 and different concentrations of leucine (1 and 3 mM) were named G-1 and G-3 groups, respectively. The fermented sausage with
the mixed-starter cultures of Lactobacillus fermentum YZU-06 and Staphylococcus saprophyticus CGMCC 3475 was assigned to the GQ group. The
groups with the mixed-starter cultures and different concentrations of leucine (1 and 3 mM) were named GQ-1 and GQ-3 groups, respectively.

group indicated a higher degree of protein degradation, which also
showed that the higher content of the substance can be used as
the precursor of flavor compounds. These peptides can be further
decomposed by enzymes to produce some low-molecular-weight
compounds, including amino acids, aldehydes, organic acids, and
ammonia, which are potential flavor volatile (Díaz et al., 1993). For
example, 3-methylbutanal, as a metabolite of BCAAs, can interact
with different sulfur compounds derived from methionine and
cysteine to form bacon flavor and improve sausage flavor (Riebroy
et al., 2008). In addition, the rate of protein hydrolysis usually
depends on many factors, including the nature of the meat microbiota
and processing conditions. As reported by Visessanguan et al. (2004),
the low pH value stimulated the hydrolysis of myofibrillar protein to
form FAAs.

3.6. Volatile compounds

The identification of volatile components in fermented sausages
at 28 days is shown in Figure 6. As shown in Figures 6A, total of 62
volatile compounds were determined and grouped into seven classes
as shown in Supplementary Table 1, including esters (22), alcohols
(11), aldehydes (8), acids (8), alkanes (4), olefins (5), ketones (2),
and other compounds (2). Among them, 32, 47, and 43 compounds
were detected in CK, CK-1, and CK-3 groups, respectively, while
more than 49 compounds were detected in the inoculation group.
The relative content of flavor substances in each treatment group
is shown in Figure 6B. The main volatile flavor substances in
fermented sausage were esters, aldehydes, alcohols, acids, and other
compounds. These volatile compounds were mainly derived from
fat oxidation, amino acid catabolism, carbohydrate fermentation,
microbial activity, and spices (Kaban and Kaya, 2009). The principal
component analysis (PCA) of flavor compounds among treatment
groups at 28 days of sausage fermentation is shown in Figure 6C.

It was found that the control groups, including CK, CK-1, and CK-
3, were localized in the third quadrant and clearly scattered from the
inoculated groups. Moreover, the inoculated groups of L. fermentum

FIGURE 5

Peptide content of sausage among treatments at the end of
fermentation (28 days). Different lowercase letters (a–i) indicate a
significant difference between different treatment groups (P < 0.05).
The group without starter culture and leucine was assigned to the CK
group. The groups added with 1 and 3 mM of leucine without starter
culture were assigned to the CK-1 and CK-3 groups, respectively. The
group with Lactobacillus fermentum YZU-06 was assigned as the G
group. The groups with Lactobacillus fermentum YZU-06 and
different concentrations of leucine (1 and 3 mM) were named G-1 and
G-3 groups, respectively. The fermented sausage with the
mixed-starter cultures of Lactobacillus fermentum YZU-06 and
Staphylococcus saprophyticus CGMCC 3475 was assigned to the GQ
group. The groups with the mixed-starter cultures and different
concentrations of leucine (1 and 3 mM) were named GQ-1 and GQ-3
groups, respectively.
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FIGURE 6

The flavor profiles of fermented sausages, including heatmap (A), composition of sausage flavors in the different groups (B), and principal component
analysis of flavor substances among treatments (C) at the end of fermentation (28 days). The group without starter culture and leucine was assigned to
the CK group. The groups added with 1 and 3 mM of leucine without starter culture were assigned to the CK-1 and CK-3 groups, respectively. The group
with Lactobacillus fermentum YZU-06 was assigned to the G group. The groups with Lactobacillus fermentum YZU-06 and different concentrations of
leucine (1 and 3 mM) were named G-1 and G-3 groups, respectively. The fermented sausage with the mixed-starter cultures of Lactobacillus fermentum
YZU-06 and Staphylococcus saprophyticus CGMCC 3475 was assigned to the GQ group. The groups with the mixed-starter cultures and different
concentrations of leucine (1 and 3 mM) were named GQ-1 and GQ-3 groups, respectively.

YZU-06 (G groups) and mixture starter of L. fermentum YZU-06 and
S. saprophyticus CGMCC 3475 (GQ groups) also showed different
distributions of the PCA mapping points. The amounts of volatile
compounds in samples inoculated with mixture starters (GQ group
2,863.85 µg/kg, GQ-1 group 3,033.21 µg/kg, GQ-3 group 3,585.83
µg/kg) were higher than those in the control groups (average value
of 2,807.53 µg/kg). Thus, it is indicated that the addition of Leu
and mixed starter plays an important role in enriching the types and
contents of flavor substances in fermented sausage.

The 3-methylbutanal/butanal/butyrate were derived from
catabolism of Leu (Beck et al., 2004; Yu et al., 2020), and these

compounds were the focus of attention in this study. The addition
of 3 mM Leu and mixed-starter culture resulted in higher branched-
chain aldehyde/alcohol/acid in the GQ group than that of the other
groups (P < 0.05). Among them, the content of 3-methylbutanal
(17.53 µg/kg) in the GQ-3 group was five times higher than that
in the group CK (3.47 µg/kg) and 1.3 times higher than that of
the G-3 group. The amount of 3-methylbutanol (5.48 µg/kg) and
2-methylpropanol (1.92 µg/kg) produced by the GQ-3 group was
significantly higher than the other groups (P < 0.05). Microbial
fermentation promoted the conversion of muscle proteins to
FAAs in fermented sausages. BCAAs can be converted into α-keto
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TABLE 2 Scores of sensory evaluation of sausages among different treatments.

Time (d) Group SE P-value

CK CK-1 CK-3 G G-1 G-3 GQ GQ-1 GQ-3 Strain BCAAs Strain*BCAAs

Color 6.23c 6.53c 6.68bc 7.16ab 7.28ab 7.33a 7.50a 7.46a 7.76a 0.04 <0.05 0.22 0.89

Flavor 7.10b 7.15b 7.18b 7.60ab 7.83a 7.95a 8.23a 8.00a 8.03a 0.02 <0.05 0.88 0.66

Texture 7.43a 7.35ab 7.20ab 6.79c 7.05b 7.43a 6.90c 7.05b 7.54a 0.14 0.32 0.10 0.18

Taste 7.25b 7.13c 7.10c 7.15c 7.68ab 7.70ab 7.75ab 7.85a 7.90a 0.07 <0.05 0.54 0.54

*Indicates the interaction between strains and branched-chain amino acids. Different superscript letters (a–c) indicate a significant difference among treatment groups (P < 0.05).

acids by microbial transaminases, which was the first rate-limiting
step for the conversion of BCAAs to branched aldehydes. As an
important intermediate, α-keto acids can be further transformed into
various flavor compounds through non-oxidative decarboxylation
or oxidative dehydrogenation (Smit et al., 2004). Aldehydes can be
converted into the corresponding alcohols and carboxylic acids by
alcohol dehydrogenase and aldehyde dehydrogenase, respectively
(Chen et al., 2015). 2-Methylpropanal produced by valine can be
oxidized to 2-methylpropionic acid by aldehyde dehydrogenase or
reduced to 2-methylpropanol by alcohol dehydrogenase, respectively.
Moreover, 2- and 3-methylbutanal produced by Leu and Ile can be
oxidized to 2- and 3-methylbutanal by aldehyde dehydrogenase or
reduced to 2- and 3-methylbutanol by alcohol dehydrogenase. These
compounds produce malt, fruity, and sweaty flavors, which were
identified as the key volatile compounds in cured ham and cured
loin (Bosse et al., 2021). In addition, the most abundant aldehydes
in fermented sausage were non-anal formed by the oxidation of N-9
polyunsaturated fatty acids, which delivered the smell of carnation,
citrus, and laurel (Olivares et al., 2011).

Esters are low-odor threshold compounds and give fermented
sausage fruit aroma (Sun et al., 2010). Ester was the most abundant
in the G group. Ethyl butyrate and methyl 2-methylbutyrate
were mostly detected in the inoculated groups and related to
the post-esterification of methyl branched-chain by transmination
of microbial metabolism of BCAAs (Schmidt and Berger, 1998).
Ethyl butyrate in the G-3 group (2,969.18 µg/kg) and methyl
2-methylbutyrate in GQ-3 group (5.23 µg/kg) were significantly
higher than that of the other groups (P < 0.05). In addition,
many esters identified in the present study were ethyl esters, which
produced fruity odors (Chen et al., 2017). The high content of
ethyl compounds may be due to the decomposition of carbohydrates
by L. fermentum YZU-06. Sun et al. (2010) showed that ethanol
played an important role in the flavor of Cantonese sausage. In the
present study, ethanol was identified to have the highest content
in alcohols, among which the GQ group had the lowest ethanol
content.

Acids have great implications on the flavor development
of sausage, including acetic acid and hexanoic acid, which are
derived from the degradation of carbohydrates (Liu et al., 2003).
The GQ-3 group exhibited significantly higher 3-methylbutanoic
acid (9.12 µg/kg) than the other treatment groups (P < 0.05).
Ketones could be produced mainly through lipid oxidation,
microbial fermentation, and carbohydrate catabolism. Two ketones
were detected, of which 2-pentanone was produced by microbial
β-oxidation in the presence of Staphylococcus (Leroy et al.,
2006). Hydrocarbons, including four alkanes and five alkenes,
were also detected in the volatile flavor substances of sausages,
which may be the product of lipid auto-oxidation. However, the

presence of alkanes might not be an important contributor to
the flavor due to their high threshold value (Latorre-Moratalla
et al., 2011). The alkenes, including α-curmene, D-limonene, β-
caryophyllene, cedarene, and β-elemene, may be obtained from
spices such as onion and ginger powder and spice powder
(Montanari et al., 2016).

3.7. Sensory analysis

A sensory analysis is essential for meat products to meet
consumer demand and recognition (Ruiz-Capillas et al., 2021). As
shown in Table 2, no significant difference was found in texture
scores among the inoculated groups of L. fermentum YZU-06 only
and mixed-starter groups (P > 0.05), while the color scores in
the mixed-starter groups were significantly higher than that of the
control groups (P< 0.05). The inoculated groups, except the G group,
showed significantly higher overall flavor scores than those in the
control groups (P < 0.05). Two inoculated groups (GQ-1 and GQ-
3) presented greater taste scores than those of the control groups
(P < 0.05). This was attributed to the fact that the inoculation of the
starter could promote the hydrolysis of protein and the subsequent
release of peptides and FAA for the development of flavor and taste
during fermentation (Hu et al., 2022). Taken together, the addition
of starter and Leu significantly improved the sensory quality of
the sausage.

7. Conclusion

The primary outcome of this study was to develop the fermented
sausage by directional production of 3-methylbutanal via Leu
supplement and the selected culture, L. fermentum YZU-06 and
S. saprophyticus CGMCC 3745. The combination of Leu and strain
applied to fermented sausage provides a novel strategy to not
only improve the diversity of flavor compounds, but also the
overall quality of the fermented sausage. Therefore, L. fermentum
YZU-06 has great potential as a starter for the production of
fermented meat products. The mechanism of flavor development
is the interaction between protein, lipids, microorganisms, spices,
external environment, and processing parameters and needs to be
further studied.
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Untargeted metabolomics and
quantification analysis reveal the
shift of chemical constituents
between instant dark teas
individually liquid-state fermented
by Aspergillus cristatus, Aspergillus
niger, and Aspergillus tubingensis
Si-yu Liao1, Yi-qiao Zhao1, Wen-bao Jia1, Li Niu2,
Tunyaluk Bouphun3, Pin-wu Li1, Sheng-xiang Chen1, Wei Chen1,
Dan-dan Tang1, Yue-ling Zhao1, Yao Zou1*, Ming-zhi Zhu2* and
Wei Xu1*
1College of Horticulture, Tea Refining and Innovation Key Laboratory of Sichuan Province, Sichuan
Agricultural University, Chengdu, China, 2Key Laboratory of Tea Science of Ministry of Education, National
Research Center of Engineering Technology for Utilization of Functional Ingredients from Botanicals,
College of Horticulture, Hunan Agricultural University, Changsha, China, 3Faculty of Science and Agricultural
Technology, Rajamangala University of Technology Lanna Lampang, Lampang, Thailand

Instant dark teas (IDTs) were individually liquid-state fermented using the fungi

Aspergillus cristatus, Aspergillus niger, and Aspergillus tubingensis. To understand

how the chemical constituents of IDTs were affected by the fungi, samples were

collected and measured by liquid chromatography-tandem mass-tandem mass

spectrometry (LC-MS/MS). Untargeted metabolomics analysis revealed that 1,380

chemical constituents were identified in positive and negative ion modes, and

858 kinds of chemical components were differential metabolites. Through cluster

analysis, IDTs were different from the blank control, and their chemical constituents

mostly included carboxylic acids and their derivatives, flavonoids, organooxygen

compounds, and fatty acyls. And the metabolites of IDTs fermented by A. niger

and A. tubingensis had a high degree of similarity and were classified into one

category, which showed that the fungus used to ferment is critical to the formation

of certain qualities of IDTs. The biosynthesis of flavonoids and phenylpropanoid,

which involved nine different metabolites such as p-coumarate, p-coumaroyl-

CoA, caffeate, ferulate, naringenin, kaempferol, leucocyanidin, cyanidin, and (-)-

epicatechin, were significant pathways influencing the quality formation of IDTs.

Quantification analysis indicated that the A. tubingensis fermented-IDT had the

highest content of theaflavin, theabrownin, and caffeine, while the A. cristatus

fermented-IDT had the lowest content of theabrownin, and caffeine. Overall, the

results provided new insights into the relationship between the quality formation of

IDTs and the microorganisms used in liquid-state fermentation.
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instant dark teas, fungi, liquid-state fermentation, metabolome, quantification analysis
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1. Introduction

Dark tea is a typical post-fermented tea in China, including
Yunnan Pu-erh tea, Hunan Fu-brick tea, Shaanxi Fu-brick tea,
Hubei Qing-brick tea, Sichuan Kang-brick tea, and Guangxi
Liu-bao-tea (Lin et al., 2021), which is associated with diverse
health benefits, such as inhibiting fat deposition, antioxidant,
anti-diabetic, anti-cancer, cardiovascular protective, gastrointestinal
protective, hepatoprotective, neuroprotective, photoprotective, and
sleep regulation (Peng et al., 2014; Lin et al., 2021; Wu et al.,
2021; Wei et al., 2022). In pile-fermentation, which is a kind of
solid-state fermentation and the key process to forming the unique
characteristics of dark tea (Li et al., 2018; Xu et al., 2022b), the
microorganism is critical to the quality formation. Chinese dark teas
produced via different crafts house different microbial communities.
A. cristatus, which also known as Eurotium cristatum (Hubka et al.,
2013), is considered the dominant microorganism and plays a key
role in the quality formation of Fu-brick tea (Zhu et al., 2020;
Wang et al., 2021), contributing to increasing the levels of volatile
organic compounds with stale and floral aromas (Xiao et al., 2022).
A. niger and A. tubingensis are the major fungi among Pu-erh tea
manufacturers (Abe et al., 2008; Haas et al., 2013; Wang et al., 2015).

Instant dark teas (IDTs), a novel type of tea beverage, are
traditionally manufactured using dark tea that has been solid-state
fermented, water-extracted, filtered, condensed, and dried (Lu et al.,
2015). Additionally, the other way to process instant dark tea is by
having microorganisms ferment tea soup, which has the advantages
of stability, rapidity, avoiding mixed microbial contamination, and
mild manufacturing conditions (Hsu et al., 2002). In previous studies,
IDTs were inoculated with A. cristatus, A. niger, or A. tubingensis
for liquid-state fermentation, showing completely different main
chemical constituents and sensory qualities (Lu et al., 2015; Wang
Q. et al., 2018; Chen et al., 2021; Ma et al., 2021; Wang et al., 2021;
Jun et al., 2022). The metabolic pathways, which were critical to
the sensory qualities of the IDTs, have unclear relationships with
microorganisms.

Metabolomics is an effective tool for explaining the effects of
metabolites in tea fermented by microorganisms (Cai et al., 2022).
Metabolomics analysis showed that certain microorganisms have
important effects on the transformation of metabolites and flavor
formation during pile-fermentation (Shi et al., 2021; Li et al.,
2022). The previous experiment reveals that A. cristatus is critical
to the formation of certain qualities of IDT during liquid-state
fermentation, using untargeted and targeted metabolomics (An et al.,
2021). However, it is unclear how the qualities of IDTs are influenced
by the effects of several dominant microorganisms.

In our study, IDTs were fermented in a liquid-state by the
fungi (A. cristatus, A. niger, and A. tubingensis), which were
isolated from Fu-brick tea and raw dark tea and identified by
phylogenetic analysis. To evaluate the safety of IDTs, ochratoxin
and citrinin concentrations were tested using high performance
liquid chromatography (HPLC). The content of the main chemical
components of IDTs was determined. Metabolites of IDTs were
analyzed by ultra-high performance liquid chromatography-hybrid
quadrupole time-of-flight/Mass spectrometry (UHPLC-QTOF-
MS) and liquid chromatography-tandem mass-tandem mass
spectrometry (LC-MS/MS) based untargeted metabolomics. This
study has advanced our knowledge regarding how the characteristics
of IDTs formed by fermenting in the liquid state.

2. Materials and methods

2.1. Materials and chemical reagents

Green tea was used as the raw material for liquid-state
fermentation and provided by Mabian Wenbin Tea Industry Co., Ltd.
(Sichuan, China). Fu-brick tea and raw dark tea were used to isolate
the fungal strains provided by Hunan Haoming Tea Industry Food
Co., Ltd. (Hunan, China).

Ochratoxin A (OTA), Ochratoxin B (OTB), and Citrinin (CIT)
standards were purchased from Pribolab Pte. Ltd. (Qingdao, China).
Chromatographic-grade methanol, acetonitrile, and glacial acetic
acid were provided by Chengdu Kelong Co., Ltd. (Chengdu, China).

2.2. Fungal strains

The strains of Q4, Q54, and ZM1 were isolated from a Fu-
brick tea and a raw dark tea and identified using morphological and
phylogenetic analysis of fungal internally transcribed spacer (ITS)
and partial β-tubulin (BenA) gene sequences (Ma et al., 2022), with
the identification method as previously reported (Yu et al., 2020).
Strains were preserved on potato dextrose agar (PDA) at 4◦C. The
spore suspensions of the strains were prepared with sterile water and
adjusted to 4.0 × 106 CFU/mL for the next liquid-state fermentation.

2.3. Tea liquid-state fermentation

Under aerobic conditions, liquid-state fermentation was carried
out in a shaking incubator (YS-100B, Changzhou, China). Green tea
was infused in distilled water (liquid-to-solid ratio of 60:1 mL/g)
and sterilized at 121◦C for 20 min. The sterilized tea soup was
inoculated with 2% (v/v) spore suspensions and fermented at 25◦C
with a shaking speed of 190 rpm. Three replicates were set for
each treatment, and the blank control was inoculated with the
same amount of sterile water. Because of the difference in growth
characteristics between the strains, the fermentation duration for
A. cristatus was 132 h, while the fermentation duration for the
other two strains was 72 h. After fermentation ended, the mixtures
were, respectively, filtered by multilayer gauze to remove mycelia.
The filtrates were centrifuged further at 5,000 rpm for 15 min to
obtain instant dark tea (IDTs), which were stored at −80◦C in the
following experiment.

2.4. Determinations of ochratoxins and
citrinin

Instant dark teas were filtered by 0.22 µm aqueous filter
membrane and then detected the content of ochratoxins and
citrinin by HPLC (1260, Agilent, USA). Ochratoxin A (OTA) and
ochratoxin B (OTB) were separated using a Phenomenex C18
(5 µm, 150 × 4.6 mm) column loaded with water-glacial acetic acid
(98:2 v/v) (phase A) and acetonitrile (phase B), with isocratic elution
(50:50). Citrinin (CIT) was separated by Phenomenex C18 (5 µm,
250 × 4.6 mm) column, using the mobile phase of acetonitrile-
isopropanol-phosphoric acid (35:10:55 v/v).
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2.5. Determination of main chemical
compounds

The contents of tea polyphenols, tea pigments (theaflavins,
thearubigins, and theabrownin), and amino acids were determined
using spectrophotometry, as previously described (Wang et al., 2011,
2014). The content of caffeine was determined using ultraviolet
spectrophotometry in GB/T 8312-2013, and the content of organic
acids were determined using acid-base indicator titration in GB/T
12456-2021.

2.6. Metabolomics

2.6.1. Metabolites extraction
The IDTs samples were thawed at 4◦C. Then 100.0 µL of samples

fermented by different fungal strains were individually extracted with
300 µL of methanol, 20 µL of internal standard substances were
added, vortexed for 30 s, ultrasonically treated for 10 min (incubated
in ice water), and incubated for 1 h at −20◦C to precipitate proteins.
The sample was then centrifuged for 15 min at 4◦C, 13,000 rpm.
Transfer the supernatant (200 µL) into a 2 mL LC/MS glass vial, take
20 µL from each sample and pool them as QC samples, and take
200 µL supernatant for UHPLC-QTOF-MS analysis.

2.6.2. LC-MS/MS analysis
LC-MS/MS analysis was performed using an HPLC system (1290,

Agilent Technologies) with a UPLC BEH Amide column (1.7 µm,
2.1 × 100 mm) coupled to a Triple TOF 5600 (Q-TOF, AB Sciex) at
a flow rate of 0.5 mL·min−1. Mobile phase A consisted of 25 mM
NH4OAc and 25 mM NH4OH in water (pH = 9.75), and mobile
phase B was composed of acetonitrile. The gradient program was as
follows: 0 min, 95% B; 7 min, 65% B; 9 min, 40% B; 9.1 min, 95% B;
12 min, 95% B. The injection volume was 3 µL. The Triple TOF mass
spectrometer was used for its ability to acquire MS/MS experiments.
In this mode, the acquisition software (Analyst TF 1.7, AB Sciex)
continuously evaluated the full scan survey MS data as it collected and
triggered the acquisition of MS/MS spectra depending on preselected
criteria. In each cycle, 12 precursor ions whose intensities were
greater than 100 were chosen for fragmentation at collision energy
(CE) of 30 V (15 MS/MS events with product ion accumulation time
of 50 ms each). ESI source conditions were set as follows: Ion source
gas 1 at 60 Psi, Ion Spray Voltage Floating (ISVF) 5,000 or −4,000 V
in positive or negative modes, respectively.

2.6.3. Data preprocessing and annotation
MS raw data (.d) files were converted to the mzXML format using

ProteoWizard and processed by R package XCMS (version 3.2). The
preprocessing results generated a data matrix that consisted of the
retention time (RT), mass-to-charge ratio (m/z) values, and peak
intensity. The R package CAMERA was used for peak annotation
after XCMS data processing. An in-house MS2 database was applied
to the identification of metabolites.

2.7. Statistical analysis

All tests were repeated triple times, and data were expressed as
means with standard deviation (SD). Duncan’s one-way ANOVA

(for ≥ 3 samples) was carried out using the SPSS 27.0 software (SPSS
Inc. Chicago, IL, USA). Differences were considered statistically
significant when the p-value was less than 0.05. The principal
component analysis (PCA), heat map, different metabolite screening
(fold change ≥ 2.0, P value ≤ 0.05, and variable importance in
projection value ≥ 1.0), functional annotation, and enrichment
analysis of differential metabolite KEGG were performed using BMK
Cloud1. Based on the metabolism classification information provided
by the HMDB database2, the annotated differential metabolism
in IDTs samples is statistically mapped. The clusterProfiler, an R
packager specially used for enrichment analysis of GO and KEGG,
was used to enrich and analyze the annotation results of the
differential metabolite KEGG3 by using the hypergeometric test
method to draw an enrichment network diagram.

3. Results and discussion

3.1. Strains

When cultured on PDA plates, the mycelia of strains Q4, Q54,
and ZM1 were golden, white, and white, respectively, and the
conidial areas were dark blonde, black, and dark green, respectively.
Through the colony morphology and phylogenetic analysis, strains
Q4, Q54, and ZM1 were identified as A. cristatus (the ITS and partial
BenA gene sequences were deposited in GenBank under accession
numbers OQ135132 and OQ136613, respectively), A. niger (the
ITS and partial BenA gene sequences were deposited in GenBank
under accession numbers OQ121833 and OQ136614, respectively),
and A. tubingensis (the ITS and partial BenA gene sequences were
deposited in GenBank under accession numbers OQ121834 and
OQ136615, respectively) stains, respectively (Figure 1). Considering
the safety of IDTs fermented by the strains (Blanc et al., 1995; O’Brien
et al., 2005; Malir et al., 2016), the mycotoxins (OTA, OTB, and CIT)
were tested by HPLC and results shown that were below limit of
detection (Supplementary Table 1).

3.2. Changes in chemical components in
IDTs

The composition and contents of chemical components
determine the sensory of IDTs. In this study, the contents of
chemical components in IDTs samples fermented by A. niger (IDTB),
A. cristatus (IDTC), and A. tubingensis (IDTD) were listed in Table 1.
The contents of tea polyphenols (tea polyphenols, TPs), amino acids
(amino acids, AA), and organic acids (organic acids, OA) were
reduced under the function of the microorganisms.

TPs are the main water-soluble substances in tea (Senanayake,
2013) and the sources of tea soup convergence, whose possible
consumption ways were as follows: one part provided energy for the
survival of microorganisms, while the other part was converted into
their oxidation products under the action of microorganisms. During
fermentation, enzymes secreted by microorganisms converted TPs

1 https://www.biocloud.net

2 https://hmdb.ca/

3 https://www.genome.jp/kegg
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FIGURE 1

Identification of A. cristatus (Q4) (A), A. tubingensis (Q54) (B), and A. niger (ZM1) (C), including colony morphology on PDA plates and molecular
phylogenetic analysis (D).

TABLE 1 Chemical constituents of instant dark teas fermented in liquid-state by A. cristatus, A. niger, and A. tubingensis.

Chemical constituents (mg/mL) Instant dark teas samples

IDTA IDTB IDTC IDTD

Tea polyphenols 2.050 ± 0.191A 0.928 ± 0.144BC 0.877 ± 0.445C 1.184 ± 0.199B

Amino acids 0.473 ± 0.104A 0.109 ± 0.186D 0.177 ± 0.114C 0.204 ± 0.085B

Caffeine 0.028 ± 0.001B 0.029 ± 0.001B 0.016 ± 0.001C 0.031 ± 0.001A

Theaflavin 0.029 ± 0.021AB 0.0048 ± 0.002C 0.001 ± 0.006BC 0.038 ± 0.001A

Thearubigins 0.655 ± 0.080A 0.583 ± 0.159A 0.092 ± 0.0021B 0.384 ± 0.450AB

Theabrownins 0.464 ± 0.021B 0.388 ± 0.060BC 0.309 ± 0.020C 0.651 ± 0.087A

Tea pigments 1.148 ± 0.041A 0.934 ± 0.223A 0.410 ± 0.014B 0.658 ± 0.181B

Malic acid 26.353 ± 8.595A 5.243 ± 1.355B 23.450 ± 2.978A 10.832 ± 3.582B

Acetic acid 23.600 ± 7.697A 4.567 ± 1.266B 21.000 ± 2.666A 9.700 ± 3.207B

Tartaric acid 29.500 ± 9.622A 5.733 ± 1.570B 26.250 ± 3.333A 12.125 ± 4.010B

Citric acid 25.173 ± 8.211A 4.780 ± 1.409B 22.400 ± 2.844A 10.347 ± 3.422B

Citric acid monohydrate 27.533 ± 8.980A 5.267 ± 1.514B 24.500 ± 3.111A 11.317 ± 3.742B

Lactic acid 35.400 ± 11.546A 7.267 ± 1.804B 31.500 ± 4.000A 14.550 ± 4.812B

Total organic acids 220.267 ± 71.842A 43.200 ± 11.538B 196.000 ± 24.887A 90.533 ± 29.939B

The different fermentation treatments of instant dark tea were the blank control (IDTA), Aspergillus niger (IDTB), Aspergillus cristatus (IDTC), and Aspergillus tubingensis (IDTD). Data are shown
as mean values ± standard deviation. The letters A, B, C (superscript) represent the degree of significant difference in data. The values marked with different uppercase letters within a given row
were significantly different (p < 0.05).

into quinones first, then further oxidized and polymerized to form
tea pigments (Wang Q. et al., 2018). Tea pigments, including
theaflavins (theaflavins, TFs), thearubigins (thearubigins, TRs), and
theabrownins (theabrownins, TBs), are the reason for color changes
in tea soup after fermentation and have the characteristics of

anti-atherosclerosis, anti-obesity, and maintain muscle health (Gong
et al., 2010; Liu et al., 2016; Xu et al., 2022a). Compared to IDT
prepared by blank control (IDTA), IDTB had the highest content of
TRs, IDTD had the highest content of TPs, TFs, and TBs, while IDTC
had the lowest content of TPs, TFs, and TRs (p < 0.05). These data
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indicated that A. tubingensis could efficiently utilize TPs and catalyze
the transformation from TPs to TFs and TBs, while A. cristatus
had a weak ability to catalyze the oxidation of TPs but consumed
the highest contents of TPs in IDTs fermented by fungi. Our study
showed that the mellow mouthfeel of IDTs would better format with
the degradation of TPs and the formation of tea pigments under the
action of microorganisms (Wang Y. et al., 2018).

The purine alkaloids in teas typically include caffeine,
theobromine, and theophylline, and caffeine contributes to tea’s
stimulant properties (Wang Q. et al., 2018). The caffeine content
of IDTD was significantly higher than the other IDTs (p < 0.05),
considering that certain secretions from A. tubingensis can promote
the production of caffeine or the inability of A. tubingensis in
liquid-state fermentation to use the caffeine originally present
in tea soup. The high content of caffeine in IDTD should allow
it to be a better stimulant than the other IDTs. Instead, the
caffeine content of IDTC was lowest in the IDTs (p < 0.05),
which indicated that the caffeine originally present in tea soup
could be significantly consumed or degraded through liquid-
state fermentation by A. cristatus. Therefore, IDTC had a more
mellow mouthfeel in the IDTs and A. cristatus had the potential
to develop tea beverages with low content of caffeine. A recent
study showed that the content of caffeine increased during
the liquid-state fermentation by A. cristatus (An et al., 2021),
which is different from our results. This may be caused by
the difference in microorganisms. Additionally, there was no
significant difference in caffeine content between IDTA and IDTB
(p < 0.05), showing that A. niger had no significant effect on
caffeine metabolism. This indicated the fungal species (A. niger,
A. tubingensis, and A. cristatus) are responsible for caffeine
metabolism, which can affect the caffeine content through different
microbial pathways.

AA can help to form the mellow taste of tea (An et al., 2021). The
level of AA in IDTs fermented by fungi was significantly lower than
the corresponding level in IDTA (p < 0.05). In IDTs fermented by
fungi, the level of AA in IDTB was the lowest but it in IDTD was
the highest (p < 0.05), which showed that A. niger could significantly
consume AA originally, but A. tubingensis had the weakest ability to
consume AA in the strains used to produce IDTs. This may be because
AA, one of the readily metabolize nutrients in tea soup (Wang Q.
et al., 2018), were abundantly used during fungal growth.

OA were key constituents in tea leaves that influence the tea
quality (Xu et al., 2013). In this study, the contents of OA in IDTs were
determined, including malic acid, tartaric acid, acetic acid, citric acid,
citric acid monohydrate, and lactic acid. The levels of OA in IDTB
and IDTD were higher than the corresponding levels in IDTA and
IDTC, and there were no significant differences in the organic levels
between IDTA and IDTC. This indicated that A. cristatus could cause
a better biological activity of IDT than A. niger and A. tubingensis.

3.3. Metabolomics analysis of IDTs

3.3.1. PCA analysis and vene diagram
Through non-target metabolomics technology, a total of 1,380

chemicals were detected in the IDTs (A refers to the IDT was
produced by the blank control; B refers to IDT was fermented by
A. niger; C refers to IDT was fermented by A. cristatus; D refers
to IDT was fermented by A. tubingensis) in positive and negative

modes (Supplementary Table 2), including 858 metabolites which
closely related to the quality formation of IDTs (Figure 2B). The
PCA differentiated the four IDTs samples (Figure 2A), indicating
that there were significant differences between the IDTs fermented by
the strains and the blank control. The principal components of IDTB
and IDTD were similar, which were quite different from the principal
components of IDTC, for the close biological relationship between
A. niger and A. tubingensis (Juhász et al., 2004).

The compounds with FC value greater than 2.0, P value less
than 0.05, and VIP value greater than 1.0 were defined as differential
metabolites among IDTs samples. Compared with the blank control
(Figure 2B), 858 metabolites were clustered after trimming and
filtering, and 562 core metabolites were shared by the IDTs fermented
by different strains. Additionally, compared with the IDTB and
IDTD, the total number of metabolites in IDTC was the minimum,
but the number of exclusive metabolites in IDTC was the maximum.
There is the least number of similar metabolites between the IDTC
and IDTD. This implied that the microorganisms used for liquid-
state fermentation are critical to the quality formation of IDTs.

3.3.2. Heatmap and histogram of differential
metabolites

Heatmap was used to visualize the differences of metabolites
among IDTs fermented by dissimilar strains, in which each
column represents an IDT sample and each row represents a
metabolite (Figure 3A). Via thermogram analysis, the metabolites
polymerization in IDTs is divided into three categories. Compared
with the blank control, the expression of categories I substance was
significantly upregulated in IDTB and IDTD, while the expression of
categories II substance was only upregulated significantly in IDTC.
For the category III substance, it was significantly downregulated
in IDTs fermented by the three stains, indicating that there was
consistency in the transformation of the metabolites of IDTs under
the function of the three fungi strains. According to the similarity
in metabolite classification, the composition of metabolites of IDTB
and IDTD, confirms our previous conclusion. Therefore, in the
heatmap diagram, IDTB and IDTD were classified into one category,
and IDTC belonged to one group with them for the metabolites
of it were significantly different from IDT produced by the blank
control.

Based on the metabolites classification information provided by
the HMDB databases, the annotated differential metabolism in IDTs
is statistically mapped (Figure 3B), and the number of substances
species was more than 20 were considered as the key metabolites.
The diagram showed that the key metabolites in IDTs production
were carboxylic acids and their derivatives, flavonoids, organooxygen
compounds, and fatty acyls. It was different for the order of the
number of these key metabolites in IDTs fermented by dissimilar
strains. And the key metabolites numbers in IDTC showed more
differences than it in IDTB and IDTD, which had the largest number
of carboxylic acids and their derivatives and the smallest number of
fatty acids. Besides, for the other two key metabolites, the number
of flavonoids in IDTC was smaller than it in the other two IDTs
fermented by fungi. This indicated that flavonoids and carboxylic
acids and their derivatives were more used by A. cristatus in the
instant dark tea production process. This may be due to the relatively
low utilization of organooxygen compounds and fatty acyls by
A. cristatus, or A. cristatus can promote the synthesis of these two
metabolites, which needs further experimental verification.
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FIGURE 2

The metabolomics data were subjected to principal component analysis (PCA) (A) and Vene diagram (B) of differential metabolites in IDTs. The different
fermentation treatments of instant dark tea were the blank control [A], Aspergillus niger [B], Aspergillus cristatus [C], and Aspergillus tubingensis [D].

FIGURE 3

The metabolomics data were subjected to heatmap analysis (A) and column diagram differential metabolites (B) in IDTs. In the heatmap, a color-coded
scale grading from orange to green represented the metabolites from high to low. The different fermentation treatments of instant dark tea were the
blank control [A], Aspergillus niger [B], Aspergillus cristatus [C], and Aspergillus tubingensis [D].

3.3.3. Analysis of enrichment network and
metabolic pathway of metabolites

The enrichment network of metabolites in IDTs is drawn in
Figure 4, along with heat dots representing the levels of associated
metabolites. The results showed the main metabolic pathway in
IDTs fermented by the strains. The main pathways in IDTs were as
follows: IDTB involved aminobenzoate degradation, biosynthesis of
phenylpropanoids, flavonoid biosynthesis, nicotinamide metabolism,
and valine, leucine and isoleucine degradation; IDTC involved
biosynthesis of phenylpropanoids, biosynthesis of various secondary
metabolites metabolites-part 2, flavonoid biosynthesis, purine
metabolism, and valine, leucine and isoleucine degradation; IDTD
involved biosynthesis of phenylpropanoids, degradation of aromatic

compounds, flavonoid biosynthesis, metabolism of xenobiotics by
cytochrome P450, and toluene degradation.

In this study, the biosynthesis of flavonoids and
phenylpropanoids was the mutual metabolic pathway in IDTs
fermented by the three stains, including the largest number of
metabolites for their biggest size of the node. The metabolites in
flavonoid biosynthesis were a comprehensive decline under the
function of the strains, indicating that the flavonoid substances
in tea soup were transformed and utilized with the influence of
microorganisms. IDTs fermented by microorganisms can obtain a
mild taste because flavonoid is one of the sources of the astringent
sense of tea soup. Flavonoid is also one of the main components of
tea polyphenols (He et al., 2020), so it may be the central carbon
source for microbial growth provided by the tea soup. Besides, expect
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FIGURE 4

Enrichment network diagram of differential metabolites in IDTs. Pictures respectively represent metabolites pathways between IDT produced by blsnk
control and IDTs fermented by fungi. The light-yellow node refers to the associated metabolic pathway, and its size of it indicates the number of
metabolites included by these pathways. The dots connected with the node refer to the specific metabolites annotated to the pathway, along with the
color depth indicating the difference multiple taking the value of log 2. The different fermentation treatments of instant dark tea were the blank control
[A], Aspergillus niger [B], Aspergillus cristatus [C], and Aspergillus tubingensis [D].

FIGURE 5

metabolic pathway diagram of the differential metabolites in IDTs. The dots represent the relative content of metabolites between the IDT fermented by
microorganisms and the bank control. The dots represent the relative content of metabolites between IDT produced by blank control and IDTs
fermented by fungi. The color-coded scale grading from orange to blue represented the metabolites from high to low. The different fermentation
treatments of instant dark tea were the blank control [A], Aspergillus niger [B], Aspergillus cristatus [C], and Aspergillus tubingensis [D].

the synthesis of chorismite, the metabolites of phenylpropanoids
biosynthesis have significantly risen under the function of the strains.
Phenylalanine is the precursor of phenylpropanoid biosynthesis

and is eventually converted into flavanols and flavonol glycosisdes
through the flavonoid biosynthesis pathway after catalysis by a
series of enzymes (Wu et al., 2020; Sun et al., 2022). In our previous

Frontiers in Microbiology 07 frontiersin.org155

https://doi.org/10.3389/fmicb.2023.1124546
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


fmicb-14-1124546 February 4, 2023 Time: 13:50 # 8

Liao et al. 10.3389/fmicb.2023.1124546

study, we certified that amino acid contents were significantly
reduced under the action of microorganisms. This indicated that
the transformation from phenylpropanoids to phenylpropanoid
was promoted and the biosynthesis pathway of flavonoid from
phenylpropanoid was inhibited, with the effects of microbial
extracellular enzymes in the liquid-state fermentation system.

The degradation of valine, leucine, and isoleucine was a
collective metabolic pathway in IDTs fermented by A. niger and
A. cristatus, with the metabolites of (s)-3-hydroxyisobutyl-CoA, and
(s)-b-aminoisobutyric acid significantly rose and the metabolites
of methylcrotonyl-CoA slightly rose. For IDTD, the metabolism
of caffeic acid was significantly decreased in the degradation of
its aromatic compounds of the IDT. Caffeic acid is a phenolic
compound, with the activity of antioxidant, anti-inflammatory, and
anti-carcinogenic (Espíndola et al., 2019). Therefore, IDTD may have
certain healthcare functions.

The possible metabolic pathways for the quality formation of
IDTs fermented by microorganisms were drawn in Figure 5, along
with color-coded dots representing the levels of the associated
metabolites. There were 22 substances differentially expressed in
the metabolic transformation pathway shown in Figure 5. In
the diagram, the biosynthesis of phenylpropanoid and flavonoids
were also the main metabolic pathway influencing the quality
formation of IDTs, like our previous results. There were nine
differential metabolites in the pathways: p-coumarate, p-coumaroyl-
CoA, caffeate, ferulate, naringenin, kaempferol, leucocyanidin,
cyanidin, and (-)-epicatechin, which may be driven by extracellular
enzymes secreted by microorganisms.

As mentioned above, microorganisms are critical to the
qualities of IDTs in liquid-state fermentation, for their function
in the transformation of water-soluble substances in tea soup. In
our study, the transformation and utilization of flavonoids and
phenylpropanoid have high consistency under the function of
A. niger, A. cristatus, and A. tubingensis in the process of liquid-
state fermentation, which indicated that single fungus fermentation
is conducive to targeted changes in the content of certain substances
and developing functional tea products or guiding the production of
instant dark tea products according to market demand.

4. Conclusion

This study explored the relationship between the quality
formation of instant dark teas (IDTs) and the dominant
microorganisms (A. niger, A. cristatus, and A. tubingensis) used
for liquid-state fermentation, and revealed the main metabolic
pathways during fermentation. The fermentation of IDTs by
the dominant microorganisms caused the degradation of tea
polyphenols, amino acids, and organic acids. Especially, the IDT
fermented by A. tubingensis had the highest content of theaflavins,
theabrownins, and caffeine, while the IDT fermented by A. cristatus
had the lowest content of theabrownins and caffeine. Metabolic
results revealed that 22 metabolites were identified as key metabolites
responsible for differential metabolic pathways among IDTs
fermented by strains. And the biosynthesis of flavonoids and
phenylpropanoids were the key metabolic pathways in the quality
formation of IDTs, with nine differential metabolites including
p-coumarate, p-coumaroyl-CoA, caffeate, ferulate, naringenin,
kaempferol, leucocyanidin, cyanidin, and (-)-epicatechin. Our results

advance our insights into the metabolic changes in the quality
formation of IDTs processed by liquid-state fermentation using
A. niger, A. cristatus, and A. tubingensis.
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Cereal vinegar is usually produced through solid-state fermentation, and the microbial 
community plays an important role in fermentation. In this study, the composition 
and function of Sichuan Baoning vinegar microbiota at different fermentation 
depths were evaluated by high-throughput sequencing combined with PICRUSt and 
FUNGuild analysis, and variations in volatile flavor compounds were also determined. 
The results revealed that no significant differences (p > 0.05) were found in both total 
acid content and pH of vinegar Pei collected on the same day with different depths. 
There were significant differences between the bacterial community of samples 
from the same day with different depths at both phylum and genus levels (p < 0.05), 
however, no obvious difference (p > 0.05) was observed in the fungal community. 
PICRUSt analysis indicated that fermentation depth affected the function of 
microbiota, meanwhile, FUNGuild analysis showed that there were variations in the 
abundance of trophic mode. Additionally, differences in volatile flavor compounds 
were observed in samples from the same day with different depths, and significant 
correlations between microbial community and volatile flavor compounds were 
observed. The present study provides insights into the composition and function of 
microbiota at different depths in cereal vinegar fermentation and quality control of 
vinegar products.

KEYWORDS

cereal vinegar, high-throughput sequencing, microbiota, Sichuan Baoning vinegar, volatile 
flavor compounds

1. Introduction

Vinegar is a popular traditional acidic condiment and preservative with a long history (Li 
et al., 2015). Production of vinegar is usually divided into liquid-state fermentation and solid-
state fermentation according to the fermentation type (Haruta et al., 2006; Li et al., 2022). In 
Europe, vinegar is mainly produced by liquid-state fermentation using fruits as raw materials; 
in Asia such as China, Japan, and Korea vinegar is mainly produced by solid-state fermentation 
using cereals as raw materials (Lynch et al., 2019; Yuan et al., 2021). Compared to liquid-state 
fermentation, solid-state fermentation involves more complex microbiota, leading to more 
abundant flavor (Wu et al., 2019; Gao et al., 2022). However, in order to enhance production 
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yield and efficiency, two-stage liquid–solid fermentation is also 
utilized by Chinese vinegar manufacturers (Liu et al., 2022). Sichuan 
Baoning vinegar, as representative of Sichuan bran vinegar, is one of 
the four traditionally famous vinegars in China (Chen et al., 2016). 
Sichuan Baoning vinegar differs from other vinegars in the following 
aspects: use of uncooked wheat bran as the primary raw material 
and Daqu (great koji) incorporated with Chinese herbs as the 
saccharifying agent; complete solid-state fermentation; an open 
fermentation process, with saccharification, alcohol fermentation, 
and acetic acid fermentation carried out simultaneously. The lactic 
acid content in Baoning vinegar was higher, leading to a more soft 
taste (Liu et al., 2022).

As is known, the processing of vinegar relies on a variety of 
microorganisms, and both culture-dependent (Wu et  al., 2010; 
Vegas et  al., 2013) and culture-independent (Kong et  al., 2022; 
Sengun et  al., 2022) methods have been employed to study the 
microbiota during vinegar fermentation. Due to the open 
fermentation of cereal vinegar, the microbiota succession may 
be affected by environmental factors and microorganisms from raw 
materials, processing equipment, and surrounding environment. 
The contents of ethanol, titratable acid, and reducing sugar, rather 
than temperature, were reported to be  the major environmental 
factors shaping the microbiota of Zhenjiang aromatic vinegar 
(Huang et  al., 2022). Meanwhile, fermentation depth may also 
impose an effect on solid-state fermentation since the depth of the 
substrate can affect the magnitude of temperature and oxygen 
gradients (Rathbun and Shuler, 1983; Ridder et  al., 1999). The 
volatile flavor compounds are reliable quality indicators of vinegar. 
The relationship between volatile flavor compounds and microbial 
community has been confirmed (Wang et al., 2022; Zhang et al., 
2022). However, little is known about the effects of fermentation 
depth on the microbiota and volatile flavor compounds of 
cereal vinegar.

In the present study, amplicon-based high-throughput sequencing 
was applied to explore the composition and function of Sichuan Baoning 
vinegar microbiota at the upper and lower layers. Meanwhile, the 
relationship between microbiota and volatile flavor compounds was 
studied, expecting to provide insights into the fermentation mechanism 
and quality control of cereal vinegar.

2. Materials and methods

2.1. Sampling

The vinegar Pei samples (the fermentation mixture before leaching) 
were collected from Sichuan Baoning Vinegar Co., Ltd. (Langzhong, 
Sichuan, China) between July 2022 and August 2022. The production of 
Baoning vinegar was carried out as reported by Liu et al. (2021), and 
samples (obtained approximately 0.5 ~ 1 h before mixing, except for the 
1st day’s sample obtained ~ 1 h after mixing) on days 1, 5, 9, 13, 17, 21, 
24, and 27 from the upper (5 ~ 40 cm from the top) and lower 
(70 ~ 110 cm from the top) layers were collected using the five-point 
sampling method (four corners and center of each layer), respectively. 
Samples from the same layer were mixed, and excess vinegar Pei was 
removed by the quadrate method. Afterward, 300 ~ 400 g of vinegar Pei 
was sealed in sterile Ziplock bags at –40°C. Samples are identified based 
on the sampling day and the layer (U = upper, L = lower), e.g., U1 
indicates upper layer samples collected on day 1. The total acid content 

of vinegar Pei was recorded as reported by Liu et al. (2020), and pH was 
determined using a pH meter (PHS–3CB; Shanghai Yueping Scientific 
Instrument Co., Ltd., Shanghai, China).

2.2. Miseq sequencing

Each sample was divided into three portions and sent to Majorbio 
(Shanghai, China) for bacterial and fungal diversity analysis using the 
Illumina Miseq system, e.g., sample U1 was sequenced with three 
portions identified as U1_1, U1_2, and U1_3. Specifically, primers 338F 
(5′-ACTCCTACGGGAGGCAGCAG′) and 806R (5′-GGACTACHV 
GGGTWTCTAAT-3′) were used to amplify the V3–V4 regions of 
bacterial 16S rDNA, while fungal internal transcribed spacer (ITS) 
regions were amplified using primers ITS1F (5′-CTTGGTCATTTA 
GAGGAAGTAA-3′) and ITS2R (5′-GCTGCGTTCTTCATCGATGC-3′; 
Zeng et al., 2022).

2.3. Bioinformatics analysis

After sequencing, PE reads were spliced according to the overlap 
relationship using Flash (version 1.2.11), and then trimming, quality 
control, and assessment of raw reads were conducted by fastp (version 
0.19.6). Similar sequences were clustered into the same operational 
taxonomy unit (OTU) with a 97% sequence identity. The OTU 
number of each sample was employed to assess species richness. The 
sequences were evaluated for alpha-diversity (Mothur, version 1.30.2) 
and beta-diversity (Qiime, version 1.9.1). Linear discriminant analysis 
(LDA) effect size (LEfSe) was used to analyze the different species at 
different fermentation depths using LEfSe software (version 1.0), and 
an LDA score ≥ 2.0 was set to indicate important biomarkers in 
samples. Microbial functions were annotated by PICRUSt2 (version 
2.2.0) for the 16S rDNA OTU and FUNGuild (version 1.0) for the 
ITS OTU.

2.4. Volatile flavor compounds analysis

The volatile flavor compounds were tested as previously reported 
(Liu et al., 2020) using gas chromatography–mass spectrometry (GC–
MS; 5975C/6890 N; Agilent, United States) with an elastic capillary 
vessel column (HP-5MS, 30 m × 0.25 mm i.d., 0.25 μm film thickness). 
After comparing with the NIST 2020 library, compounds with a 
similarity index higher than 80% were employed for analysis. After 
normalization of all peak areas, the relative content of each compound 
was calculated based on its peak area compared to all peak areas.

2.5. Statistical analysis

The total acid, pH, and volatile flavor compounds of vinegar Pei 
samples were analyzed with three independent replicates and expressed 
as mean ± SD. The relationship between total acid, pH, and microbial 
community structure was analyzed by RDA/CCA. Spearman’s rank 
correlation coefficient was used to analyze the relationship between 
volatile flavor compounds and microbiota. Statistical comparative 
analysis between two groups was performed by t-test using SPSS 27.0 
(SPSS, Chicago, IL, United States) unless otherwise specified.
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3. Results and discussion

3.1. Microbiota analysis

3.1.1. Alpha diversity
Alpha diversity indices, including shannon, chao, and coverage, 

were calculated in different samples (Supplementary Table S1). The 
coverage of sequences was over 0.999, indicating sufficient authenticity 
and depth of sequencing (Zhao et al., 2022). The shannon and chao 
values in the bacterial and fungal communities were similar between 
most of vinegar Pei from the same day with different fermentation 
depths. As revealed by shannon indice, the bacterial community 
diversity of the upper layer was lower than that of the lower layer on day 
13 (p < 0.05), but it was higher between day 17 to 24 (p > 0.05), especially 
on day 27 (p < 0.05). As revealed by chao value, the bacterial richness 
exhibited an opposite trend after day 17, and significant differences were 
observed on days 24 and 27. For the fungal community, the richness of 
the upper layer was significantly lower than that of the lower layer on 
day 17 (p < 0.05), but it became higher after day 24, especially on day 27 
(p < 0.05). The diversity of the fungal community in both layers was 
similar, except for day 5.

3.1.2. Beta diversity
The principal coordinates analysis (PCoA) at genus level based on 

the Bray-Curtis distance indicated that the first two principal 
components make up 81.56 and 5.26% of the total variance contribution 
ratio in the bacterial community (Figure 1A), whereas the first two 
principal components make up 81.41 and 7.30% of the total variance 

contribution ratio in the fungal community (Figure 1B). There were 
significant differences in the bacterial community of samples from 
different depths at genus level (p < 0.05), but few differences were 
observed in the fungal community (p > 0.05). The unweighted pair-
group method with arithmetic mean (UPGMA) distance analysis on 
genus level revealed that most of the samples from the same day with 
different depths were separated (Figures 1C,D).

3.1.3. Bacterial and fungal communities
A total of 194 OTUs were obtained based on 97% similarity 

threshold, and 7 fungal phyla, 13 fungal classes, 38 fungal orders, 58 
fungal families, and 94 fungal genera were detected in vinegar Pei 
samples from both fermentation layers. At the phylum level, Firmicutes, 
Proteobacteria, and Actinobacteriota all possessed the highest 
abundance through the fermentation in both fermentation depths, 
which was similar to our previous report, but the abundance of 
Cyanobacteria, Bacteroidetes, and Deinococcus-Thermus was lower in 
the present study (Liu et al. (2021)). The abundance of Proteobacteria 
and Actinobacteriota was a little higher in the upper layer while that of 
Firmicutes was higher in the lower layer (Figures 2A–C). At the genus 
level, similar to our previous report (Liu et al., 2022), Lactobacillus, 
Bacillus, and Acetobacter were the top 3 genera through the fermentation 
in both fermentation depths (Figures  2D,E), but the abundance of 
Lactobacillus (74.98%) and Bacillus (11.14%) was higher in the lower 
layer while the abundance of Acetobacter (7.94%) was higher in the 
upper layer (Figure 2F). On the first day of fermentation, Bacillus was 
the predominant (28.64%), followed by Lactobacillus (14.35%) and 
Streptomyces (14.11%), which was different from previous reports (Liu 

A

C D

B

FIGURE 1

Principal coordinates analysis (PCoA) (A) and unweighted pair-group method with arithmetic mean (UPGMA) (C) analysis of bacterial community structure; 
PCoA (B) and UPGMA (D) analysis of fungal community structure.
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et al. (2021); Liu et al., 2022) and the reason might lie in the differences 
in environmental factors and microorganisms from materials, 
processing equipment, and surrounding environment. Afterward, 
Lactobacillus was predominant, ranging from 70.83 to 91.23% in the 
upper layer and 77.13 to 90.24% in the lower layer, respectively, which 
was not in agreement with the results of Zhenjiang aromatic vinegar and 
Shanxi mature vinegar (Huang et al., 2022; Kou et al., 2022). Generally, 
the abundance of Lactobacillus showed an increasing and then 
decreasing trend during the fermentation in the lower layer whereas no 
regular pattern was observed in the upper layer. The abundance of 
Acetobacter also changed without a regular pattern, but it was the highest 
on day 13 in both fermentation depths.

A total of 649 OTUs were obtained based on 97% similarity 
threshold, and 9 fungal phyla, 30 fungal classes, 69 fungal orders, 166 
fungal families, and 316 fungal genera were detected in vinegar Pei 
samples from both fermentation layers. At the phylum level, 
Ascomycota and Basidiomycota possessed the highest abundance 
through fermentation in both fermentation depths, and the 
abundance of Ascomycota was far higher than that of Basidiomycota, 
which agreed with the study by Ai et  al. (2019). Notably, the 
abundance of Ascomycota was higher in the lower layer 
(Figures 3A–C). At the genus level, Aspergillus was the predominant, 
followed by unclassified_f__Saccharomycetales_fam_Incertae_sedis, 
unclassified_o__Saccharomycetales, Pichia and Apiotrichum in the 

upper layer, while the predominant genera in the lower layer were 
Aspergillus, unclassified_f__Saccharomycetales_fam_Incertae_sedis, 
unclassified_o__Saccharomycetales, Pichia and Issatchenkia 
(Figures 3D,E). Generally, the abundance of Aspergillus increased 
with the fermentation, while unclassified_f__Saccharomycetales_
fam_Incertae_sedis showed a decreasing trend. The changing trend 
of unclassified_o__Saccharomycetales, Pichia, and Issatchenkia were 
different in the upper and lower layers. The primary difference in the 
upper and lower layers was that the abundance of Aspergillus 
(48.30%), Pichia (1.49%), and Issatchenkia (1.11%) was higher at the 
lower layer (Figure 3F), which might be caused by more accessible 
oxygen in the upper layer.

Linear discriminant analysis effect size analysis (logarithmic LDA 
scores threshold of 2) was performed to identify bacterial (Figure 4A) 
and fungal (Figure 4B) taxa with significant abundance differences in 
different layers. Virgibacillus, Paenibacillus, Oceanobacillus, and 12 other 
bacterial genera were significantly enriched in the lower layer, while 
bacterial genera Acetobacter and Kroppenstedtia were significantly 
enriched in the upper layer. Fungal genus Botrytis was significantly 
enriched in the lower layer.

Analysis of similarities (ANOSIM; Supplementary Table S2) 
indicated that no significant differences were observed in the bacterial 
community of samples from the same day with different fermentation 
depths at OTU level (p > 0.05), however, there were significant 

A D

B

C F

E

FIGURE 2

Relative abundance of the bacterial community structure. (A) The upper layer at phylum level, (B) the lower layer at phylum level, (C) the upper and lower 
layers at phylum level, (D) the upper layer at genus level, (E) the lower layer at genus level, (F) the upper and lower layers at genus level.
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differences between the bacterial community of samples from the same 
day with different fermentation depths at both phylum and genus levels 
(p < 0.05). As for the fungal community, no significant differences were 
observed in samples from different fermentation depths at OTU, 
phylum, and genus levels (p > 0.05).

3.1.4. PICRUSt and FUNGuild functional prediction
PICRUSt2 was applied to predict the bacterial function, and 6 types 

of biological metabolic pathways, including metabolism, genetic 
information processing, environmental information processing, human 
diseases, cellular processes, and organismal systems, were obtained by 
comparing with the KEGG database. Forty-four subfunctions were 
observed in the analysis of the secondary functional layer of the 
predicted genes, and differences were found between samples on the 
same day with different fermentation depths, especially for cell motility, 
circulatory system, and excretory system, etc. (Figure 5A). Metabolism 
was the primary pathway, and carbohydrate, amino acid, and energy 
metabolism of the microbiota were predicted (Figure  5B). As can 
be  seen, more variations were observed at the third level. As for 
carbohydrate metabolism, the most obvious difference was in starch and 
sucrose metabolism.

FUNGuild was used to predict the function of the fungal 
community. As illustrated in Figure  5C, eight trophic modes were 
classified, and the “unassigned” was defined as OTUs that were not 

matched with any taxa. Saprotroph was the primary trophic mode 
throughout the fermentation, with relative abundance ranging from 
93.88 to 99.72%. Saprotroph-symbiotroph was the second most 
abundant trophic mode in samples from day 1 to 13, while the type of 
the second most abundant trophic mode varied after day 17.

3.2. Content of total acid and pH of vinegar 
Pei

As shown in Figure 6, the total acid content increased with the 
fermentation in both layers, while pH showed a decreasing trend. 
Notably, there was no significant difference (p > 0.05) in both total acid 
content and pH of vinegar Pei collected on the same day with different 
depths, which might indicate a good processing control on vinegar 
production to some extent. RDA/CCA revealed that total acid and pH 
significantly affected the microbial community, and these two factors 
together explained 84.64 and 60.39% of the bacterial and fungal 
communities variation at genus level, respectively 
(Supplementary Figures S1A,C). The correlation between pH/total acid 
content and the top 10 abundant genera was evaluated by the spearman 
correlation heatmap. Both pH and total acid content were significantly 
correlated with bacterial genera Acetobacter, Streptomyces, 
Saccharopolyspora, and Pediococcus (Supplementary Figure S1B), while 

A D

B

C F

E

FIGURE 3

Relative abundance of the fungal community structure. (A) The upper layer at phylum level, (B) the lower layer at phylum level, (C) the upper and lower 
layers at phylum level, (D) the upper layer at genus level, (E) the lower layer at genus level, (F) the upper and lower layers at genus level.

162

https://doi.org/10.3389/fmicb.2023.1135912
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Liu et al. 10.3389/fmicb.2023.1135912

Frontiers in Microbiology 06 frontiersin.org

significant correlations were observed between pH/total acid content 
and all the 10 most abundant fungal genera except Trichisporon and 
Saccharomycopsis (Supplementary Figure S1D; p < 0.001).

3.3. Volatile flavor compounds

The number of six common types of volatile flavor compounds, 
including esters, acids, alcohols, carbonyls, heterocyclic, and olefines, as 
well as their relative percentage composition were shown in Table 1. There 
were certain differences in both the number of volatile flavor compounds 
and their relative percentage composition between samples from the same 
day with different depths. Obvious differences were observed in the 

relative contents of acids and alcohols, which were primarily introduced 
by the content of acetic acid and phenethyl alcohol, respectively. Both the 
type and percentage of ester compounds were the most abundant 
throughout fermentation, with the relative percentage composition 
ranging from 26.97 to 50.25% after day 1, which agreed with the result by 
Jiang et al. (2019). Similar to the report by Gong et al. (2021), the relative 
content of alcohols was the second highest. After the beginning of 
fermentation, obvious differences in the relative percentage composition 
of ester compounds and acid compounds were observed on day 13, 
whereas that of alcohol compounds and carbonyl compounds were 
observed on days 9 and 9–13, respectively. Ethyl octanoate, ethyl acetate, 
ethyl caproate, phenethyl acetate, and ethyl phenylacetate, detected in 
various vinegars (Ríos-Reina et al., 2020; Pothimon et al., 2022; Xu et al., 

A

B

FIGURE 4

The bacterial (A) and fungal (B) communities of vinegar Pei were analyzed through Linear discriminant analysis effect size (LEfSe) to determine the optimal 
characteristic taxa.
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2022), were esters with high relative percentage. Tetramethyl pyrazine, a 
characteristic flavor and bioactive compound in vinegar (Li et al., 2016; 
Liu et al., 2021), was detected in vinegar Pei from both depths, and there 

was no significant difference in its relative content (p > 0.05). Notably, 
phenols such as 2-methoxy-5-methylphenol and 4-ethyl-2-methoxy-
phenol, rarely reported in cereal vinegar, were produced, and 4-ethyl-2-
methoxy-phenol was detected throughout the fermentation. Observable 
differences in their relative percentage were found between samples from 
the same day with different depths (data not shown).

The correlation between volatile flavor compounds and the 10 most 
abundant genera was revealed by the spearman correlation heatmap 
(Figure 7). Esters and acids showed significant correlations with  Bacillus, 
Virgibacillus, Oceanobacillus, Paenibacillus, Rummeliibacillus, and 
Trichosporon. Acetobacter was significantly positively correlated with 
olefins, carbonyls and heterocyclic compounds (p < 0.05). Alcohols showed 
a significant correlation with Pediococcus, Aspergillus, unclassified_f__
Saccharomycetales_fam_Incertae_sedis, unclassified_o__Saccharomycetales, 
Pichia, Saccharopolyspora, Rummeliibacillus, Issatchenkia, Monascus, and 
Hyphopichia (p < 0.05).

4. Conclusion

Significant differences between the bacterial community of samples 
from the same day with different fermentation depths at both phylum 

A B

C

FIGURE 5

Heatmap showing the hierarchical clustering of predicted KEGG Orthologs functional profiles of the bacterial community at level 2 (A) and level 3 
(carbohydrate, amino acid, and energy metabolism) (B); Relative abundance of predicted trophic mode of fungi (C).

FIGURE 6

Changes in pH and total acid content of vinegar Pei during 
fermentation.
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TABLE 1 Number of volatile flavor compounds and their relative percentage composition (n/%) during vinegar fermentation.

Sample Esters Acids Alcohols Carbonyls Heterocyclic Olefines

Type Percentage Type Percentage Type Percentage Type Percentage Type Percentage Type Percentage

U1 13 15.77 ± 0.76 6 35.31 ± 3.83 4 4.11 ± 0.68 10 4.19 ± 0.43 5 7.34 ± 1.04 1 3.88 ± 1.08

L1 17 14.05 ± 4.38 5 14.78 ± 4.96 7 23.31 ± 4.54 9 6.64 ± 1.09 4 8.87 ± 1.58 1 3.70 ± 0.18

U5 29 50.25 ± 4.65 5 1.05 ± 0.40 10 18.84 ± 3.55 7 5.66 ± 1.48 3 3.34 ± 1.39 1 0.42 ± 0.36

L5 22 48.33 ± 0.81 7 5.09 ± 1.50 10 16.60 ± 2.40 5 3.65 ± 0.71 2 7.52 ± 0.38 1 0.42 ± 0.42

U9 29 45.84 ± 3.64 7 13.84 ± 0.36 14 13.63 ± 4.00 7 5.41 ± 1.27 3 5.82 ± 1.54 3 0.81 ± 0.80

L9 27 35.81 ± 4.56 6 13.03 ± 5.18 15 27.20 ± 2.37 2 2.54 ± 0.69 3 3.71 ± 0.56 0 –

U13 21 26.97 ± 1.27 7 22.28 ± 5.27 15 20.34 ± 194 7 8.22 ± 0.43 4 5.30 ± 2.82 0 –

L13 25 45.48 ± 3.62 6 6.71 ± 0.74 11 19.85 ± 3.78 5 2.77 ± 0.48 2 6.24 ± 1.17 0 –

U17 25 31.23 ± 2.77 6 16.31 ± 7.39 13 20.94 ± 2.53 4 3.48 ± 0.68 3 4.28 ± 0.57 0 –

L17 21 28.89 ± 1.34 7 12.72 ± 3.21 13 18.09 ± 1.16 4 3.16 ± 0.92 3 4.29 ± 0.27 0 –

U21 24 36.45 ± 4.23 8 23.06 ± 1.69 17 23.42 ± 2.07 9 5.88 ± 3.01 1 0.68 ± 0.13 0 –

L21 24 32.60 ± 2.19 7 12.32 ± 0.84 14 22.28 ± 6.92 4 3.35 ± 1.14 3 3.73 ± 0.01 0 –

U24 24 40.60 ± 2.81 5 12.58 ± 7.44 13 22.13 ± 3.58 5 4.10 ± 0.40 2 4.08 ± 1.05 0 –

L24 23 35.83 ± 10.54 7 12.37 ± 2.73 13 28.35 ± 9.06 2 2.53 ± 0.05 2 3.02 ± 0.63 0 –

U27 26 42.00 ± 1.71 7 10.39 ± 4.89 14 23.87 ± 5.23 5 4.12 ± 0.70 3 2.38 ± 0.71 0 –

L27 27 39.79 ± 3.12 7 7.80 ± 1.50 15 27.90 ± 4.14 8 3.34 ± 0.58 2 1.42 ± 0.77 1 0.28 ± 0.24

-, not detected.
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and genus levels were observed (p < 0.05), whereas no significant 
difference was observed in the fungal community. Acetobacter and 
Kroppenstedtia were significantly enriched in the upper layer. The 
function of microbiota was altered according to PICRUSt analysis, and 
the number of volatile flavor compounds and their relative percentage 
composition were affected by the microbial community at different 
depths. However, no significant difference was observed in total acid 
content. To the best of our knowledge, this has been the first study trying 
to explore the effects of fermentation depth on vinegar fermentation, 
which will provide insights into the quality control of cereal vinegar 
production. The changes in other vinegar quality attributes and detailed 
mechanisms under the effects of fermentation depth on microbiota 
composition and function need further study.
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The fermentation is the main process to form the unique flavor and health benefits 
of dark tea. Numerous studies have indicated that the microorganisms play a 
significant part in the fermentation process of dark tea. Dark tea has the quality 
of “The unique flavor grows over time,” but unscientific storage of dark tea might 
cause infestation of harmful microorganisms, thereby resulting in the remaining 
of fungi toxins. Mycotoxins are regarded as the main contributor to the quality 
of dark tea, and its potential mycotoxin risk has attracted people’s attention. This 
study reviews common and potential mycotoxins in dark tea and discusses the 
possible types of masked mycotoxins in dark tea. A summary of the potential 
risks of mycotoxins and masked mycotoxins in dark tea is presented, intending 
to provide a reference for the prevention and risk assessment of harmful fungi in 
dark tea.

KEYWORDS

dark tea, mycotoxins, fungi, contamination, masked mycotoxins

1. Introduction

Dark tea, one of the six major tea groups, is a post-fermented tea that is produced by solid-
state fermentation involving microorganisms (Wang et al., 1991a). In recent years, it has been 
proven that dark tea produces many specific products that are not found in other teas during 
processing, for which the damp-heat effect and microbial extracellular enzymes are accountable 
(Wang et al., 1991b; Qi et al., 2004; Chen and Qi, 2010). Different kinds of dark tea have been 
found to have their own dominant fungal strains during the processes of fermentation and 
storage (Xiong, 2017), and parts of these strains can synthesize fungal toxins.

Mycotoxins widely existed in all kinds of food, which is a serious threat to human health and 
safety, which has become one of the most important issues in the field of food safety (Bhat et al., 
2010; Medina et al., 2015, 2017; Haque et al., 2020; Martínez-Culebras et al., 2021; Zhang et al., 
2021). Mycotoxins are secondary metabolites produced by fungi that may be harmful to humans 
when ingested, inhaled, or in contact with skin (Marin et al., 2013). Fungi of many genera produce 
fungal toxins, mainly Aspergillus, Penicillium, Alternaria, Fusarium, and Claviceps genus 
(Murugesan et al., 2015; Jiang et al., 2018; Wang G. et al., 2020). The common fungal toxins are 
aflatoxins (AFTs), ochratoxins (OTs), deoxynivalenol (DON), fumonisins (FUMs), zearalenone 
(ZEN), patulin (PAT), and Citrinins (CITs) (Haque et al., 2020; Vargas Medina et al., 2021). There 
are also masked mycotoxins that have been overlooked in previous testing and assessment (Tan 
et al., 2016). The main dominant microorganisms and potentially contaminating mycotoxins in 
dark tea are shown in Figure 1. Recent evidence suggests that mycotoxins were detected in 
fermented tea (Liu et al., 2016; Mo et al., 2016; Hu et al., 2019; Xu W. et al., 2019), which indicated 
that there is indeed a possibility that dark tea is contaminated with mycotoxins during the 
production and processing as well as storage processes.
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There exist several methods for measuring the mycotoxins, for 
instance: thin-layer chromatography (TIC)(Zhao et al., 2016), enzyme-
linked immunosorbent assay (ELISA)(Li et al., 2016; Zhang, 2017; Zhu 
et al., 2017), high performance liquid chromatography (HPLC) (Kong 
et al., 2014; Li and He, 2020; Iqbal et al., 2021), liquid chromatography–
tandem mass spectrometry (LC–MS/MS) (Kresse et al., 2019; York et al., 
2020), and gas chromatography (GC) (Li et al., 2000; Lin et al., 2013). 
The currently existing measuring methods of mycotoxins have trouble 
detecting the masked mycotoxins in dark tea (Tan et al., 2016). Therefore, 
we need to pay more attention to the safety of dark tea during production 
and storage to ensure the health and safety of consumers. This paper 
reviews the contamination status and contamination levels of common 
mycotoxin species in dark tea, also speculates on the masked mycotoxins 
that may exist in dark tea, and discusses the main microbial sources of 
mycotoxin production in dark tea and the possible ways to cause 
mycotoxin contamination processes in dark tea, which may provide a 
reference for food safety policymakers and researchers.

2. Common fungal toxins in dark tea

2.1. Aflatoxin

Aflatoxins (AFTs) are a class of secondary metabolites produced 
by Aspergillus parasiticus and Aspergillus flavus (Piekkola et al., 2012). 
Aflatoxins are readily produced by Aspergillus flavus under relatively 
high air humidity and temperature conditions (Yu et  al., 2004). 
Aflatoxins can be classified into several types, such as B1, B2, G1, and 

G2. Among them, aflatoxin B1 (AFB1) is the most toxic and has been 
classified as a class I carcinogen by the World Health Organization 
Cancer Research Unit (Yogendrarajah et al., 2015).

Currently, numerous studies have indicated that there is a risk of 
aflatoxins in dark tea. Liu et al. (2016) used high performance liquid 
chromatography–tandem mass spectrometry (HPLC–MS) for testing 10 
samples of Pu-erh tea, among which AFB1 was detected in two samples 
at 3.1 μg/kg and 7.5 μg/kg, respectively. Wu J. (2013) used HPLC to detect 
AFB1 in seven samples at concentrations greater than 5 μg/kg in 60 
samples of Pu-erh tea. Cui et al. (2020) examined 158 dark tea samples 
by liquid chromatography-mass spectrometry, two of which tested 
positive for aflatoxins. One Kangzhuan tea contained 2.07 μg/kg of AFB1; 
the other Fuzhuan tea contained four aflatoxins at concentrations of 
AFB1: 1.24 μg/kg, AFB2: 0.78 μg/kg, AFG1: 0.81 μg/kg, AFG2: 1.04 μg/kg. 
The previous reports have shown that dark tea has the possibility of being 
contaminated with aflatoxins, but levels and detection rates of aflatoxins 
are very low, so the risk exposure level of aflatoxin in dark tea is very low. 
Aflatoxin, as a highly toxic carcinogen, has always been a great concern 
for tea consumers. Therefore, the most effectively way to prevent dark tea 
from being contaminated by exogenous aflatoxin during processing and 
storage is an issue worthy of attention and consideration.

2.2. Ochratoxins

Ochratoxin (OTs) is a group of secondary metabolites produced 
by fungi Aspergillus and Penicillium (Wang et al., 2018). Ochratoxins 
were first isolated by Vander Merwe from the metabolites of 

FIGURE 1

The main dominant microorganisms and potentially contaminating mycotoxins in dark tea.
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Aspergillus ochraceus (Van der Merwe et  al., 1965). Ochratoxin is 
classified into several types based on its structure, including A, B, C, 
and, with ochratoxin A (OTA) ranking first. Available studies have 
demonstrated that OTA is nephrotoxic, hepatotoxic, immunotoxic, 
genotoxic, neurotoxic, and teratogenic (Chen et  al., 2018). It is 
classified by the International Agency for Research on Cancer (IARC) 
as a renal carcinogen in animals and a probable carcinogen in humans. 
OTA contaminates a variety of crops and teas (Zhang, 2017; Deng 
et  al., 2020; He et  al., 2020; Zhao et  al., 2022), with the main 
OTA-producing fungi differing depending on environmental 
conditions. The main fungi that produce OTA are shown in Table 1 
(Sánchez-Hervás et al., 2008; Iqbal et al., 2014; Wang et al., 2016; Deng 
et al., 2020). Only parts of some strains of Aspergillus niger have the 
ability to produce OTA. There are differences in the ability to 
synthesize OTA on different substrates and under different 
environmental conditions (Deng et al., 2020).

Many researchers have tested OTA in dark tea using various 
testing techniques, and the results are detailed in Table 2. Combined 
with the above results, it can be observed that OTA in dark tea has a 
certain exposure risk. Many Aspergillus spp. fungi are dominant in the 
processing of dark tea, which is closely related to the formation of dark 
tea sensory quality (Wu J., 2013; Xiong, 2017). On the other hand, 
Fungi of the genus Penicillium have been detected during the storage 
of dark tea (Haas et al., 2013). OTA-producing fungi have similar 
strains to the dominant fungi in dark tea solid-state fermentation and 
storage As a result, there is a risk of OTA exposure during both the 
processing and storage of dark tea. The dominant strains in dark tea 

during the solid-state fermentation process are similar to many 
OTA-producing strains, but OTA is not only present in dark tea 
samples. OTA has been found in black and green tea samples, 
according to some studies (Santos et al., 2009; Malir et al., 2014). This 
indicates that the source of OTA in dark tea has two possibilities, 
therefore we should pay much more attention to fungal production of 
toxicity and exogenous contamination. And Zhao Z. et al. (2021) and 
Zhou et  al. (2015a,b) isolated OTA-producing strains from dark 
tea samples.

2.3. Citrinin

Citrinin (CIT) was originally isolated from cultures of Penicillium 
citrinum by Hetherington and Raistrick (1931). CIT is a well-known 
hepatorenal toxin that causes functional and structural kidney damage 
as well as debilitation of liver metabolism (Flajs and Peraica, 2009; 
Vidal et al., 2018). In recent years, CIT has received much attention 
due to its toxic effects on mammals and its widespread presence in 
foods, where it is usually found together with OTAs (Silva et al., 2021). 
The main CIT-producing fungi are similar to the OTA-producing 
ones, mainly Penicillium and Aspergillus fungi (Sengling Cebin Coppa 
et al., 2019).

The kidney is the main target organ for the toxic effects of CIT, 
and there are also reports of CIT effects on the liver and bone marrow 
(Magan and Olsen, 2004). CIT is a fungal toxin widely present in food, 
and there is a possibility that dark tea is contaminated with CIT. Li and 
He (2020) examined 113 tea samples of Liupao tea from different years 
by HPLC, 37 positive CIT samples with a CIT content of 7.8–206.1 μg/
kg were detected. Zhou et al. (2015a,b) isolated an OTA-producing 
Penicillium chrysogenum dominant strain from Pu-erh tea by 
inoculating it on raw dark tea with 35% moisture content at 30°C for 
25 days, and the CIT content was 26.30 μg/kg.

Since the majority of OTA-producing fungi can produce CIT 
(Silva et al., 2021), OTA was also detected in many tea samples, which 
forced us to consider whether OTA-producing fungi in dark tea will 
also produce CIT. Bugno et al. (2006) isolated 10 genera of molds from 
herbs, 89.9% of the fungi were Aspergillus and Penicillium spp., and 
21.97% of both Aspergillus and Penicillium spp. were able to produce 
CIT. Two hundred and sixty strains of Penicillium spp. were isolated 
from cereals and fruits by Andersen et  al. (2004), and 85% of 
Penicillium spp. were able to produce CIT. In recent years, many other 
researchers have isolated and identified Penicillium citrinum from 
dark tea. Haas et  al. (2013) isolated and identified two strains of 

TABLE 1 The main fungi producing OTA.

Genus Species

Aspergillus A. niger, A. carbonarius, A. ochraceus, A. 

affinis, A. terreus, A. fumigatus, A. 

versicolor, A. tubingensis, A. petrakii, A. 

sclerotiorum, A. westerdii. A. tubingensis, 

A. petrakii, A. sclerotiorum, A. 

westerdijkiae, A. alliaceus, A. sulphureus, 

A. melleu, A. parasiticus, A. sulphureus, 

A. melleu, A. sulphureus. A. parasiticus, 

A. welwitschiae

Penicillium P. verrucosum, P. variabile, P. nordicum, 

P. cyclopium, P. chrysogenum, P. 

polonicum, P. viridicatum

TABLE 2 OTA detection in dark tea samples.

Dark tea types Method Positive rate Contents (μg/kg) References

Wet storage fermented dark tea ELISA 100% Less than 50 Liu et al. (2011)

Pu-erh Tea HPLC 11% 0.65–94.7 Haas et al. (2013)

Pu-erh tea, etc. HPLC–MS/MS 4% 0.22–0.44 Mo et al. (2016)

Pu-erh tea, Fu tea, etc. UPLC–MS /MS 4% 4.2 Liu et al. (2016)

Pu-erh tea, etc. UPLC-MS /MS 8% 0.9–6.7 Liu et al. (2017)

Pu-erh Tea LC-MS/MS 0% ND Hu et al. (2019)

Pu-erh tea, Liupao tea, etc. HPLC 1.85% 34.9–36.8 Ye et al. (2020)

Dark tea HPLC 9.2% 2.51–12.62 Zhao et al. (2022)
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Penicillium citrinum from traditional Pu-erh tea loose tea, three 
strains in organic Pu-erh tea loose tea, and three strains in tightly 
pressed Pu-erh tea, respectively. Su (2018) isolated and identified 34 
fungal strains from four commercially available dark tea samples, 
including four strains of Penicillium oryzae. Zhao (2012) and Hu et al. 
(2020) isolated and identified Penicillium citrinum from ‘flowering’ of 
Fuzhuan tea and finished dark tea, respectively. Aspergillus spp. and 
Penicillium spp. fungi are very common in the production and 
processing of dark tea. Penicillium citrinum is also more common in 
dark tea. Therefore, there is a certain risk exposure level for CIT in 
dark tea, which poses potential health hazards to consumers. There 
are relatively few studies on CIT in dark tea samples, and there is 
almost no standard limit on the amount of CIT in dark tea.

2.4. Deoxynivalenol

Deoxynivalenol (DON), also known as vomitoxin, is named for 
its ability to cause vomiting in pigs. This is a secondary metabolite 
produced by toxigenic Fusarium species and others, combined with 
the high rate of contamination in both cereals and their products 
(Chen et al., 2017; Csikós et al., 2020; Wang and Wang, 2021; Yang 
et al., 2021). DON is potentially harmful to both humans and animals 
when it enters the food chain, such as causing loss of appetite, 
immunosuppression, nausea, and vomiting, and has been classified as 
a Class III carcinogen by the European Union (Pereira et al., 2019).

Although DON is mostly detected in cereals and their products, 
the researchers have not paid sufficient attention to it. In recent years, 
it has been reported that tea also has the possibility of being 
contaminated by DON. Yan (2019) examined 61 fermented dark tea 
samples, and DON was detected in three samples, including one 
Pu-erh tea with 8.6 μg/kg and two Hunan dark tea with 70.1 and 
299.5 μg/kg, respectively. Hu et al. (2019) examined 174 Pu-erh tea 
samples, DON was detected in 30.63% of the samples. Although the 
content of DON in the detected dark tea samples is far below the limit, 
we should pay much more attention to DON, which can protect the 
health of consumers and promote the sustainable development of 
dark tea.

2.5. Masked mycotoxins

Masked mycotoxins, usually conjugated mycotoxins, are 
mycotoxin derivatives formed by microbial transformation, 
degradation, hydrolysis, reduction, glycosylation, formylation, etc. 
Most masked mycotoxins are less toxic or non-toxic than their original 
mycotoxins. However, some masked mycotoxins are not completely 
transformed and degraded, and under some specific conditions, these 
masked mycotoxins can be reconverted to mycotoxins under certain 
conditions (Berthiller et al., 2013; Tan et al., 2016).

The detection of masked mycotoxins is relatively cumbersome. 
In the initial studies, the “indirect method” was usually used as a 
quantitative method to detect the amount of masked mycotoxins. 
With the constant development of analytical techniques, the direct 
detection of masked mycotoxins has become more common. 
Currently, commonly used direct detection methods include LC–
MS/MS and ELISA. LC–MS/MS method has been widely used for 
the detection of mycotoxin residues in cereals, grains, oils, and 

other foods for its high selectivity and sensitivity (Lozowicka et al., 
2022). LC–MS/MS can simultaneously detect different components 
in mixed samples, so that masked mycotoxins, their prototypes, 
metabolites, and even different types of mycotoxins can 
be quantified simultaneously. Vendl et al. (2009) used LC–MS/MS 
to simultaneously quantify DON and ZON prototypes and their 
eight masked mycotoxins in cereal foods. Due to the shortage of 
commercial standards, studies on the quantitative analysis of 
masked mycotoxins are significantly limited. However, ELISA may 
respond to masked mycotoxins (Berthiller et  al., 2013). The 
mycotoxins detection studies in tea, where results of the test by 
ELISA were mostly positive for mycotoxins (Santos et al., 2009; Liu, 
2011), also forced us to think, whether there are also masked 
mycotoxins in tea.

Also, the detection of mycotoxins exposure levels in dark tea is 
mainly for their prototypes and little attention has been paid to the 
risk of masked mycotoxins. There are only a few reports on the 
preparation of standards, anabolic pathways of masked mycotoxins 
(Tan et al., 2016), which is the reason that masked mycotoxins deserve 
further attention and research. The common masked mycotoxins are 
masked trichothecenes, masked ZEN, masked fumonisins, masked 
OTA etc. Table 3 shows the common masked mycotoxins in naturally 
contaminated foods.

In addition to these masked mycotoxins detected in naturally 
contaminated food, there are also masked mycotoxins that have been 
identified but not yet observed in naturally contaminated food. All of 
the prototypes of mycotoxins mentioned above have been found in 
dark tea. Whether it forms masked mycotoxins in the same condition. 
Whether the masked mycotoxins are harmful to consumers. These 
questions force us to investigate more in the future.

3. Microbial sources of fugal toxins in 
Chinese dark tea

Dark tea belongs to the post-fermented tea category, and 
microorganisms participate and play an equally important role in its 
production and processing. Many researchers have isolated and 
identified the dominant microorganisms from the production and 
processing of dark tea as well as from the finished tea, and the more 
common dominant microbial genera are shown in Table 4.

As can be seen from Table 4, fungi of the genera Aspergillus and 
Penicillium play a very significant role in the processing of dark tea. 
There has been a lot of research on the dominant microorganisms of 
different types of dark tea, but there has been little research on whether 
these dominant microorganisms can produce fungus-derived toxins.

3.1. Aspergillus

Many Aspergillus spp. fungi are the dominant species in the 
production and processing of dark tea and have a strong relationship 
with the formation of dark tea quality (Jiang, 2012a; Wu J., 2013; Xiong, 
2017). At present, only Eurotium cristatum has been specified by the 
Chinese national standard as the physicochemical index of Fuzhuan tea.

There are parts of fungi in the genus Aspergillus that produce 
mycotoxins, such as Aspergillus flavus, Aspergillus fumigatus, 
Aspergillus niger, and Aspergillus versicolor.
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During the fermentation of dark tea, the number of Aspergillus 
spp. is always in a dominant position. The fungi Aspergillus spp. have 
an essential contribution to the quality formation of dark tea. For 
example, Aspergillus niger metabolism can produce organic acids and 
enzymes that have a variety of hydrolytic enzymes, including oxidases, 
glycosidases, and proteases, which can hydrolyze polysaccharides, fats, 
proteins, and cellulose into monosaccharides, amino acids, and some 
soluble carbohydrates, so that the biochemical components in the tea 
can be easily leached out and enhance the thickness of the tea broth. 
Aspergillus niger is a comparatively safe industrial fungus that was 
recognized worldwide in the 20th century and is a commonly used 
industrial fermentation strain. However, in recent years, there have 
been plenty of studies finding that some strains of Aspergillus niger 
could produce mycotoxins. Although only a few Aspergillus niger 
fungi are able to produce mycotoxins, we absolutely need to pay more 
attention to them.

3.2. Penicillium

Fungi of the genus Penicillium are also frequently detected during 
dark tea processing and in finished dark tea (Haas et al., 2013). It is 
widely used in the processing and storage of dark tea production.

There are more than 600 species of fungi in the genus Penicillium, 
and their morphological characteristics are generally similar to each 
other. Many researchers have also isolated and identified Penicillium 
spp. fungi from dark tea, as shown in Table 5, and Penicillium spp. 
fungi that may produce fungal toxins are shown in Table 6.

3.3. Other genus

Li (2019) isolated fungi of the genus Rhizoctonia from Ya’an 
Tibetan Tea. Zhao (2012) isolated one strain of Fusarium spp., one 
strain of Trichoderma and three strains of Mucor spp. from the 
‘flowering’ processing of Fuzhuan tea. Wu et  al. (2021) isolated 
Fusarium equiseti, Alternaria, and Cladosporium cladosporioides from 
Fuzhuan tea. Wen et al. (2012) isolated Mucor spp. and Rhizoctonia 
spp. from Liupao tea fermentation samples. All of the above fungi have 

the ability to produce mycotoxins, but few researchers have paid 
attention to them previously. These are the questions and directions 
that we need to pay close attention to in the future, whether these 
fungi can produce mycotoxins on tea substrates or not.

These fungal genera that have been isolated and identified as 
having the potential to cause adverse health effects to consumers are 
Fusarium, Xylaria, Streptomyces, and, Trichoderma spp. The fungi of 
the genus Fusarium mainly include Fusarium graminearum, Fusarium 
verticillioides, Fusarium nivale, Fusarium tricinctum, and Fusarium 
equiseti etc. (Zu et al., 2021). These fungi may produce toxic secondary 
metabolites such as trichothecenes, zearalenone, moniliformin, and 
butenolide (Huang et al., 2017). Some strains of Trichoderma such as 
T. reesei and T. viride are capable of producing gliotoxin, which 
belongs to the Tricothecenes (Mao and Zhang, 2018). Some strains of 
Alternaria can produce a variety of mycotoxins such as alternariol 
(AOH), alternariolmethylether (AME), and tenuazonicacid (TeA) 
(López et al., 2016). Mucor spp. is also a pathogenic fungus, often 
causing mold in food, Mucor can enter the body through the 
respiratory tract, digestive tract, or skin, causing blood clots and tissue 
necrosis (Yang and Liu, 2021).

In summary, many researchers have isolated and identified the 
microorganisms from dark tea. Therefore, a plentiful toxin-producing 
source has been discovered. The isolation and identification of toxin-
producing fungi in dark tea require us to think highly of the safety of 
dominant fungi in the processing of dark tea and avoid the infestation 
of toxicity-producing fungi. We  need to pay further attention to 
whether these fungi produce mycotoxins and whether they can cause 
health effects in consumers. Only a small number of researchers have 
paid attention to the toxicity-producing properties and isolating 
conditions of dark tea. However, in order to ensure the safety of dark 
tea production, research on the infestation of harmful fungi in dark 
tea is unquestionably required.

4. Possible contamination pathway

The initial production process of dark tea can be roughly divided 
into fixing, rolling, pile fermentation, and drying. Dark tea can 
be mainly classified into Hunan Fuzhuan tea, Sichuan Kangzhuan tea, 

TABLE 3 Common masked mycotoxins.

Classify Masked mycotoxin Contaminated food References

Masked trichothecenes DON-3-glucoside Wheat; malts; maize Savard (1991)

DON-3-glucoside; DON-15-glucoside Wheat; maize Berthiller et al. (2005)

DON-3-glucoside Wheat Kluger et al. (2015)

DON-3-glucoside Beer Kostelanska et al. (2009)

3-AcDON; 15-AcDON; DON-3-glucoside Wheat Palacios et al. (2017)

T-2 toxin 3-O-glucoside; HT-2 toxin 3-O-glucoside Wheat; oat Busman et al. (2011)

T-2 toxin-di-glucoside; HT-2 toxin-di-glucoside Corn powder Nakagawa et al. (2013)

T2-3-glucoside; HT2-3-glucoside; HT2-4-glucoside Wheat; oats Lattanzio et al. (2012)

Masked ZEN Z14G Wheat Schneweis et al. (2002)

Z14S Wheat flour; bran flakes Vendl et al. (2010)

α-ZEL; β-ZEL; Z14G; α-ZELG; β-ZELG; Z14S Wheat; maize; wheat; oats etc De Boevre et al. (2012)

Masked fumonisins HFB1 Corn flakes Kim et al. (2003)

HFBs Maize Dall Asta et al. (2009)
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Hubei Qingzhuan tea, Guangxi Liupao tea, Yunnan ripe Pu-erh tea, 
and Shaanxi Fuzhuan tea, etc., and their main manufacture processes 
are shown in Figure 2.

Each origin of dark tea has its own unique processing process. 
Fermentation and storage are the main ways for dark tea to be infested 
by harmful fungi, and if it is infested by toxicity-producing fungi 
during processing, it is likely to lead to the contamination of dark tea 
with fungal toxins.

4.1. Pile fermentation

The pile fermenting process is crucial in defining the quality of 
dark tea. The essence of fermentation is the enzymatic reaction of 
extracellular enzymes produced by the secretion of dominant 
microorganisms and the action of moist heat (heat of microbial 
respiration and metabolism) combined.

A series of complex transformations occur to form the unique flavor 
quality of dark tea (Wang et  al., 1991a). During processing, high 
temperature and high humidity conditions are favorable for microbial 
growth and the metabolic transformation of black tea, but if the dark tea 
is contaminated with harmful fungi during the pile fermentation, then 
there is a risk that the dark tea will be contaminated with fungal toxins.

TABLE 4 Common dominant genus in dark tea.

Type of dark 
tea

Dominant genus References

Kangzhuan tea Aspergillus, Penicillium, 

Saccharomyces

Fu and Guinian (2008)

Kangzhuan tea Aspergillus, Mucor, 

Mycobacterium, Rhizopus

Xu (2010)

Kangzhuan tea Aspergillus, Penicillium, 

Saccharomyces

Zheng (2013)

Sichuan dark tea Aspergillus, Penicillium, 

Saccharomyces, Rhizopus

Jiang (2012b)

Ya’an Tibetan tea Aspergillus, Penicillium, 

Rhizopus

Li (2019)

Pu-erh tea Aspergillus, Penicillium, 

Saccharomyces, Rhizopus

Zhou et al. (2004)

Pu-erh tea Aspergillus, Saccharomyces Dong et al. (2009)

Pu-erh tea Aspergillus, Arxula Wang Q. et al. (2020)

Pu-erh tea Aspergillus, Penicillium, 

Saccharomyces

Bi et al. (2014)

Pu-erh tea Aspergillus, Penicillium, 

Saccharomyces

Zhang et al. (2012)

Pu-erh tea Aspergillus, Saccharomyces Hu (2013)

Pu-erh tea Aspergillus, Saccharomyces Peng and Yu (2011)

Fuzhuan tea Aspergillus, Penicillium Zhang et al. (2010)

Fuzhuan tea Aspergillus, Penicillium Zhao H. et al. (2021)

Fuzhuan tea Aspergillus Ruan (2015)

Fuzhuan tea Aspergillus, Penicillium Hu (2012)

Fuzhuan tea Aspergillus, Penicillium Liu et al. (2011)

Fuzhuan tea Aspergillus Yang et al. (2020)

Fuzhuan tea Aspergillus, Penicillium Wu et al. (2021)

Liupao tea Aspergillus, Penicillium Wen et al. (2012)

Liupao tea Aspergillus Chen R. et al. (2016)

Liupao tea Aspergillus Ou et al. (2017)

TABLE 5 Common Aspergillus spp. and Penicillium spp. fungi in dark tea.

Type of dark 
tea

Species References

Ya’an Tibetan tea Aspergillus niger, 

Aspergillus fumigatus, 

Aspergillus miscellaneous, 

Penicillium citrinum

Li (2019)

Fuzhuan tea during 

‘flowering’

Aspergillus niger, 

Aspergillus fumigatus, 

Aspergillus confusus

Zhao (2012)

Brick tea Aspergillus pseudogalactiae Wang et al. (2015)

Fuzhuan tea Aspergillus costiformis 

Kong& Qi, Aspergillus 

niger and Aspergillus 

oryzae

Wu et al. (2021)

Fuzhuan tea Aspergillus sojae, 

Penicillium purpurogenum, 

Penicillium chrysogenum

Liu et al. (2011)

Liupao tea Aspergillus chevalieri, 

Aspergillus restrictus, 

Aspergillus tubingensis,

Chen R. et al. (2016)

Liupao tea Aspergillus niger, 

Aspergillus tubingensis, 

Aspergillus fumigatus, 

Aspergillus oryzae, 

Aspergillus sydowii, 

Aspergillus ochraceus, 

Aspergillus tamarii and 

Aspergillus sloerotiorum, 

Penicillium citrinum, 

Penicillium chrysogenum, 

Penicillium oxalicum, 

Penicillium chermesinum, 

Penicillium meleagrinum

Xu (2014)

Sichuan dark tea Aspergillus niger, 

Penicillium citrinum, 

Penicillium crustosum, 

Penicillium 

brevicompactum, 

penicillium georgiense, 

penicillium brocae

Xiong (2017)

Liupao tea Penicillium jiangxiense Ou et al. (2017)

Dark tea Aspergillus niger, 

Aspergillus tabinum, 

Aspergillus carbonarius, 

Aspergillus nidulans, 

Aspergillus ochraceus, 

Penicillium verrucosum

Zhao Z. et al. (2021)
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The microorganisms in the fermentation process are the more 
abundant stage in the whole dark tea production process (Zhang et al., 
2017; Xu Z. et al., 2019). Wen et al. (2012) isolated Aspergillus niger, 
Aspergillus oryzae, and Aspergillus glaucus from Liupao tea 
fermentation samples. Wang Q. et al. (2020) and Dong et al. (2009) 
isolated Aspergillus niger, Aspergillus tamarii, Aspergillus fumigatus, 
Aspergillus clavatus, Aspergillus oryzae, Aspergillus glaucus, Aspergillus 
terreus, Aspergillus candidus, Aspergillus wentii var. fumeus, Aspergillus 
penicillioides, Aspergillus aureolatus, Aspergillus egyptiacus, Aspergillus 
foetidus, Aspergillus japonicus Saito var. japonicus, Aspergillus restrictus 
Smith, etc., from the fermentation process of Pu-erh tea.

4.2. Storage

Dark tea is a kind of post-fermented tea with the characteristic 
that “flavor improves with ages,” and its flavor is unique. The change 
of the inner material component of dark tea is intimately related to 
temperature, humidity, and age (Chen Y. et  al., 2016). Therefore, 
during the storage process, dark tea is always changing silently, and 
the degree is accountable for the storage conditions. Mildew and 
deterioration of the dark tea are brought on by improper storage, thus 
leading to the contamination of dark tea by fungal toxins.

Dark tea during storage is probably infested with harmful fungi 
due to high humidity conditions and thus. Xu et  al. (2016) 

investigated mycotoxin residues under natural moldy and exogenous 
inoculation with toxin-producing Aspergillus flavus conditions by 
artificial high humidity mold-promoting culture, and all three 
mycotoxins were not detected in naturally moldy dark tea samples, 
while AFB1 was detected in tea samples with exogenous inoculation 
with Aspergillus flavus strains. Zhong et  al. (2010) isolated and 
identified a total of one Aspergillus strain, three Penicillium strains, 
and one Rhizopus strain for the fungal populations present in the 
storage of Ya’an Tibetan tea. Zhou et  al. (2015a,b) isolated and 
identified a strain of Aspergillus niger from aged Pu-erh tea for solid-
state fermentation of Pu-erh tea, and OTA was detected in the 
fermented Pu-erh tea samples, which proved that this strain of 
Aspergillus niger has the ability to produce OTA. In Li’s finding, total 
of 218 fungi was isolated from Liupao tea, and some of these strains, 
such as Aspergillus ochraceus, Aspergillus oryzae, Penicillium citrinum, 
and Penicillium chrysogenum can produce CIT (Li et al., 2020). Zhao 
et  al. (2021) isolated 560 fungal strains from dark tea samples, 
including seven species of Penicillium spp. and 13 species of 
Aspergillus spp., and 20 species of other genera. Six different species 
of isolated fungi were identified had the ability to produce 
OTA. Nearly all strains belonging to species of Aspergillus 
carbonarius, Aspergillus ochraceus, Aspergillus nidulans and 
Penicillium verrucosum were capable of producing OTA, but only part 
of Aspergillus niger and Aspergillus tubingensis can produce 
OTA. Zhao et al. (2022) isolated 18 strains of Aspergillus spp. and 
Penicillium spp. fungi from dark tea samples of different years, and 
one Aspergillus niger was found to have the ability to produce 
OTA. Although dark tea has the characteristic of “flavor improves 
with ages,” if it is not stored properly, it may becomeinfested with 
harmful fungi and thus become moldy or produce fungal toxins that 
are harmful to human health.

The possibility of dark tea being contaminated by fungi, which 
warns that dark tea enterprises need to concentrate on the 
contamination of harmful microorganisms during the production 
process. It’s necessary to constantly pay attention to the changes in 
environmental conditions during the storage of dark tea to prevent it 
from being contaminated by fungi during the storage process. The 
standardized of the production of dark tea is urgently needed to 

TABLE 6 Penicillium fungi that may produce fungal toxins in dark tea.

Fungi Fungal toxin of possible 
production

Penicillium citrinum Citrinin (Guo et al., 2019)

Penicillium chrysogenum Citrinin; Patulin (Zhou et al., 2015a)

Penicillium purpurogenum Citrinin (Chai et al., 2012)

Penicillium viridicatum Ochratoxin A; Citrinin (Pitt, 1987)

Penicillium verrucosum Ochratoxin A (Zhao Z. et al., 2021); 

Citrinin (Bragulat et al., 2008)

FIGURE 2

The main manufacture processing of various dark tea.
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ensure the safety of the dark tea production, processing, and storage 
environments, which is the guarantee for the prosperous development 
of the dark tea industry.

5. Discussion

Dark tea is potentially contaminated with toxin-producing fungi 
(Jiang et al., 2018; Deng et al., 2020). Microorganisms in dark tea play 
an important part in the formation of dark tea sensory quality, while 
some microorganisms can lead to tea fungal toxin contamination (Xin 
and Liang, 2020). During the processing of dark tea, extracellular 
enzyme catalysis by microorganisms is the dominant factor, thus 
promoting the transformation of dark tea quality and forming its 
unique flavor. Existing microbial studies on dark tea have identified 
Aspergillus spp. as the dominant fungal group in the fermentation 
process of dark tea. However, from the perspective of food safety, 
Aspergillus spp. fungi can produce a variety of fungal toxins, such as: 
aflatoxin, ochratoxin, citrinin, and vomitoxin (Sengun et al., 2008; 
Bräse et al., 2009; Zhao et al., 2017; Li et al., 2021). In recent years, the 
debate on whether dark tea contaminated with harmful fungi can 
produce fungal toxins has become more intense. Public opinion often 
emerges that tea contains fungal contaminants that can cause cancer, 
and some scholars have also reported studies on dark tea being 
contaminated by fungal toxins (Liu et al., 2016, 2017; Cui et al., 2020; 
Li et al., 2020; Zhao et al., 2022), which has had a huge impact on the 
development of the industry.

Dark tea has increased the risk of mycotoxins contamination due 
to the involvement of fungi during the microbial and hygrothermal 
dominated solid-state fermentation process. Zhou et al. (2015a,b), 
Zhang et al. (2016) ,and Zhao Z. et al. (2021) have isolated toxin-
producing fungi from dark tea, but the detection rate and content of 
mycotoxins in tea were far below expectations. Zhao et al. (2015) 
suggested that in the solid-state fermentation process, there is a 
possibility of the presence of antagonistic microorganisms that inhibit 
the growth of harmful fungi and the production of mycotoxins. The 
results of some other studies have shown that certain endogenous 
components in tea are capable of inhibiting fungal toxin production 
(Wu Q., 2013; Li H. et al., 2015; Guo, 2018).

At the same time, the tea matrix composition is highly complex 
and specific, containing abundant tea pigments, polyphenols, 
caffeine, and other substances, which are the material basis for the 
health functions of tea, and such secondary metabolites also have the 
ability to stop or inhibit mycotoxin production by mycorrhizal fungi 
in the presence of fungal contamination (Zhao et al., 2017; Jiang 
et al., 2018). In a study of aflatoxin production by Aspergillus flavus 
using tea substrates, results showed that aqueous extracts from 
Yunnan Big Leaf tea had a significant inhibitory effect on the 
synthesis of aflatoxins, they speculated that the tea extract may have 
inhibited aflatoxin synthesis by modulating the expression of aflR (Li 
H. et al., 2015). In recent years, it has also been found that there is a 
close relationship between aflatoxin biosynthesis and oxidative 
stress, and that the presence of antioxidants inhibits the synthesis of 
AFB1 (Wu Q., 2013; Zhao, 2014; Guo, 2018). All these studies show 
that the active substances in tea have the ability to inhibit the 
production of toxins from mycotoxins, but there is a limit to the 
inhibitory effect of active substances on harmful fungi, and what 
we need is to completely and effectively avoid contamination of tea 

with harmful mycotoxins to effectively and efficiently protect the 
safety of consumers.

There are many studies on mycotoxins in dark tea, and most of the 
findings suggest that the level of mycotoxin exposure in dark tea is 
insufficient to threaten the health of tea consumers (Liu et al., 2016; 
Mo et al., 2016; Hu et al., 2019). The results of mycotoxin detection in 
dark tea are inconsistent due to different sources of dark tea samples 
as well as different methods of determination. Results of ELISA were 
mostly positive for mycotoxins (Santos et al., 2009; Li W. et al., 2015), 
while LC–MS/MS results were mostly negative, with only a few 
positive cases present. The possible reasons for this situation are due 
to the results for ELISA are probably false positive, and LC–MS/MS 
results seem more reliable. The complexity of the tea matrix, the 
conversion of polyphenols to pigment substances such as theaflavins 
and thearubigins during the fermentation of dark tea by the action of 
moist heat and microbial extracellular enzymes (Jiang, 2012a; Zhang, 
2015; Ji et al., 2016), which can affect the results of ELISA.

If the sample pretreatment method is not appropriate and the 
interferences, such as tea pigment substances are not removed, the 
ELISA or HPLC assay will easily show false positives due to the 
interference of pigment substances. Another possible reason is that the 
mycotoxins in tea transform themselves or combine with certain 
substances in tea to form masked mycotoxins that are difficult to 
detect. At present, the reliable mycotoxin detection methods 
commonly used in dark tea products are high performance HPLC and 
HPLC-MS, but if the mycotoxin forms are masked by certain 
substances in dark tea under specific conditions, it is difficult to 
be detected by the above two methods. Due to the complexity of the 
tea matrix and the instability of certain mycotoxins, the formation of 
masked mycotoxins in dark tea also has a greater possibility.

So far, there are more studies on the exposure of mycotoxins in 
tea, but there are fewer studies on the exposure, toxicity, and 
contamination status of masked mycotoxins. The results of some 
reports have shown that some of the masked mycotoxins may 
re-release their prototypes after entering the digestive systems of 
humans and animals, posing serious potential safety hazards to food. 
The toxicity of many masked mycotoxins may be much lower than 
their prototypes or even non-toxic, but if they react again in the 
human body, then there will be a greater safety risk. Therefore, it is 
necessary to conduct basic research on the formation, regulatory 
mechanisms, contamination status, and detection methods of the 
major masked mycotoxins in tea to provide a scientific basis for 
effective prevention, control, and safety supervision of masked 
mycotoxins in tea.

The most effective way to prevent mycotoxin contamination in 
dark tea is to avoid the infestation of harmful microorganisms during 
production, processing, and storage, as well as to eliminate mycotoxin 
production from the source. It is urgent to perform a precise screening 
of beneficial microorganisms and avoid harmful microbial infestation, 
which is also an effective way to prevent fungal toxin contamination 
in dark tea. It is also the direction of future efforts by dark 
tea producers.
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ST7 Staphylococcus aureus is highly prevalent in humans, pigs, as well as food in China; 
however, staphylococcal food poisoning (SFP) caused by this ST type has rarely been 
reported. On May 13, 2017, an SFP outbreak caused by ST7 S. aureus strains occurred 
in two campuses of a kindergarten in Hainan Province, China. We investigated the 
genomic characteristics and phylogenetic analysis of ST7 SFP strains combined with 
the 91 ST7 food-borne strains from 12 provinces in China by performing whole-
genome sequencing (WGS). There was clear phylogenetic clustering of seven SFP 
isolates. Six antibiotic genes including blaZ, ANT (4′)-Ib, tetK, lnuA, norA, and lmrS were 
present in all SFP strains and also showed a higher prevalence rate in 91 food-borne 
strains. A multiple resistance plasmid pDC53285 was present in SFP strain DC53285. 
Among 27 enterotoxin genes, only sea and selx were found in all SFP strains. A ФSa3int 
prophage containing type A immune evasion cluster (sea, scn, sak, and chp) was 
identified in SFP strain. In conclusion, we concluded that this SFP event was caused by 
the contamination of cakes with ST7 S. aureus. This study indicated the potential risk 
of new emergencing ST7 clone for SFP.

KEYWORDS

staphylococcus food poisoning, sequence type 7, whole-genome sequencing, 
enterotoxin A, prophage, plasmids

Introduction

Food-borne disease (FBD) caused by microorganisms is a major concern for food safety and 
it is a global health problem that is harmful to humans. Staphylococcus aureus an ubiquitous 
Gram-positive bacterium and a common causative pathogen of food poisoning (Hennekinne 
et al., 2012). A total of 314 outbreaks of staphylococcal food poisoning (SFP) were reported in 
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China between 2011 and 2016, involving 5,196 cases and 1 death (Liu 
et  al., 2018). In 2020, the National Foodborne Disease Outbreak 
Surveillance System in China reported 4,662 outbreaks with 
confirmed etiology, of which bacterial pathogens were the most 
common cause of illnesses (41.7%) and S. aureus ranked third among 
the causative bacteria (75 outbreaks and 954 illnesses) (Li et al., 2021). 
The incubation period of SFP is 0.5–8 h, and the common symptoms 
are nausea and vomiting, with or without abdominal pain, dizziness, 
diarrhea, shivering, general weakness, and moderate fever 
(Hennekinne et al., 2012).

Staphylococcus aureus can produce different Staphylococcal 
enterotoxins (SEs)and SE-like (SEl) toxins. It was reported less than 
1 μg of SE can cause SFP (Pinchuk et al., 2010). The most common SEs 
are SEA, SEB, SEC, SED and SEE, accounting for approximately 95% 
of SFP outbreaks (Bastos et al., 2017). Most of the SEs and SEl toxins 
are located on the mobile genetic elements (MGEs) (such as plasmids, 
prophages, genomic islands, and pathogenicity islands) or next to the 
staphylococcal cassette chromosome (Argudin et al., 2010). Among 
them, SEA and SEP are carried by prophages (Argudin et al., 2010).

ST7 S. aureus is an important circulating clone in China. ST7 is 
one of the most commonly isolated STs from the nasal swabs of 
healthy individuals and occupational livestock workers in China (Yan 
et al., 2015; Ye et al., 2015). ST7 is also the dominant type in healthy 
and diseased pigs, and environment (pigpen gates, soil, and ground), 
followed by ST398 and ST9 in China (Yan et al., 2014; Zhou et al., 
2020). ST7 strains can cause a variety of diseases both in animals and 
humans. ST7 clones are common cause of bovine mastitis (Li et al., 
2017). Among the human-related diseases, ST7 clones commonly 
cause skin and soft tissue infections, bacteremia, pneumonia, and 
musculoskeletal infection, especially in children (Gu et al., 2016; Li 
et al., 2018; Wu et al., 2018). Most importantly, ST7 is the dominant 
type in a variety of foods, such as ready-to-eat foods and vegetables 
(Liao et al., 2018; Rong et al., 2018).

At present, ST6, ST943, ST5, ST59, ST81, and ST8 were the 
predominant types of S. aureus that caused food poisoning outbreaks 
in many countries (Cha et al., 2006; Suzuki et al., 2014; Li et al., 2018; 
Chen and Xie, 2019; Lv et al., 2021). Untill now, outbreaks of ST7 food 
poisoning have been only reported in Shijiazhuang and Guangzhou 
in China (Lv et al., 2021; Zhou et al., 2022). On May 13, 2017, an SFP 
outbreak caused by ST7 S. aureus strains occurred in two campuses of 
a kindergarten in Hainan Province, China, involving 26 children and 
one adult. ST7, as a new emerging SFP clone, is not well characterized 
up to now. In this study, we  aimed to investigate the genomic 
characteristics of these ST7 strains, by using whole-genome 
sequencing (WGS). In particular, we analyzed the SFP strains for 
virulence, drug resistance, prophages, plasmid, and defense systems. 
Moreover, we conducted phylogenetic analysis of these SFP strains 
along with the 91 ST7 strains isolated from food in 12 provinces 
of China.

Materials and methods

Epidemiological investigation

On May 13, 2017, an outbreak of food poisoning in campuses A 
and B of a kindergarten in the Hainan Province, China was investigated. 
The outbreak involved 26 children and one adult. The symptoms had 

appeared after consumption of breakfast. The most common symptoms 
were vomiting (27/27, 100%), followed by periumbilical abdominal 
pain (14/27, 51.85%), and fever (3/27, 11.11%). The incubation period 
for symptoms was 1–3 h. The cakes purchased from a cake shop were 
suspected of being related to the SFP. The leftover food and anal swabs 
of patients were collected for bacterial isolation. All samples were 
processed based on S. aureus isolation methods for foods according to 
the national standards in China (GB/T 4789.10–2017). Five S. aureus 
strains were isolated from leftover cake and lean porridge in campus 
A, the cream from cake shop, and leftover cake in campus B, while two 
strains from patients were isolated from campus A.

Bacterial collection

Ninety-one food-borne ST7 S. aureus strains were collected from 
12 provinces of China between 2006 and 2019 
(Supplementary Figure S1). All the strains in the study were confirmed 
by PCR detection for nuc and mecA (Merlino et al., 2002).

Antimicrobial susceptibility testing

The minimum inhibitory concentrations (MICs) of cefoxitin, 
linezolid, clindamycin, erythromycin, doxycycline, gentamicin, 
penicillin, rifampicin, sulfamethoxazole, tigecycline, ciprofloxacin, 
tetracycline, vancomycin, fusidic acid, quinupristin/dalfopristin, 
daptomycin, teicoplanin, florfenicol, tiamulin, and nitrofurantoin for 
7 SFP strains were determined by microdilution method. S. aureus 
ATCC29213 was used as the quality control strain. The MICs values 
were interpreted according to Clinical and Laboratory Standard 
Institute (CLSI) Performance Standards for Antimicrobial 
Susceptibility Testing (31st edition).

DNA extraction, genome sequencing, 
assembly, and annotation

Genomic DNA was extracted from pure cultures using a 
commercial kit (QIAGEN, Germany) and quantified by Qubit 4.0 
(USA Invitrogen ABI). Genomic DNA was sequenced using Illumina 
NovaSeq PE150 by the Beijing Novogene Bioinformatics Technology 
Co. Ltd. All sequences were preprocessed by READFQ V10 (Chen 
et  al., 2018) to delete data with mass value ≤20. Clean data were 
assembled using SPAdes V3.13 (Bankevich et al., 2012), from which 
only contigs greater than 500 bp in length were selected for further 
analysis. The Nanopore Oxford MinION platform was used for three 
strains, i.e., DC53285, DC53206, and DC52998 (You et al., 2018). 
Unicycler v0.5.0 (Wick et al., 2017) was used for genome assembly 
based on ONT long reads and Illumina short reads. All genomes were 
annotated by Prokka V1.14.5 (Seemann, 2014). The closed genome 
was confirmed by PCR (Supplementary Table S4).

Phylogenetic analysis

The genomes of seven SFP strains, 91 food-borne strains, and 
seven ST7 published sequences from NCBI (Supplementary Table S1) 
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were included in the phylogenetic analysis. DC51277 (CC7-ST943) 
was used as an outgroup. The core genome was extracted by Roary 
3.13.0 (Page et al., 2015). Maximum-likelihood phylogenetic trees 
were constructed using RAxML V8.2.12 (Stamatakis, 2014) based on 
2,387 core genes (shared by >99% of S. aureus isolates) and the 
evolutionary tree was visualized by ITOL1 (Letunic and Bork, 2019).

Multilocus sequencing typing (MLST), 
detection of virulence, resistance, 
restriction-modification genes (R-M), 
prophage, and plasmid

MLST was performed by PubMLST2 website. VFDB and CARD 
libraries were downloaded to construct the local database, and the 
search within blastp was conducted with parameters of >80% identity 
and >80% coverage. According to the copy number of virulence and 
resistance genes, heatmap was drawn using the heatmap package of R 
V4.1.2. (Chan, 2018). To better assess the carriage rate of virulence 
genes, our data were compared with the data of a previously published 
manuscript (Slingerland et  al., 2020), in which genome of 
10,288 S. aureus strains were included. Statistical analysis was 
performed by Chi-squared test for independence using SPSS Statistics 
25.0 (IBM). p values <0.05 were considered indicative of 
statistical significance.

R-M genes were searched on Restriction-Modification Finder 1.1.3 
hsdM and hsdS were verified by PCR (Supplementary Table S4). 
CRISPR-cas genes were searched on CRISPRCas Finder (Couvin 
et al., 2018).

The prophage structure of four strains was compared, including 
one SFP strain (DC53285) and three non-SFP strains which carried 
sea (DC53206, DC52998, and DC52929). Prophages and plasmids 
were identified by PHASTER4 and PlasmidFinder.5 The prophage and 
plasmid nucleotide sequences were compared with sequences in the 
GenBank database using BLASTN6 and were visualized by Easyfig 
(Sullivan et al., 2011). The closed plasmid was confirmed by PCR 
(Supplementary Table S4).

Results

Phylogenetic analysis of SFP strains and 
non-SFP strains

The 106 genomic sequences (incuding one outgroup sequence) in 
this study shared 2,387 core genes. The phylogenetic tree can 
be mainly divided into two clusters (Figure 1). The tree demonstrated 
that the SFP outbreak strains isolated from the food matrix (DC53286, 
DC53288, DC53289, DC53349, and DC53362) clustered together 
with those of the human cases (DC53284 and DC53285) in a single 

1 https://itol.embl.de

2 https://pubmlst.org/

3 https://cge.cbs.dtu.dk/services/Restriction-ModificationFinder/

4 http://phaster.ca/

5 https://cge.food.dtu.dk/services/PlasmidFinder/

6 http://blast.ncbi.nlm.nih.gov/blast

clade carried by one branch in cluster 1. Further analysis of SFP strains 
in the phylogenetic tree showed that food isolates from campus A 
were closly clustered with campus B, and the cream from cake shop 
closly clustered with patient isolates from campus A.

The geographically clustered stains were from Hainan, Anhui, and 
Jilin Provinces in cluster 1 and 2, respectively. These strains were 
mainly isolated from meat with adjacent isolation years. The one 
NCBI sequence from human in Zhejiang Province in China that was 
closly clustered with Chinese isolates from food matrix in cluster 1. In 
cluster 2, six NCBI human sequences of foreign countries clustered as 
a subclade with an imported food isolate from Uruguay and a few food 
isolates from China.

Phenotype and genotype of antibiotic 
resistance

All SFP isolates were methicillin-sensitive S. aureus (MSSA) and 
only resistant to penicillin and tetracycline. The heatmap showed the 
same resistance gene profiles of the seven SFP strains, all of which 
carried one copy of blaZ, tetK, ANT (4′)-Ib, and lnuA, lmrS, and norA 
gene (Figure 2).

In this study, 91 food-borne strains carried a total of 15 resistance 
genes. Six antibiotic genes showed a higher prevalence rate, i.e., norA, 
lmrS, blaZ, ANT (4′)-Ib, tetK, and lnuA (Supplementary Table S2). 
Only two strains carried two copies of resistance genes, which were 
AAC (6′)-Ie-APH (2″)-Ia, catA, and blaZ, respectively (Figure 2). No 
special antibiotic genes were observed for the 7 SFP strains compared 
with 91 food-borne strains.

Combined with phylogenetic tree, ermC, lnuA, ANT (4 ‘)-Ib, and 
tetK were mainly distributed in cluster 1 strains (p < 0.05). And most 
of strains were from poultry and livestock meat in Anhui, Hainan, and 
Yunnan Province. While AAC (6 ‘)-Ie-APH (2″)-Ia and ermB genes 
were mainly found in cluster 2 strains (p < 0.05), and most of which 
were from poultry and livestock meat in Jilin and Gansu Province 
(Supplementary Table S2; Figure 1).

Distribution of virulence genes

All SFP isolates had the same virulence gene profile (Figure 3; 
Supplementary Table S3). Among the 27 enterotoxin genes, only sea 
and selx were found in all SFP strains. The chp, sak, scn, lukD, lukE, 
lukS-PV, and lukF-PV were also present in all SFP strains.

The 91 non-SFP isolates showed a significantly higher prevalence 
rate of ten virulence genes, i.e., fnbA, fnbB, sdrD, lukD, lukE, sep, lukF-
PV, lukS-PV, sak, and sdrE compared with the reference data (p < 0.05). 
Six virulence genes (tsst-1, sea, sec, sel, chp, and sspB) had a lower 
prevalence rate (p < 0.05, Supplementary Table S3). Almost all the 
virulence genes were one copy, except for eap/map, hysA, and nuc.

Genomic structure of prophage carrying 
sea

One SFP strain (DC53285) and three non-SFP strains (DC53206, 
DC52998, and DC52929) were selected for the prophage structure 
analysis. The identified prophages of DC53285, DC53206, DC52998, 

182

https://doi.org/10.3389/fmicb.2023.1110720
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://itol.embl.de
https://pubmlst.org/
https://cge.cbs.dtu.dk/services/Restriction-ModificationFinder/
http://phaster.ca/
https://cge.food.dtu.dk/services/PlasmidFinder/
http://blast.ncbi.nlm.nih.gov/blast


Guo et al. 10.3389/fmicb.2023.1110720

Frontiers in Microbiology 04 frontiersin.org

and DC52929 were 42,263 bp, 47,075 bp, 46,733 bp, and 47,230 bp in 
length and contained 67, 67, 68, and 68 coding sequences (CDSs), 
respectively. They were all integrated within the hlb and belonged to 
ФSa3int integrase gene group. Overall, the structure of DC53285 shared 
98.97% of nucleotide sequence identity and 85% coverage with ФNM3 
(NC_008617.1), and shared 96.87% identity and 78% coverage with 

SA1014ruMSSAST7 (NC_048710.1) (Figure 4). DC52929 prophage 
showed low nucleotide similarity with the above three prophages. Type 
A immune evasion cluster (IEC) genes (sea, sak, chp, and scn) were 
found in DC53285, DC53206, and DC52998 prophage, while type D 
IEC genes (sea, sak, and scn) were found in DC52929. The lukF-PV and 
lukS-PV were located downstream of the four prophages (Figure 4).

FIGURE 1

Maximum-likelihood phylogenetic tree based on 2,387 core genes of the 106 S. aureus isolates. The outgroup ST943 strain is indicated in yellow 
bottom; cluster 1 and 2 is shown in red and blue bottom, respectively. Isolates from food poisoning are indicated by red text. The yellow and green 
boxes represent strains from the cake shop and campus B, respectively. The remaining SFP strains are from campus A. Region, time, and source type 
are indicated by means of numbers and the colored rings. NCA_013307085.1, GCA_001656075.1, GCA_003236955.1, GCA_008934295.1, 
GCA_009675705.1, CP051191, and CP051479 are sequences from NCBI.

FIGURE 2

Heatmap of copy number of resistance genes of ST7 S. aureus strains. The gene copy number 0, 1, 2 are shown in white, blue, and red bottom, 
respectively. Isolates from food poisoning are indicated by red text.
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ST7 SFP strain carried a multi-antibiotic 
resistant plasmid

A multiple resistance plasmid pDC53285 was present in the SFP 
strain DC53285. The complete sequence of pDC53285 was 35,024 bp 
in size and had a G + C content of 29% (accession no. 
NMDC60045017). Sequence analysis identified 43 CDSs. pDC53285 
carried four antibiotic resistance genes, including ANT(4′)-Ib, tetK, 
lunA, and blaZ. Plasmid pDC53285 shared 99% coverage (99.97% 
nucleotide identity) with the plasmid MJ015 (NZ_CP038185.1) from 
Zhejiang Province in NCBI database. The genetic structure of 
pDC53285 also showed high nucleotide similarity (71% identity) and 
the main ORF features with two plasmids pSR02 (NZ_CP048645) and 
pMW2 (NZ_CM007996). The 1–18,870 bp and 33,717–35,024 bp 
regions of pDC53285 were highly equivalent to the 1–16,494 bp, and 
24,746–26,055 bp regions of plasmid pSR02. The pDC53285 plasmid 
retained around two-thirds of the genes from pSR02, mainly including 
ANT(4′)-Ib, tetK, lunA, oriT (the origin of transfer site), and a relaxase 
protein. The 18,853–25,717 bp region of pDC53285 was highly 
equivalent to the 2,173–20,100 bp region of pMW2, mainly including 
blaZ and a relaxase protein. The two relaxase protein encoding genes 
belonged to MOBV family (Figure 5A). Further sequence analysis 
showed that the two plasmids (pMW2 and pSR02) harbored a 17 bp 
upstream homologous region and an 835 bp downstream homologous 
region (Figure 5B).

ST7 SFP isolates carry intact type I and IV 
restriction-modification (RM) systems

All SFP strains contained complete type I  and type IV RM 
systems. Analysis of CRISPR-cas system revealed that none of the SFP 
strains carried CRISPR-cas system encoding genes.

Discussion

In this study, we used WGS to investigate S. aureus involved in the 
outbreak in Hainan Province, China. We confirmed seven ST7 SFP 
isolates with a clear phylogenetic clustering in cluster 1. Further 
analysis of SFP strains in the phylogenetic tree showed that food 
isolates from campus A were closly clustered with campus B, and the 
cream from cake shop closly clustered with patient isolates from 
campus A. Therefore, we concluded that this SFP event was caused by 
the contamination of cakes from cake shop with S.aureus carrying sea. 
The strain isolated from the porridge was also related with this SFP, 
which may be due to cross contamination of porridge with cakes. SFP 
investigations have typically relied on epidemiological data and 
molecular typing; however, WGS is increasingly used in recent years 
(Mossong et al., 2015; Durand et al., 2018; Nouws et al., 2021). In this 
study, we also confirmed that WGS can be a high discriminative tool 
to support epidemiological outbreak-investigations.

FIGURE 3

Heatmap of copy number of virulence genes of ST7 S. aureus strains. The gene copy number 0, 1, 2 are shown in white, blue, and red bottom, 
respectively. Isolates from food poisoning are indicated by red text. Δhlb is indicated truncated hlb gene.
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SEA was the main cause of food poisoning caused by ST7 S. aureus 
in this study. SEA, alone or in association with other SE(s), is the most 
frequently involved (>75%) in SFP outbreaks worldwide (Hennekinne 
et  al., 2012; Guillier et  al., 2016). The sea is the most frequently 
identified enterotoxin gene in China (Yan et al., 2012; Chen and Xie, 
2019) and is always located on the prophage (Argudin et al., 2010), 
which formed the IEC together with the different combinations of scn, 
chp, sak, and sep (van Wamel et al., 2006). All SFP isolates in this study 
carried ФSa3int prophages belonging to the family Siphoviridae and 
genus Biseptimavirus. In addition, type A IEC, including sea, scn, sak, 
and chp gene were found on the ФSa3int prophages. Studies have 
shown that the main difference between human and animal strains of 
S. aureus is that human strains always carry IEC (McCarthy and 
Lindsay, 2013). Thus, the real source of the contamination of cakes in 
this study was probably human based on the IEC type of the SFP 
strains. However, we do not have strains isolated from the staff in the 
cake shop to support this inference. The prophage of SFP strain 
DC53285 showed high nucleotide similarity with NM3(NC_008617.1) 
which was carried by ST254 (CC8) S. aureus. Phage ФphiNM3 has 
been reported in different MLST type strains, including ST1, ST5, ST7, 
ST8, ST30, ST72, ST109, and ST508 (Nepal et al., 2021). Therefore, the 
ФSa3int prophage of SFP strains may have been exchanged by 
horizontal gene transfer (HGT) from the same or different ST strains. 
A previous study found a significantly higher prevalence of ФNM3 in 

chronic rhinosinusitis patients with high disease severity compared to 
those with low disease severity (Nepal et al., 2021). This implies that 
the prophage of SFP strains can increase the pathogenicity of strains.

A multiple resistant plasmid pDC53285 with rep5a was found in 
ST7 SFP strain. pDC53285 carried oriT and relaxase protein, which 
were similar to that in plasmid pMW2 and pSR02. The conjugative 
mobilization plasmids usually have a Type-IV secretion apparatus, an 
origin of transfer (oriT) site, and a relaxase protein. Interestingly, it has 
recently been demonstrated that mobilization transfer can be carried 
out through the relaxase-in trans mechanism for the plasmid only 
with oriT and relaxase protein, and it is a frequent event that most 
S. aureus plasmids have evolved to take advantage of (O'Brien et al., 
2015; Ramsay et al., 2016). Therefore, the plasmid pDC53285 in this 
study may be a mobilizable plasmid through the relaxase-in trans 
mechanism of mobilization. pDC53285 showed the highest nucleotide 
similarity with the plasmid carried by MJ015 (NZ_CP038185.1), 
which is an MSSA ST7 strain isolated from a patient in Zhejiang, 
China. Therefore, pDC53285 may potentially be a mobilizable plasmid 
through a horizontal transfer manner. Further studies should 
investigate the distribution of pDC53285 in Chinese strains. Based on 
the genetic structure of pDC53285, it is speculated that pDC53285 
was generated as a result of fusion between plasmids pSR02 and 
pMW2. On further comparative analysis, two plasmids (pMW2 and 
pSR02) were found to harbor a 17 bp upstream homologous region 

FIGURE 4

Architecture of prophages from ST7 SFP and non-SFP strains, and similar regions in phage from NM3 and SA1014ruMSSAST7. Corresponding CDSs are 
colored as indicated. SFP strain DC53285 is shown in green, and non-SFP strains DC53206, DC52998, and DC52929 are shown in black. NM3 
(NC_008617.1) and SA1014ruMSSAST7 (NC_048710.1) from NCBI are shown in blue. The nucleotide similarities in the structure are indicated by grey 
shading.
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and an 835 bp downstream homologous region, facilitating 
homologous recombination of the two plasmids, and resulting in 
formation of a 35,024 bp integrated multi-antibiotic resistance 
plasmid. The same recombination mechanism was reported for a 
conjugative virulence plasmid, p15WZ-82_Vir, from a clinical 
Klebsiella variicola strain (Yang et al., 2020).

ANT(4′)-Ib, also called aadD2, encoding an aminoglycoside 
4′-O-nucleotidyltransferase was first described in Bacillus clausii and 
rarelly reported in S. aureus(Bozdogan et al., 2003; Ullah et al., 2021). 
In this study, the high prevalence of ANT (4′)-Ib, together with blaZ, 
tetK, and lnuA were found in ST7 food-borne and SFP strains. It may 
be that these food-borne strains carry the similar multiple resistant 
plasmid as SFP strains as well. These antibiotic resistance genes were 
mainly distributed in strains of cluster 1 and closely associated with 
region and poutry/livestorck-derived foods. Whether these resistance 
genes originated in local poutry/livestorck associated strains is worth 
to be further investigated.

The sep gene is always located on the prophage and can also cause 
SFP (Omoe et al., 2005; Chiang et al., 2008; Argudin et al., 2010). The 
carriage rate of sep carried by ST7 S. aureus in this study (69.4%, 
68/98) was much higher than that in previous studies (Omoe et al., 

2005; Bania et  al., 2006; Chiang et  al., 2008; Wang et  al., 2021). 
Therefore, the ST7 strains isolated from food in this study are at high 
risk of causing SFP. This is the first study to identify a high carriage 
rate of lukFS-PV (100%, 98/98) in the ST7 S. aureus. The lukFS-PV 
plays an important role in pathogenicity in the context of bacteremia, 
keratitis, skin and soft tissue infections, and other related diseases 
(Sueke et al., 2013; Knudsen et al., 2016; Xiao et al., 2019). Such a high 
carriage rate of lukFS-PV among ST7 isolates is liable to increase the 
risk and severity of diseases.

In summary, we concluded that this SFP event was caused by the 
contamination of cakes from cake shop with ST7 S. aureus. The food 
poisoning was found to be caused by enterotoxin A and a type A IEC 
(sea, scn, chp, and sak) was located on the ФSa3int prophage. Six 
antibiotic genes including blaZ, ANT (4′)-Ib, tetK, lnuA, norA, and 
lmrS were present in all SFP strains and also showed a higher 
prevalence rate in 91 food-borne strains. In addition, a multi-resistant 
plasmid pDC53285 was found in ST7 SFP strains, which may act as a 
vector for the dissemination of antimicrobial resistance among strains. 
Due attention should be accorded to the high prevalence rate of sep, 
lukF-PV, and lukS-PV in ST7 strains isolated from food, which is liable 
to increase the risk of SFP and other diseases.

A

B

FIGURE 5

(A) Structure of pDC53285 from ST7 SFP strain and similar regions in plasmid pMW2 (AP004832.1) and pSR02(CP048645.1). Corresponding CDSs are 
colored as indicated. The nucleotide similarities in the structure are indicated by grey shading. (B) Illustration of the process of evolution of pMW2 
(AP004832.1) and pSR02(CP048645.1) to pDC53285.
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Limitations

Because this is a retrospective study, samples from the 
staff in the cake shop, food handlers, and environment in the 
canteen in the kindergarten were not available. It is 
difficult to conclude whether the contamination comes 
from human.
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The Listeria monocytogenes
exopolysaccharide significantly
enhances colonization and
survival on fresh produce
Alex M. Fulano1‡, Ahmed M. Elbakush2‡, Li-Hong Chen1† and
Mark Gomelsky1*
1Department of Molecular Biology, University of Wyoming, Laramie, WY, United States, 2Faculty of
Veterinary Medicine, Tripoli University, Tripoli, Libya

Fresh produce contaminated with Listeria monocytogenes has caused major

listeriosis outbreaks in the last decades. Our knowledge about components of the

listerial biofilms formed on fresh produce and their roles in causing foodborne

illness remains incomplete. Here, we investigated, for the first time, the role

of the listerial Pss exopolysaccharide (EPS) in plant surface colonization and

stress tolerance. Pss is the main component of L. monocytogenes biofilms

synthesized at elevated levels of the second messenger c-di-GMP. We developed

a new biofilm model, whereby L. monocytogenes EGD-e and its derivatives are

grown in the liquid minimal medium in the presence of pieces of wood or

fresh produce. After 48-h incubation, the numbers of colony forming units of

the Pss-synthesizing strain on pieces of wood, cantaloupe, celery and mixed

salads were 2−12-fold higher, compared to the wild-type strain. Colonization of

manmade materials, metals and plastics, was largely unaffected by the presence

of Pss. The biofilms formed by the EPS-synthesizing strain on cantaloupe rind

were 6−16-fold more tolerant of desiccation, which resembles conditions of

whole cantaloupe storage and transportation. Further, listeria in the EPS-biofilms

survived exposure to low pH, a condition encountered by bacteria on the

contaminated produce during passage through the stomach, by 11−116-fold

better than the wild-type strain. We surmise that L. monocytogenes strains

synthesizing Pss EPS have an enormous, 102
−104-fold, advantage over the non-

synthesizing strains in colonizing fresh produce, surviving during storage and

reaching small intestines of consumers where they may cause disease. The

magnitude of the EPS effect calls for better understanding of factors inducing Pss

synthesis and suggests that prevention of listerial EPS-biofilms may significantly

enhance fresh produce safety.

KEYWORDS

foodborne pathogen, listeriosis, food safety, c-di-GMP, desiccation, acid stress, biofilm,
vegetable and fruit
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Introduction

Listeria monocytogenes is one of the most notorious foodborne
pathogens. Listeriosis, a severe systemic illness caused by this
bacterium, affects primarily the elderly, pregnant women,
newborns, and the immune compromised individuals. While
the number of listeriosis cases is relatively modest, e.g.,
approximately 1,600 cases per annum in the USA, mortality
rates are extremely high, 15−20% (Centers for Disease Control
and Prevention, 2022). This justifies the “zero L. monocytogenes
tolerance” policy of the US Department of Agriculture (Archer,
2018), which means that large shipments of ready-to-eat
food products that are contaminated or suspected to be
contaminated with L. monocytogenes are often recalled. The
high socioeconomic costs associated with contaminated food
make L. monocytogenes the third “most expensive” pathogen in
the USA among all bacterial, viral, and eukaryotic foodborne
pathogens (Hoffmann and Ahn, 2021).

While traditional sources of listerial contamination have
included ready-to-eat meat, poultry, seafood, and dairy products,
the number of listeriosis outbreaks associated with contaminated
fresh produce has been growing (Zhu et al., 2017). Major
outbreaks in the recent years have been caused by contaminated
cantaloupes (also known as rock melons), celery, packaged salads,
bean sprouts, caramelized apples, and frozen vegetables (Centers
for Disease Control and Prevention, 2022; NSW Government).
Among these outbreaks, the 2011 cantaloupe-associated outbreak
stands out. It affected people in 28 states resulting in 33
fatalities and one miscarriage, making it one of the highest
mortality food-poisoning incidents in the modern US history.
That outbreak involved whole cantaloupes contaminated with
L. monocytogenes at a Colorado cantaloupe processing facility
(McCollum et al., 2013). Currently, we poorly understand what
factors may have contributed to L. monocytogenes colonization
of the whole cantaloupes, and helped bacteria survive on
the inhospitable surface of cantaloupe rind during extended
periods of storage and transportation throughout the USA.
This situation applies to other kinds of fresh produce, which
impedes our ability to prevent fresh produce-associated listeriosis
outbreaks (Marik et al., 2020).

On the surfaces of various materials bacteria grow in biofilms,
where aggregated cells are surrounded by the secreted extracellular
matrix that enhances their survival (Costerton et al., 1999;
Flemming and Wingender, 2010; Flemming et al., 2016). In the
environment, listeria, which is frequently associated with the
decaying plant matter (Welshimer and Donker-Voet, 1971; Fenlon,
1986; Ivanek et al., 2007; Freitag, 2009), likely grows in biofilms
as well, yet we do not know composition of listerial biofilms
in the environment. The studies of plant-associated biofilms in
various other bacteria revealed that the extracellular biofilm matrix
comprises exopolysaccharide (EPS), extracellular DNA (eDNA),
fimbriae/pili and amyloid fibers (Flemming and Wingender,
2010; Limoli et al., 2015; Karygianni et al., 2020). Fimbriae/pili
and amyloid fibers were never observed in L. monocytogenes.
eDNA is an abundant component of listerial biofilms on various
materials (Harmsen et al., 2010; Zetzmann et al., 2015). The
role of EPS as component of plant-associated listerial biofilms
has not been studied, until this work. The presence of EPS

in biofilms formed by various listerial strains was inferred via
indirect methods (Borucki et al., 2003; Hefford et al., 2005;
Combrouse et al., 2013; Tiensuu et al., 2013), yet until recently,
the ability of L. monocytogenes to synthesize EPS has remained
controversial (Renier et al., 2011).

Our earlier work (Chen et al., 2014) uncovered the ability
of L. monocytogenes to synthesize EPS, designated Pss, when
cellular levels of the second messenger, cyclic dimeric GMP
(c-di-GMP), are elevated. The Pss EPS is a unique polymer
composed of the repeating trisaccharide unit, {4)-β-ManpNAc-
(1−4)-[α-Galp-(1−6)]-β-ManpNAc-(1-}, and is the only cell-
attached, insoluble, EPS synthesized by listeria (Köseoğlu et al.,
2015). In liquid media, Pss causes cell aggregation, clumping
but does not promote attachment to glass or polystyrene
materials (Chen et al., 2014). The second messenger c-di-
GMP, that activates Pss synthesis, controls EPS synthesis and
production of other biofilm components not only in listeria,
but in a variety of bacteria (Römling et al., 2013). At present,
environmental factors that turn on c-di-GMP synthesis in
L. monocytogenes are unknown, therefore, Pss synthesis is induced
by genetic means, e.g., by expressing a heterologous c-di-GMP
synthase, diguanylate cyclase (DGC), or by inactivating c-di-
GMP phosphodiesterases (PDEs) that hydrolyze c-di-GMP (Chen
et al., 2014). The rise in cellular c-di-GMP levels is conveyed to
the Pss biosynthetic apparatus by the c-di-GMP-effector protein,
PssE, whose gene is encoded within the pssA-E biosynthesis
operon (Chen et al., 2014).

To investigate the role of Pss in L. monocytogenes colonization
of plant surfaces, we developed a listeria-plant biofilm model that
involves incubation of the autoclaved wood coupons (disks), as
substitutes for partially degraded wood present in the environment,
in the minimal medium inoculated with listeria. We also used
pieces of fresh produce in place of wood coupons. The plant
material was incubated in liquid medium to allow not only
bacterial attachment but also biofilm formation. We used the
EGD-e wild-type strain and its derivatives that express varying
EPS levels. Strain 1pdeB/C/D constitutively expresses EPS because
it lacks c-di-GMP-specific PDEs, PdeB, PdeC and PdeD (Chen
et al., 2014). Strain 1pdeB/C/D1pssC contains elevated c-di-
GMP levels but carries a mutation in the gene encoding the
key Pss biosynthetic enzyme, glycosyltransferase PssC, which
impairs Pss synthesis (Köseoğlu et al., 2015). Yet another strain,
engineered in this work, lacks all DGCs and PDEs, 1pdeB/C/D
1dgcA/B/C, is devoid of c-di-GMP and therefore, impaired in
Pss synthesis.

We found that the Pss EPS promotes L. monocytogenes
colonization of wood, cantaloupe rind and pulp, celery, and
lettuce, but does not affect colonization of abiotic, manmade
materials. We also found that listeria growing in the EPS-
biofilms on plant surfaces are much more tolerant of desiccation
and acid stress. The enhanced colonization of plant matter,
increased tolerance of desiccation and acid stress (conditions
that mimic, respectively, fresh produce storage and exposure
to stomach acid following produce consumption), may
give L. monocytogenes EPS-biofilms enormous advantage in
causing foodborne illness. Results of this work imply that
L. monocytogenes EPS-biofilms may present a serious problem for
fresh produce industry.
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Results

EPS strongly promotes
L. monocytogenes colonization of the
surfaces of wood but not manmade
materials

To study listerial biofilms on plant surfaces, we departed
from the commonly used models. First, instead of growing
L. monocytogenes in rich media that contains peptides, amino
acids, lipids, and nucleotides or nucleic acids, we switched to
minimal medium containing glucose as carbon source, because
such medium better approximates conditions under which listeria
interact with plant matter in nature and in fresh produce processing
facilities. Second, we incubated autoclaved wood coupons (as
substrates mimicking partially degraded wood in the environment)
and sterilized pieces of fresh produce in the liquid medium
inoculated with L. monocytogenes for extended period, 48 h, to
allow biofilm formation.

Following incubation, a significant fraction of biomass of the
Pss EPS-synthesizing 1pdeB/C/D strain was attached to the wood
coupons (Figures 1A, B). This contrasted poor colonization of
surfaces of the manmade materials, i.e., stainless steel, aluminum
or acrylic (Figures 1A, B). This finding is consistent with our
earlier observations that listerial EPS-aggregates formed in liquid
medium poorly attach to polystyrene and glass surfaces (Chen et al.,
2014). To test if surface roughness, as opposed to the nature of
the material, played a major role in attachment, we scratched the

surfaces of manmade materials thus bringing surfaces roughness
closer to the roughness of the wood coupons. This did not improve
bacterial attachment (not shown), suggesting that EPS-synthesizing
listeria strongly prefer wood over manmade materials.

In contrast to the voluminous biofilms formed on wood
coupons by the Pss-synthesizing strain, 48-h old biofilms of the
wild-type strain, EGD-e, or the 1pdeB/C/D1pssC mutant impaired
in EPS synthesis were not visible to the naked eye (Figures 1A, B).
To quantify attached cells, the biofilm biomass was scraped off
from the surface of wood coupons, vigorously vortexed in liquid
medium, and serial dilutions were plated for enumerating colony
forming units (CFUs). Figure 1C shows that the Pss EPS strongly,
by at least fourfold, promotes colonization of wood coupons.
Because prior to biomass scraping, loosely associated aggregates
were removed by rinsing in sterile medium, the reported fold-
difference is an underestimate.

To assess whether preference for wood is specific to the
(unknown) tree species from which coupons were made, we tested
coupons made from three known tree types. The EPS-synthesizing
strain showed improved attachment to all tested wood coupons,
albeit to varying extent (Figure 2). Therefore, listerial Pss increases
attachment to various kinds of wood.

The Pss EPS increases L. monocytogenes
colonization of fresh produce

Next, we investigated the role of the Pss EPS in listerial
colonization of fresh produce using produce types that were

FIGURE 1

The listerial Pss EPS enhances colonization of wood but not manmade materials. L. monocytogenes strains were grown in liquid HTM/GY medium
at 30◦C for 48 h in the presence of coupons (disks) made from wood and manmade materials. (A) The EPS-synthesizing strain (1pdeB/C/D) grown
in the presence of coupons made from stainless steel, aluminum and acrylic, and (unknown tree) wood forms voluminous biofilms only on wood
coupons. (B) The EPS-synthesizing strain, but not wild type or the EPS-impaired strain (1pdeB/C/D1pssC), form biofilms on wood coupons. All
strains express red fluorescent protein mScarlet, which turns biomass pink (Table 1; Bindels et al., 2017). (C) Comparison of the CFU numbers in
biofilms formed by various strains on the wood coupons following removal of the loosely attached biomass by rinsing. Shown are fold-differences
compared to the wild type (EGD-e). The average CFU numbers of the wild type were 8.0 × 108 CFU per coupon. Data are from three independent
experiments with at least two replicates in each experiment. Error bars represent standard deviations. Significant differences, compared to EGD-e,
are indicated as follows: ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗∗P < 0.0001.
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TABLE 1 Strains and plasmids used in this study.

Strain and
plasmid

Relevant genotype or
description

References or
source

Strains

Escherichia coli

DH10β Strain used for plasmid maintenance New England
BioLabs

Listeria monocytogenes

EGD-e Wild type ATCC BAA-679*

1pdeB/C/D EGD-e containing deletions in the
pdeB, pdeC and pdeD genes

Chen et al., 2014

1pdeB/C/D1pssC 1pdeB/C/D and in-frame deletion in
pssC

Köseoğlu et al., 2015

1pdeB/C/D1dgcA/B/C c-di-GMP null mutant This study

Plasmids

pAM-mScarlet pAM101-derived vector containing
the mScarlet gene under the Pveg

promoter, Cmr

This study

pKSV7-1dgcA/B Plasmid for in-frame deletion of
dgcAB

Chen et al., 2014

pKSV7-1dgcC Plasmid for in-frame deletion of dgcC Chen et al., 2014

*ATCC, American Type Culture Collection.

FIGURE 2

The listerial EPS-enhanced colonization of wood from various tree
species. Coupon pieces from three tree species (birch, Schima
superba and poplar) show higher colonization by the
L. monocytogenes EPS-synthesizing strain (1pdeB/C/D), compared
to the wild type (EGD-e) and EPS-impaired strain
(1pdeB/C/D1pssC). The pink color of the biomass is due to the
expressed mScarlet protein. Wood pieces were incubated in the
HTM/GY minimal medium in the presence of listeria for 48 h at
30◦C.

associated with the past listeriosis outbreaks. We tested the role
of Pss in biofilm formation on cantaloupe rind, the cause of major
listeriosis outbreaks in the US and Australia (McCollum et al., 2013;
NSW Government, 2018), as well as on cut pieces of fresh produce,
which caused the majority of listeriosis outbreaks (Marik et al.,
2020; Centers for Disease Control and Prevention, 2022). Sterilized
pieces of approximately the same sizes were inoculated with
L. monocytogenes in flasks containing minimal medium at 30◦C.

After 48-h incubation, the EPS-synthesizing strain formed
visible biofilms on cantaloupe rind (Figure 3A). Such biofilms were
also visible on the surfaces of celery and lettuce (Figure 3A), most

prominently on the cutting edges. No biofilms were visible on
the pieces of produce grown in the presence of the wild-type and
EPS-impaired strains (Figure 3A). Biofilms of the EPS-synthesizing
strain contained ∼2−12-fold higher CFUs, compared to the wild
type, and ∼4−22-fold higher, compared to the EPS-impaired strain
(Figure 3B), suggesting that EPS strongly promotes colonization
of various plant surfaces. The effect of EPS on colonization
of cantaloupe rind versus pulp was stronger (12-fold versus 2-
fold) (Figure 3B), suggesting that plant surface composition and
roughness play important roles in EPS-dependent L. monocytogenes
colonization.

In the experiments described above, minimal media contained
glucose as a carbon source. To mimic conditions at cantaloupe
storage and processing facilities, where water/moisture may be
present, but carbon source is likely absent or limiting, we repeated
the experiment using minimal medium lacking glucose. Residual
bacterial growth under those conditions was possible due to the
juice leaking from cantaloupe pieces. The lack of glucose in the
medium significantly, by almost 103-fold, decreased colonization of
cantaloupe rind (7.4 × 106 versus 7.0 × 109 CFU, Figures 3B, C).
However, the trend in surface colonization was preserved, i.e.,
the EPS-synthesizing strain colonized cantaloupe rind several-fold
more efficiently than the wild-type or the EPS-impaired strains
(Figure 3C).

For a closer look at the biofilms on cantaloupe rind, we
employed scanning electron microscopy (SEM). All strains formed
extracellular appendages on cantaloupe rind, which may represent
a combination of eDNA, nanotubes and flagella (Figure 4) and
will not be discussed further. The biofilms formed by the EPS-
synthesizing strain showed abundant EPS matrix in which listeria
were embedded (Figure 4). We were unable to unambiguously
determine if the wild type formed any Pss. It showed somewhat
higher attachment to plant matter, compared to the EPS-impaired
strain, 1pdeB/C/D1pssC (Figures 1C, 3B), however, whether this
was due to low levels of Pss is unclear.

The EPS-biofilms enhance
L. monocytogenes tolerance to
desiccation

Earlier we showed that the Pss EPS enhances L. monocytogenes
tolerance to desiccation, when cell aggregates grown in liquid
medium were compared to planktonically grown cells (Chen
et al., 2014). Desiccation is the condition experienced by listeria
during storage of fresh produce, such as whole cantaloupes, at
the processing facilities and transportation to supermarkets and
consumer homes and restaurants (Esbelin et al., 2018). To assess
the role of the Pss EPS-biofilms on fresh produce surfaces in
desiccation tolerance, we subjected the 48-h old biofilms formed
on cantaloupe rind to drying on air at room temperature for
up to 3 weeks. For ease of comparisons, we adjusted CFUs of
surface-attached bacteria of all strains to approximately the same
initial values by mechanically removing ∼90% biofilm of the EPS-
synthesizing strain (Figure 3B) prior to the desiccation experiment.
We realize that much thinner EPS-biofilms likely resulted in our
underestimating the magnitude of desiccation tolerance benefits
rendered by the Pss EPS.
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FIGURE 3

The EPS-enhanced colonization of the pieces of fresh produce. (A) Pieces of cantaloupe (containing or lacking rind), celery and Iceberg lettuce (a
component of mixed salad) following incubation in the HTM/GY medium with L. monocytogenes for 48 h at 30◦C. The biomass appears pink due to
the expressed mScarlet protein. (B) Comparison of the CFUs of L. monocytogenes in biofilms formed on the fresh produce pieces incubated in the
HTM/GY medium. Shown are fold-differences compared to the wild type (EGD-e). The average CFU numbers for the wild type were 7.0 × 109 CFU
per cantaloupe rind, 1.2 × 1010 CFU per cantaloupe pulp, 1.9 × 108 CFU per piece of celery, and 8.0 × 108 CFU per three pieces (lettuce, carrot,
cabbage) of mixed salad. Error bars represent standard deviations. (C) Comparison of the L. monocytogenes CFUs in biofilms formed on cantaloupe
rind in the HTM medium lacking glucose and yeast extract. The average CFUs of the wild type was 7.4 × 106 CFU per cantaloupe rind. In all figures,
data are from three independent experiments with at least two replicates in each experiment. Standard deviations are shown on the graph as error
bars. Significant differences, compared to the wild type, are indicated as follows: *P < 0.05; **P < 0.01; ***P < 0.001, and ****P < 0.0001.

FIGURE 4

The SEM images of L. monocytogenes biofilms formed on cantaloupe rind. Bacterial cells embedded in the EPS matrix and presumed empty shells
around bacteria removed during sample preparation (black arrows) are seen in the EPS-synthesizing strain but not in the wild type and EPS-impaired
strains. Magnification, 40,000×.

After 7 days, CFUs decreased in the wild type from 100
to ∼10%, in the EPS-impaired strain to ∼7.4%, and in the
EPS-synthesizing strain to 74%, i.e., by ∼10, ∼13, and 1.35-
fold, respectively, (Figure 5). During prolonged desiccation, the

EPS-synthesizing strain continued to maintain significant survival
advantage over other strains (Figure 5). Desiccation tolerance
in this strain was 6−16-fold higher, compared to the wild type,
over the whole 3 week time course. This implies that the listerial

Frontiers in Microbiology 05 frontiersin.org193

https://doi.org/10.3389/fmicb.2023.1126940
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


fmicb-14-1126940 April 21, 2023 Time: 14:40 # 6

Fulano et al. 10.3389/fmicb.2023.1126940

FIGURE 5

Survival under desiccation of the L. monocytogenes biofilms. The
48-h old biofilms formed on cantaloupe coupons containing rind
and pulp (diameter, 20 mm; depth 4 mm) were placed in Petri
dishes rind up and allowed to dry on open air. A coupon was cut
into four quarters. One quarter was used for enumeration of initial
CFUs, other quarters were subjected to desiccation and withdrawn
on days 7, 14, and 21 days, respectively. Following withdrawal, the
coupon quarters were rehydrated, homogenized, and subjected to
CFU enumeration. For each strain, survival was calculated based on
the initial CFU number of that strain on day 0 (assigned to 100%).
Prior to the experiment, ∼90% of the biofilm biomass of the
EPS-synthesizing strain, 1pdeB/C/D, was removed from rind to
bring the initial CFU numbers close to those of other strains. The
average initial CFUs per coupon quarter for all strains were within
the range of (1.1–3.4) × 108. Significant differences, compared to
EGD-e, are indicated as follows: ∗P < 0.05 and ∗∗P < 0.01.

EPS-biofilms formed on fresh produce could survive storage and
transportation of fresh produce much better than biofilms formed
by the strains not synthesizing Pss.

The EPS-biofilms enhance
L. monocytogenes tolerance of acid
stress

Prior to reaching hospitable small intestine, the site of the
gastrointestinal tract where L. monocytogenes causes disease, it faces
the challenge of stomach (gastric) acid. To mimic the process of
consumption of the contaminated produce, we tested acid stress
survival of the listerial biofilms formed on the cut fresh produce.
For this experiment, we switched from cantaloupe rind as a model
to cantaloupe pulp and celery, because rind is not consumed. The
pieces of pulp and celery containing 48-h old listerial biofilms were
exposed to acid stress, approximating pH of the stomach acid,
i.e., pH 1.5−3.5 (Marieb and Hoehn, 2018). One stress regimen
involved a 15-min exposure of the produce pieces to pH 2.5.
Another regimen involved a 15-min exposure to pH 5.0, followed
by 15 min at pH 2.5 (Guerreiro et al., 2022).

As shown in Figures 6A, B, exposure to pH 5 alone resulted
in only moderate decreases in bacterial survival in all strains.
However, exposure to pH 2.5 uncovered a large difference
in survival, i.e., ∼20% for the EPS-synthesizing strain versus
∼1.8% for the wild type and ∼1.4% for the EPS-impaired strain
(Figure 6A). Thus gives the EPS-synthesizing strain an ∼11-fold
survival advantage over the wild type. Similarly, after a two-step
regimen (pH 5.0, then pH 2.5), ∼1% of the EPS-synthesizing strain
survived but only ∼0.085% of the wild type and ∼0.081% of the

EPS-impaired strain, thus revealing an ∼12-fold advantage of the
EPS-synthesizing strain over the wild type. Similar results were
obtained when listerial survival in biofilms on the celery pieces was
measured (Figure 6B), i.e., ∼25% survival of the EPS-synthesizing
strain versus ∼2% for the wild type and ∼1.7% for the EPS-
impaired strain following exposure to pH 2.5, and ∼4.7% versus
0.04% and 0.03% survival following a two-step regimen. Thus, the
EPS-synthesizing strain has a 12−116-fold survival advantage on
celery pieces, compared to the wild-type. These results suggest that
from ∼11- to ∼116-fold higher number of L. monocytogenes in
the EPS-biofilms on cut fresh produce could survive exposure to
stomach acid, compared to the biofilms lacking Pss EPS.

EPS is the primary c-di-GMP-dependent
factor responsible for enhanced
L. monocytogenes plant surface
colonization and survival

In L. monocytogenes, EPS synthesis is the dominant, albeit not
the only phenotype associated with the elevated c-di-GMP levels
(Chen et al., 2014; Elbakush et al., 2018). In other bacteria, elevated
c-di-GMP levels, in addition to upregulating EPS synthesis, affect
such biofilm components as protein adhesins, pili, and fimbria
(Römling et al., 2013). To access the impact of c-di-GMP-
dependent factors other than Pss EPS that contribute to listerial
colonization and survival on plant matter, we constructed the
L. monocytogenes c-di-GMP null strain, 1pdeB/C/D1dgcA/B/C. In
addition to lacking c-di-GMP-specific PDEs, this mutant also lacks
all DGCs involved in c-di-GMP synthesis (Chen et al., 2014). We
found that the c-di-GMP null mutant behaved similarly to the
high c-di-GMP strain impaired in Pss synthesis, 1pdeB/C/D 1pssC,
in survival assays (Figures 5, 6), thus suggesting that Pss is the
key factor affecting stress tolerance. In plant surface colonization
assays the c-di-GMP null strain appeared somewhat, ∼2-fold,
inferior, compared to the 1pdeB/C/D 1pssC strain (Figures 1C,
3B, C). From these experiments, it is evident that the Pss EPS
is the dominant c-di-GMP-dependent factor affecting listerial
colonization of plant matter and stress tolerance.

Discussion

In this study, we investigated the role of the Pss EPS in
L. monocytogenes colonization of plant surfaces. We discovered
that Pss significantly, from 2 to 12-fold, improves colonization of
diverse plant matter, from different kinds of wood to cantaloupe
rind, cantaloupe pulp, celery, and lettuce. Pss has little or
no effect on colonization of non-plant, manmade materials
(Figures 1–3). While the ability of several kinds of EPS to
facilitate attachment to plant surfaces has been reported in various
bacteria (Danhorn and Fuqua, 2007; Yaron and Römling, 2014;
Castiblanco and Sundin, 2016), this is the first report describing
such function of the L. monocytogenes Pss EPS.

Colonization efficiency depended on the properties of plant
surface. The Pss EPS had the largest effect on rough, fiber-rich
surfaces of wood and netted cantaloupe rind, and the smallest –
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FIGURE 6

Survival under acid stress of the L. monocytogenes biofilms. The 48-h old biofilms formed on pieces of cantaloupe pulp (A) and celery (B) were
exposed for 15 min to pH 5.0 or pH 2.5, or sequentially to pH 5.0 (15 min) and pH 2.5 (15 min). Following medium neutralization, cantaloupe and
celery pieces were collected, homogenized, and CFU were enumerated. For each strain, survival percentages were calculated based on the initial
CFU prior to exposure to acid (assigned to 100%). The average initial CFUs for all strains were within the range of (5.3–7.3) × 109 per cantaloupe pulp
piece and (1.1–1.4) × 109 per celery piece. Significant differences, compared to EGD-e, are indicated as follows: ∗P < 0.05, ∗∗P < 0.01, and
∗∗∗P < 0.001.

on smooth surfaces of cantaloupe pulp (Figure 3B). More EPS-
biofilms were formed on the edges than on the smooth surfaces
of the same produce (Figure 3A). Because strains used in this
study grow at the same rate, differences in colonization reflect
differences in initial surface attachment, therefore Pss is involved in
attachment to plant matter. While we did not directly interrogate
the mechanism of Pss-mediated plant surface binding, the ability
of Pss to bind to diverse plant matter, but not to manmade
materials, and bind better to fiber-rich surfaces of wood and
cantaloupe rind suggests that Pss interacts with the insoluble
plant (ligno)cellulose fibers. Only few additional factors promoting
attachment to plant matter are known in L. monocytogenes. One
of these is functional flagella. They enhance initial attachment to
plant surfaces in some L. monocytogenes strains (Lemon et al.,
2007; Gorski et al., 2009). Another factor is a cellulose binding
protein, Lcp (LMOf2365_0859). Strain L. monocytogenes F2365
attached to cantaloupe rind, lettuce, and spinach better than the
lcp mutant by several-fold (Bae et al., 2013). Lmo0842, an Lcp
homolog, is encoded in the EGD-e genome and may have the same
function. Note, however, that voluminous Pss EPS synthesized by
the 1pdeB/C/D strain likely masked surface proteins, including
Lmo0842. Because the EPS-synthesizing strain is impaired in
motility (Chen et al., 2014), Pss also likely negated the effects of
flagella.

In addition to enhancing colonization, the Pss EPS strongly
protected L. monocytogenes grown in the EPS-biofilms on the
surfaces of fruit and vegetables against desiccation and acid
stresses. These stresses are arguably most relevant from the
standpoint of fresh produce safety because they mimic, respectively,
conditions of produce storage and transportation, and passage of
the contaminated produce pieces through the stomach following
consumption. In our experimental setup, EPS-biofilms showed
a 6−16-fold increase in desiccation tolerance (Figure 5), and a
11−116-fold increase in acid stress survival (Figure 6). The findings
that listerial EPS-biofilms are much more tolerant to stresses are
in line with the role of EPS-biofilms in other bacteria (Mao et al.,
2006; Deka et al., 2019). These findings are also consistent with our
earlier observations that clumps of the 1pdeB/C/D strain formed in
liquid media are much more tolerant of desiccation and exposure to
harmful chemicals, compared to planktonically grown cells (Chen
et al., 2014).

To estimate the overall effect that the L. monocytogenes EPS on
safety of such produce as cantaloupes, we combined the effects of
Pss on produce colonization (Figures 1C, 3B, C; 2−12-fold increase
in CFUs), ability to survive during storage and transportation
(Figure 5, 6−16-fold increase in desiccation tolerance) and ability
to survive stomach acid exposure (Figure 6, 11−116-fold increase
in acid stress survival). By multiplying the low- and high-
end values, we estimate that the EPS-synthesizing strain has an
enormous, 102- to 104-fold, advantage over EPS-impaired strains
in reaching the small intestine of consumers where they may cause
disease. If desiccation is not part of processing, the advantage would
remain very large. Note that these numbers may be underestimates,
because the bulk (∼90%) of the EPS-biofilms was removed prior to
the desiccation experiment, in order to bring pre-desiccation CFUs
of all strains to the same range. Further, the 48-h biofilms tested
in this study may not have fully developed protective potential,
compared to older biofilms (Hingston et al., 2013; Chen et al.,
2020). We surmise that the enormous advantage imparted by EPS
to listeria on fresh produce makes EPS an extremely problematic
factor from the standpoint of fresh produce safety.

The key question not addressed in this work is how often
listerial EPS-biofilms are formed on plant matter, including fresh
produce. On the one hand, Listeria are frequently associated with
the decaying plant matter in nature (Welshimer and Donker-
Voet, 1971; Fenlon, 1986; Ivanek et al., 2007; Freitag, 2009). The
benefits rendered by Pss regarding enhanced colonization and
stress tolerance point to the high likelihood that EPS is synthesized
on plant matter. Further, the pssA-E operon encoding the Pss
EPS biosynthetic machinery is part of the core L. monocytogenes
genome, deciphered from 1,696 genomes of strains isolated from
diverse sources and geographic locations (Moura et al., 2016).
Strong conservation of the pssA-E operon in the genomes of
pathogenic and non-pathogenic listeria supports the notion that
Pss is important for environmental survival (Chen et al., 2014). On
the other hand, the Pss EPS has been unambiguously detected only
in the L. monocytogenes strains with artificially elevated c-di-GMP
levels, either via mutations (e.g., 1pdeB/C/D) or via expression
of a foreign DGC (Chen et al., 2014). Under the conditions used
in this study, the wild type, EGD-e, showed no solid evidence of
Pss. If it was synthesized, the amounts were not readily detectable
by SEM (Figure 4) and were low to make a major difference in
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colonization and stress survival, compared to the EPS-impaired
strains (Figures 1C, 3, 5, 6). It is of course possible that EGD-e
is not an optimal strain for investigating EPS synthesis, because it
has been propagated under the laboratory conditions for several
decades (Murray et al., 1926). Such maintenance is known to
select against biofilm phenotypes resulting in domesticated strains
(McLoon et al., 2011). L. monocytogenes strains isolated from the
recent fresh produce outbreaks may therefore offer more relevant
insights into EPS synthesis.

Additional factors that may have obscured EPS presence in
L. monocytogenes biofilms concern experimental design of most
studies of listerial attachment to plant matter. L. monocytogenes
in these studies was usually grown in rich liquid media, spotted
on the surfaces of fresh produce, and allowed to dry. Bacterial
biofilms and survival were then investigated over time at different
environmental conditions, such as temperature and humidity
(Marik et al., 2020). This setup undervalues time needed for
planktonic, single-cell bacteria from liquid medium to switch to the
surface-attached, biofilm lifestyle, when EPS synthesis is expected
to take place (Römling et al., 2013). Further, rich media used
in those studies may not adequately mimic conditions under
which listerial biofilms are formed on plant matter, whether in
the environment or in fresh produce processing facilities. It is
also important to note that the majority of listerial biofilm studies
involved manmade materials used in food processing, such as
stainless steel, aluminum, rubber, glass, and plastics (Blackman
and Frank, 1996; Bonaventura et al., 2008; Lee et al., 2017). The
extracellular biofilm matrices on these materials contain mostly
eDNA and secreted proteins (Blackman and Frank, 1996; Rieu
et al., 2008; Harmsen et al., 2010; Ferreira et al., 2014; Guilbaud
et al., 2015; Zetzmann et al., 2015; Oloketuyi and Khan, 2017;
Rodríguez-López et al., 2018), and biofilm forming capacity is
highly dependent on specific strains and experimental conditions
(Borucki et al., 2003; Cherifi et al., 2017; Lee et al., 2017; Gorski
et al., 2021; Gray et al., 2021). The lack of EPS under these
conditions is consistent with the results of this work that showed
that Pss does not affect colonization of manmade materials (Chen
et al., 2014; Figure 1).

To better understand the role of the L. monocytogenes Pss
EPS in nature and in fresh produce industry, we need to uncover
environmental factors that increase c-di-GMP levels and thus turn
on Pss synthesis. Having a Pss-specific probe would also be helpful
for detecting Pss EPS on plant matter. Work in these areas is
ongoing, as is the search for compounds that inhibit formation of
EPS-biofilms. Even if such biofilms are formed on fresh produce
only by some strains and only under specific conditions, from the
standpoint of fresh produce safety, the 102

−104-fold advantage
that EPS may render L. monocytogenes in causing foodborne illness
seems too large to ignore.

Materials and methods

Bacterial strains, plasmids, and growth
conditions

Strains and plasmids used in this study are listed in
Table 1. The c-di-GMP null strain, 1pdeB/C/D 1dgcA/B/C, was

constructed from strain 1pdeB/C/D using sequential deletion
of dgcA/B (with the help of pKSV7-1dgcAB) and dgcC (with
the help of pKSV7-1dgcC), as described earlier (Chen et al.,
2014). Plasmid pAM-mScarlet expressing the red fluorescent
protein mScarlet (Bindels et al., 2017) was constructed to
enhance visualization of L. monocytogenes on the surfaces of
wood and fresh produce. The mScarlet gene was synthesized
with L. monocytogenes-optimized codons (Twist Bioscience)
and cloned downstream of the strong Bacillus subtilis Pveg
promoter (Guiziou et al., 2016) in the pAM101-derived vector
(Fujimoto and Ike, 2001). The listerial strains were grown in
the liquid minimum HTM medium (Tsai and Hodgson, 2003)
containing 3% glucose and 0.2% yeast extract, HTM/GY, at
30◦C under shaking (220 rpm). When strains containing pAM-
mScarlet were used, the media was supplemented with 10 µg/mL
chloramphenicol (Cm). For enumerating CFUs, cultures were
routinely plated onto Brain Heart Infusion (BHI) agar (Millipore
Sigma, Burlington, MA, United States) and incubated at 37◦C for
36 h.

Preparation and treatment of coupons
used in biofilm experiments

All coupons (disks for do-it-yourself arts and crafts projects)
were purchased on from various vendors, including coupons made
from unspecified wood (32 mm diameter × 1.2 mm thickness,
Woodpile), birch (50 mm × 8 mm, Woodpeckers), poplar
(50 mm × 2.5 mm, Juvale), Schima superba (38 mm × 4 mm,
Axe Sickle), stainless steel (38 × 1.55 mm, PH Pandahall,
CA, USA), aluminum (38 × 1.55 mm, RPM Stamping
Blanks, Rose Metal Products, Springfield, MO, USA), and
acrylic (25.4 × 1.8 mm, Tupalizy, PTC-Office). Prior to use,
all non-wood coupons were immersed in 70% ethanol for
20 min for disinfection, rinsed twice in sterile deionized
water and air dried. The wood coupons were autoclaved
(121◦C, 30 min). In some experiments, prior to sterilization,
surfaces of steel, aluminum and acrylic coupons were
roughened up by a scrapper to imitate surface roughness
of wood coupons.

The overnight L. monocytogenes cultures were diluted 1:100
into 10 mL HTM/GY medium in 125-mL flasks and grown at 30◦C
until optical density of ∼ 0.4 at 600 nm. Sterile wood coupons or
pieces of fresh produce were added at this point and cultivation was
continued for 48 h. The coupons were subsequently withdrawn and
rinsed twice in sterile HTM to remove loosely attached biofilms.
The biomass attached to the coupons and produce pieces was
thoroughly scrapped off into HTM medium using a sterile scalpel,
and the suspensions were vortexed. Serial dilutions were plated
onto BHI agar plates and grown at 37◦C for 36 h followed by
CFU enumeration.

Preparation and inoculation of pieces of
fresh produce

Whole cantaloupes, celery, and mixed salads (Iceberg lettuce,
red cabbage, carrots) used in this study were purchased from local
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(Laramie, WY) retail stores. Cantaloupe coupons (20 mm × 4 mm)
were obtained by using a cork borer. Some pieces were cut
out to contain rind, others were cut out to contain cantaloupe
pulp only. Celery was cut in pieces of varying lengths from
similar sized stocks. Prior to processing, fresh produce was
thoroughly washed. Cutout pieces were sterilized by complete
submersion into 8.25% sodium hypochlorite (CloroxPro, Clorox
Professional Products Company) in the 50-mL centrifuge tubes
placed on a rocker platform for 20 min. Following sterilization,
fresh produce pieces were submerged in 50-mL sterile distilled
water overnight and subsequently rinsed in fresh sterile distilled
water. Sterile pieces were added to listerial cultures, as described
above for coupons.

Following 48-h incubation, produce pieces were aseptically
removed from the cultures and rinsed by dipping in three
sequential beakers with sterile HTM media. To measure listerial
colonization, cantaloupe rind was carefully separated from
pulp and processed separately, while the remaining pulp was
discarded. To measure colonization of cantaloupe pulp, pulp-
only pieces lacking rind were used. The produce pieces were
mechanically macerated in the Stomacher bags in 5 mL
HTM medium and homogenized for 10 min at high speed
(Stomacher R© 80 Biomaster, Seward, UK). The serial dilutions of
the homogenates were plated onto BHI agar plates for CFU
enumeration.

SEM analysis of listeria-plant biofilms

Small (5 mm diameter x 1 mm thickness) pieces of cantaloupe
rind containing L. monocytogenes biofilms were used for SEM
(Scanning Electron Microscope FEI Quanta 250). Briefly, rind
pieces were fixed for 2 h in 2% glutaraldehyde-PBS buffer at
room temperature, followed by dehydration steps in a series
of ethanol baths (10 min each) containing 25, 50, 75, 95, and
100% (3 times) ethanol, and postfixed by incubation with 1%
osmium tetroxide in PBS for 1 h in the dark. The samples were
then dried using Balzers Critical Point Dryer (CPD 020) before
coating with gold-palladium, as described earlier (Muravnik et al.,
2016).

Desiccation survival of
L. monocytogenes in biofilms on
cantaloupe rind

Rind-containing cantaloupe pieces were removed from the
liquid L. monocytogenes cultures after 48-h incubation. To
adjust biomass levels to approximately the same initial cell
numbers, the voluminous EPS-biofilms of the 1pdeB/C/D strain
were gently brushed off cantaloupe rind, resulting in the
removal of ∼ 90% biomass. Coupons were then aseptically
cut into four equal-sized quarters. One quarter was used to
determine initial CFU (day 0) following homogenization in
Stomacher. The remaining quarters were placed on sterile blotting
paper in open Petri dishes and kept at room temperature
inside the biological safety cabinet with the switched off
blower. After 7, 14, and 21 days of storage the quarters were

placed in Stomacher bags with 5 mL HTM medium, soaked
for 1 h, homogenized and serial dilutions were plated for
CFU enumeration.

Acid stress survival of L. monocytogenes
in biofilms on celery pieces

Biofilms formed on the pieces of celery and cantaloupe
pulp were used in acid stress experiments. The sizes of celery
pieces were adjusted to have similar initial number of listeria
in biofilms, as follows: 20 mm (EGD-e), 5 mm (1pdeB/C/D),
22 mm (1pdeB/C/D1pssC), and 24 mm (1pdeB/C/D1dgcA/B/C).
The 4-mm thick cantaloupe pulp pieces had the following
diameters: 18 mm (EGD-e), 15 mm (1pdeB/C/D), 19 mm
(1pdeB/C/D1pssC), and 20 mm (1pdeB/C/D1dgcA/B/C).
Following 48-h incubation in liquid L. monocytogenes cultures,
celery or cantaloupe pulp pieces were removed and placed in
HTM/GY acidified to pH 5.0 or 2.5 with hydrochloric acid
for 15 min at 37◦C. A preconditioning protocol involved
exposing celery pieces to pH 5.0 for 15 min followed by
exposure to pH 2.5 for additional 15 min, as described
(Guerreiro et al., 2022). The acid was neutralized to pH 7.0
by addition of the sodium hydroxide solution, celery pieces
were homogenized, and serial dilutions were plated for CFU
enumeration.

Statistical analysis

Microsoft Excel was used for data processing analysis and
presentation. The bar charts display a mean ± standard deviation
(SD) from three independent experiments, each of which had at
least two replicates. Unpaired Student’s t-tests were performed
using Prism 9 for Mac (GraphPad). Significant differences,
compared to the wild type, EGD-e, are indicated in all figures
as follows: ∗, P < 0.05; ∗∗, P < 0.01; ∗∗∗, P < 0.001, and ∗∗∗∗,
P < 0.0001.
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