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significant for the application of palmitoyl-TP and similar TP 
derivatives in meat products in consideration of food safety.
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Abbreviations
BAs  Biogenic amines
TP  Tea polyphenols
EGCG   Epigallocatechin gallate
pTP  Palmitoyl-TP
pEGCG   Palmitoyl-EGCG 
NDMA  N-Nitrosodimethylamine
TAB  Total aerobic bacteria
LAB  Lactic acid bacteria
OTUs  Operational taxonomic units
NCBI  National center for biotechnology information
PCoA  Principal coordinate analysis
LDA  Linear discriminant analysis
LEfSe  Linear discriminant analysis effect size 

algorithm
RDA  Redundancy analysis

Introduction

Chinese sausages are popular meat products consumed as 
side dishes (Zhang et al. 2017). They are commonly natu-
rally fermented under cool conditions without start culture 
(Sun et al. 2018; Zhang et al. 2017).Lactic acid bacteria, 
coagulase-negative Staphylococcaceae, and yeasts are the 
main groups of microorganisms that have an important 
role in the sensory quality of sausages (Perea-Sanz et al. 
2020; Flores and Piornos 2021; Wang et al. 2018). However, 

Abstract Control of biogenic amines (BAs) is important 
to guarantee the safety of sausage-like fermented meat prod-
ucts. This study investigated the influences of tea polyphe-
nols (TP) and its lipophilic palmitic acid-modified deriva-
tives, palmitoyl-TP (pTP) and palmitoyl-epigallocatechin 
gallate (pEGCG), on BAs and microbial ecosystem in Chi-
nese sausages. TP, epigallocatechin gallate (EGCG), pTP, 
and pEGCG all reduced the formation of BAs and N-nitros-
odimethylamine at 0.05% (g/g); yet, compared with TP and 
EGCG, the modified derivatives exhibited stronger action on 
BAs decreasing (P < 0.05), and pEGCG showed the highest 
effect (a reduction of total BAs from 376.22 to 168.98 mg/
kg compared to control). The improved inhibitory effect 
of pTP and pEGCG should be attributed to their stronger 
dual-directional regulation of the bacterial and fungal com-
munities during the natural fermentation of sausage. The 
modified pTP and pEGCG highly suppressed the growth of 
Staphylococcus, Candida, and Kurtzmaniella, all of which 
were positively correlated with BAs formation (all P < 0.05). 
However, pTP and pEGCG worked more effectively than 
the unmodified ones to promote Lactobacillus, Lactococ-
cus, and Debaryomyces (all P < 0.05). The results above are 
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some microorganisms (e.g., Enterobacteriaceae) and their 
metabolites may produce biogenic amines (BAs) and 
nitrosamines (Halagarda and Wójciak 2022), which pose a 
health risk for consumers. BAs are usually formed by amino 
acids through decarboxylation (Biji et al. 2016; Liu et al. 
2021; Sivamaruthi et al. 2021) and are commonly found in 
various fermented meat and fish products (Biji et al. 2016; 
Sivamaruthi et al. 2021). Excessive levels of BAs in food, 
including Chinese sausages (Li et al. 2019), are toxic and 
may lead to changes in food quality; these BAs are hazard-
ous to the nervous and cardiovascular system of humans 
(Biji et al. 2016). In addition, some BAs are also widely 
known as import precursors of carcinogenic nitrosamines 
(Biji et al. 2016). So, regulating the microbial ecosystem 
and consequently inhibiting BAs accumulation in fermented 
meat products like Chinese sausages is very important.

Tea polyphenols (TP) are extensively used as antioxidants 
in the food and medical industry owing to their numerous 
beneficial health effects, such as scavenging free radicals, as 
well as anti-inflammatory and anti-carcinogenic properties 
(Khan and Mukhtar 2018; Deng et al. 2019; Hirasawa and 
Takada 2004). However, they are hydrophilic and sparingly 
soluble in lipid medium, which may compromise their effec-
tive application in lipophilic meat matrix (Paonessa et al. 
2018). In recent years, fatty acid-modified TPs have mark-
edly attracted scholars’ attention due to their excellent anti-
oxidation and liposolubility in lipid medium because they 
could enter into cells more easily (Paonessa et al. 2018; Chu 
et al. 2019). Palmitoyl-TP (pTP), with a dominant constitu-
ent of palmitoyl-EGCG (pEGCG), is one of the main fatty 
acid-modified TP recommended as a source of antioxidants 
by the China Food and Drug Administration. Previous stud-
ies on pTP and pEGCG have mainly concentrated on their 
antioxidant and antiviral properties (de Oliveira et al. 2013; 
Ying and Fereidoon 2012), but their effect on BAs accumu-
lation by regulating the microbial community structure in 
sausage fermentation was rarely reported. In this study, we 
investigated the influences of lipophilic pTP and pEGCG 
on forming BAs and nitrosamines in Chinese sausages com-
pared to the unmodified ones. Also, the mechanism was dis-
cussed by exploring the microbial ecosystem. This study 
might be significant for controlling BAs and nitrosamines 
by applying lipophilic TP derivatives in the production of 
fermented meats.

Materials and methods

Materials and chemicals

A mixture of 9 BAs standard in a hydrochloric acid solu-
tion containing histamine, phenylethylamine, tyramine, 
putrescine, cadaverine, tryptamine, spermine, spermidine, 

octopamine was purchased from Century Aoke Biotechnol-
ogy Co., Ltd (Beijing, China). TP (99%) was from Macklin 
(Shanghai, China). EGCG (98%), pTP (> 70%), and pEGCG 
(> 90%, with mono-palmitoyl-EGCG > 55%) were provided 
by Changxing Sanju Biotechnology Co., Ltd. (Hangzhou, 
Zhejiang, China).

Preparation of Chinese sausages

Samples (sausages) were prepared in triplicate according 
to the process of a previous study (Sun et al. 2018) with 
slight modifications. Ingredients of the base mixture without 
starter culture were as follows: back fat 200 g/kg, lean pork 
800 g/kg, NaCl 2.5%,  NaNO2 0.015%, glucose 1.5%, sterile 
water 5%, and wine 1.5%. The base mixture was divided 
into five groups: a control group and four groups mixed 
with 0.05% (g/g) of TP, EGCG, pTP, and pEGCG powder, 
respectively. The five groups were cultured at 10 °C for 2 h 
and then stuffed in a porcine casing. The sausages were fer-
mented at 25 °C and 90–95% RH for 2 days and then ripened 
at 10 °C and 65–70% RH for 4 weeks. Ripened sausage 
(500 g) was cut, mashed, and then sampled for analysis.

BAs determination

BAs extraction and derivatization were performed accord-
ing to the common method (Zhang et  al. 2017). 5 g of 
sausage were homogenized with 20 mL of perchloric acid 
(0.4 mol/L) and centrifuged (4 °C, 5000 × g, 10 min). One 
milliliter of the supernatants was reacted at 40 °C for 30 min 
with 300 μL saturated sodium bicarbonate, 200 μL sodium 
hydroxide (2 mol/L), and 1 mL dansyl chloride reagent 
(10 mg/mL). After that, the reaction was terminated with 
100  μL ammonium hydroxide (25%). The mixture was 
adjusted to 5 mL with acetonitrile and filtered (0.22 μm) 
for analysis.

HPLC system (Agilent 1290 Intifinity) equipped with a 
C18 column (Eclipse XDB-C18, 4.6 mm × 250 mm, 5 μm) 
(Aglient Technologies, CA, USA) was used for analysis. The 
injection volume was 20 μL, and determinations were con-
ducted at 254 nm and 35 °C. Mobile phases (0.8 mL/min) 
included solvent A [0.05 mol/L acetate buffer (0.1% acetic 
acid)-acetonitrile (10:90, v/v)], and solvent B [0.05 mol/L 
acetate buffer (0.1% acetic acid)-acetonitrile (90:10, v/v)]. 
Gradients were as follows: 0–22 min, 60–85% A; 22–25 min, 
85–100% A; 25–32 min, 100% A; 32–37 min, 60% A.

Nitrosamines determination

Samples (5 g) were mixed with an internal standard (50 ng 
NDMA-d6), and nitrosamines were extracted by QuEChERS 
for further analysis (Qiu et al. 2017). Nitrosamines were 
measured using an Agilent 7010B GC/TQ system (Agilent, 
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Delaware, USA) equipped with an HP-5 ms capillary col-
umn (30 m × 0.32 mm × 0.25 μm, Agilent, Santa Clara, 
USA). The injection volume was 2 μL, and helium (99.99%) 
was used as carrier gas at 1.2 mL/min. The temperature pro-
gram was as follows: 80 °C, held for 3 min, 80–100 °C at 
25 °C/min, 100–110 °C at 10 °C/min, 110–120 °C at 5 °C/
min, 120–130 °C at 10 °C/min, 130–280 °C at 40 °C/min, 
finally held for 5 min. The MS/MS was implemented in mul-
tiple reaction monitoring modes with 70 eV electron energy 
and two or three mass transitions. The ion source tempera-
ture was set at 230 °C. Identification of the analytes was 
confirmed by the qualifier-to-target ion ratios and retention 
time of target ion, as shown in Supplemental Information 
(Table S1).

Moisture content, water activity, pH, and microbial 
counts

Moisture content and pH were analyzed according to AOAC 
procedures (AOAC 2006). Water activity (aw) was deter-
mined using a water activity meter (Rotronic, Bassersdorf, 
Switzerland). For microbial counts, samples (3 g) were 
homogenized in 300 mL of sterilized normal saline for 
1 min, after which serial tenfold dilutions were prepared. 
The selective mediums used were as follows: PCA for total 
aerobic bacteria (TAB) (37 °C, 48 h), MRS for lactic acid 
bacteria (LAB) (37 °C, 48 h), VRBGA for Enterobacte-
riaceae at (37 °C, 24 h), and PDA for yeast and mold (37 °C, 
24 h). The results were expressed as colony-forming units 
per gram (log CFU/g).

DNA extraction, PCR amplification, and sequencing

Approximately 500 mg of sausage samples (each in trip-
licated) were used for DNA extraction using an OMEGA 
E.Z.N.A soil DNA kit (Feiyang BIOTECH Co., Ltd, Guang-
zhou, China) according to the manufacturer’s instructions. 
DNA quality was monitored by 0.8% agarose gel electropho-
resis. The DNA samples were stored at −80 °C for further 
analysis.

The V3-V4 region of the bacterial 16 S rRNA gene was 
amplified with primer pairs 338F (5’-ACT CCT ACG GGA 
GGC AGC A-3’) and 806R (5’-GGA CTA CHVGGG TWT 
CTAAT-3’). The ITS region of the fungal ITS gene was 
amplified using primer ITS1F (5’-CTT GGT CAT TTA GAG 
GAA GTAA-3’) and ITS2 (5’-GCT GCG TTC TTC ATC GAT 
GC-3’). The PCR amplification was performed according to 
a previously described method (Yang et al. 2016). Finally, 
amplicons were pooled in equimolar concentrations and 
sequenced by an Illumina MiSeq platform and MiSeq Rea-
gent Kit v1 (Illumina, Inc., Santiago, CA, USA) at the Bio-
marker Technologies Corporation (Beijing, China).

The sequences data were merged, quality filtered, and 
optimized. High-quality sequences (length > 100 bp, without 
reads containing base ‘N’, the lowest overlap length < 10 bp) 
were adopted for further analysis. Chimeras were checked 
by QIIME Pipeline (Chimera checking sequences with 
QIIME-Homepage). Operational taxonomic units (OTUs) 
were determined using the MOTHUR software package 
v.1.31.2., with a 97% sequence identity threshold. 16S rRNA 
reads were assigned using 16S rRNA training set 9 in the 
RDP database with a local BLAST search. A local BLAST 
search was also used to assign ITS 1 reads to the NCBI 
GenBank database. The bioinformatics analysis was per-
formed in BMK Cloud (www. biocl oud. net). The Shannon 
(https:// mothur. org/ wiki/ shann on/) and Simpson (https:// 
mothur. org/ wiki/ simps on/) diversity indices were calculated 
for analyzing the species diversity, while Chao 1 (https:// 
mothur. org/ wiki/ chao/) was for the richness. The beta diver-
sity distance measurements, including weighted UniFrac and 
Bray–Curtis, were visualized via principal coordinate analy-
sis (PCoA). Linear discriminant analysis (LDA) effect size 
(LEfSe) algorithm (LDA score > 4 and P < 0.05) was used 
to compare relative abundances of microbial taxa among the 
five groups. The redundancy analysis (RDA) was performed 
to visualize the relationship between microbial community 
and BAs.

The bacterial and fungal sequencing data are publicly 
available in the National Center for Biotechnology Infor-
mation (NCBI) under accession numbers PRJNA801771 and 
PRJNA801773, respectively.

Statistical analysis

All values were expressed as mean ± standard deviation (n 
= 3). An analysis of variance (ANOVA) with Tukey’s mul-
tiple comparisons was performed to investigate the signifi-
cance of differences by R (version 3.6.1, × 64). Differences 
were considered to be significant when P < 0.05.

Results and Discussion

BAs and nitrosamines

Six BAs, including putrescine, cadaverine, histamine, 
tyramine, spermidine, and spermine, were detected in all 
samples (Fig. 1). The total concentrations of BAs in the 
case of control, TP, EGCG, pTP, and pEGCG were 376.22, 
291.06, 237.44, 210.12, and 168.98 mg/kg, respectively. 
Among the detected BAs, tyramine had the highest concen-
tration, followed by spermine, cadaverine, putrescine, sper-
midine, and histamine, similar to the observation of Harbin 
dried sausages (Sun et al. 2018). The highest concentration 

http://www.biocloud.net
https://mothur.org/wiki/shannon/
https://mothur.org/wiki/simpson/
https://mothur.org/wiki/simpson/
https://mothur.org/wiki/chao/
https://mothur.org/wiki/chao/
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of tyramine (164.97 mg/kg) appeared in the control, and 
it was within the reported range of dried sausages and 
fermented fish products (Dsd et al. 2021). Putrescine and 
cadaverine, used as indicators of food hygiene, are com-
monly found in sausages and aquatic products, and their 
contents in control were 29.54 mg/kg and 55.92 mg/kg, 
respectively. Spermine ranged from 57.29 to 102.61 mg/kg, 
and spermidine was 10.97–18.29 mg/kg. Histamine is usu-
ally considered as the most toxic BA; in this study, it ranged 
from 4.43 to 4.88 mg/kg, which was significantly lower than 
the limit of 50 mg/kg (Biji et al. 2016; FDA 2001).

TP, EGCG, pTP, and pEGCG reduced the contents of 
BAs in Chinese sausages. The palmitic acid-modified pTP 
and pEGCG had a stronger inhibitory effect compared to 
TP and EGCG, while pEGCG showed the highest decrease 
of 55.08% total BAs at 0.05% of usage (P < 0.05) (Fig. 1). 
Tyramine was reduced by pTP and pEGCG to < 100 mg/
kg as an acceptance dose (Biji et al. 2016; FDA 2001), and 
pEGCG had the most effective suppression on tyramine 
(reduced by 61.25% compared to control). Apart from 
that, pEGCG decreased (P < 0.05 vs. control) putrescine 
(40.52%), cadaverine (74.02%), histamine (3.89%), spermi-
dine (40.02%), and spermine (44.17%). The observed effect 
of TP, EGCG, pTP, and pEGCG is possibly caused by their 

ability to inhibit decarboxylase activity and suppress BAs 
formation (Gyawali and Ibrahim 2014). In addition, the long 
palmitoyl hydrocarbon chain endows pTP and pEGCG with 
strong liposolubility (Pan et al. 2020). The stronger BAs sup-
pression ability of pTP and pEGCG compared with TP and 
EGCG might originate from their improved liposolubility 
because they could disperse well in sausage and enter into 
cells more easily to perform activities (Paonessa et al. 2018; 
Chu et al. 2019).

A total of 9 nitrosamines were examined in the study, 
but only NDMA was detected in sausage samples (Fig. 2, 
Table S1, and Fig. S1). The highest content of NDMA was 
found in the control group (0.86 μg/kg) (Fig. 2), which 
was markedly below the limit (10 μg/kg) (FDA 2001). TP, 
EGCG, pTP, and pEGCG all significantly reduced the for-
mation of NDMA (P < 0.05), confirming the suppressive 
effects of TP and EGCG on the formation of nitrosamines 
(Deng et al. 2019). EGCG reduced the content of NDMA 
by 66.81% (vs. control) and showed the most effective inhi-
bition among the four antioxidants. The concentrations of 
NDMA in the sausages treated with pTP and pEGCG were 
reduced by 27.77% and 48.72% (vs. control), respectively. 
The performance of pTP and pEGCG was weaker than that 
of TP and EGCG in effecting the accumulation of NDMA 

Fig. 1  Influence of TP, EGCG, pTP, and pEGCG on the contents of 
biogenic amines (BAs) in Chinese sausages. a Putrescine; b cadaver-
ine; c histamine; d tyramine; e spermidine; f spermine. Usage of TP, 

EGCG, pTP, or pEGCG was 0.05% (g/g); different lowercase letters 
(a–e) indicate significant differences in the reduction of BAs contents 
(P < 0.05)
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(P < 0.05). It was known that polyphenols could block nitros-
amine formation by scavenging nitrite (Deng et al. 2019). 
Modified with palmitic acid reduced the hydrophilicity of TP 
and EGCG, which may influence its reaction efficiency with 
sodium nitrite, thereby weakening their inhibitory effect on 
NDMA formation (Deng et al. 2019; Gyawali and Ibrahim 
2014). Overall, palmitic acid-modified TP and EGCG deriv-
atives remained active in inhibiting the formation of NDMA 
in Chinese sausages.

Microbial counts, pH, moisture content, and water 
activity

The long period of ripening resulted in a moisture con-
tent of < 25% in the final products of sausages (Table 1). 
No significant differences in moisture content were found 

among groups (all P > 0.05). The values of aw in sausages 
were very close with relatively small differences and 
generally consistent with the trend in moisture contents. 
However, the pH values of Chinese sausages were influ-
enced by the addition of antioxidants. The samples with 
both palmitic acid-modified TPs and unmodified ones had 
lower pH values than the control group (P < 0.05), which 
is consistent with Sun et al. (2018), suggesting that adding 
cinnamon can effectively decrease the pH of dry sausage.

No viable Enterobacteriaceae was found in all treat-
ments, indicating a sanitary condition in experiments. The 
counts of total aerobic bacteria (TAB), lactic acid bacteria 
(LAB), and fungi (yeast and mold) in control were 7.92, 
6.00, and 5.74 Log (CFU/g), respectively, which was in 
agreement with similar studies without starter culture (Sun 
et al. 2018). Application of TP, EGCG, pTP, and pEGCG 
regulated the community structure of bacteria and fungi 
during the natural fermentation of sausage. Overall, they 
inhibited the biomass of TAB but promoted the multipli-
cation of LAB and fungi (P < 0.05), accompanied by a 
decrease in product pH (Table 1). Compared to TP and 
EGCG, pTP and pEGCG had a greater effect on the com-
munity structure (P < 0.05); pEGCG significantly regu-
lated the bacteria and fungi counts in sausages (P < 0.05).

Tea polyphenols have broad-spectrum antibacterial 
properties (Khan and Mukhtar 2018). Therefore, esterifi-
cation modification could endow these polyphenols with 
an improvement of such activity (Chu et al. 2019). In fact, 
they can also promote the proliferation of some probiot-
ics, such as Lactobacillus sp. (Lee et al. 2006). This study 
achieved a dual-directional regulation by 0.05% (g/g) of 
TP (or its palmitic acid-modified derivatives) in sausage, 
including inhibition of TAB and promotion of LAB and 
fungi. Comparatively, the lipidic derivatives pTP and 
pEGCG had a stronger ability of such regulation than the 
unmodified ones when they were used in the natural sau-
sage fermentation.

Fig. 2  Influence of TP, EGCG, pTP, and pEGCG on the contents of 
NDMA in Chinese sausages. Usage of TP, EGCG, pTP, or pEGCG 
was 0.05% (g/g); different lowercase letters (a–e) indicate significant 
differences in the reduction of NDMA contents (P < 0.05)

Table 1  Microbial properties, pH, moisture content, and water activity (aw) of Chinese sausages

Usage of TP, EGCG, pTP, or pEGCG was 0.05% (g/g)
Nd: Not detected; Within each line, values with the same letter are not significantly different (P < 0.05)

Treatments

Control TP EGCG pTP pEGCG 

Moisture (%) 20.49 ± 0.49a 22.05 ± 1.27a 21.06 ± 0.28a 22.77 ± 1.06a 21.09 ± 0.76a

aw 0.828 ± 0.019ab 0.831 ± 0.002ab 0.820 ± 0.002ab 0.838 ± 0.001a 0.805 ± 0.006b

pH 5.70 ± 0.06a 5.67 ± 0.19ab 5.62 ± 0.01d 5.64 ± 0.01bc 5.62 ± 0.01d

TAB (Log CFU/g) 7.92 ± 0.05a 7.80 ± 0.07ab 7.75 ± 0.15ab 7.37 ± 0.30bc 7.15 ± 0.15c

LAB (Log CFU/g) 6.00 ± 0.07c 6.70 ± 0.32ab 6.76 ± 0.007a 6.54 ± 0.003b 6.59 ± 0.003b

Yeast and Mold (Log CFU/g) 5.74 ± 0.048b 5.71 ± 0.079b 6.26 ± 0.019a 6.14 ± 0.062ab 6.29 ± 0.143a

Enterobacteriaceae (Log CFU/g) nd nd nd nd nd
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Bacterial community in sausages

High-throughput sequencing was further applied to evaluate 
sausage microbial composition and diversity. As presented 
in Table 2, sausages treated with EGCG, pTP, and pEGCG 
showed slightly lower richness (Chao 1) than that of con-
trol, but the diffrence was not significant (P > 0.05), while 
the diversity (Simpson and Shannon) of pTP-and pEGCG-
treated sausages was higher than that of TP and EGCG 
groups (all P < 0.05). In Fig. 3a, a noticeable separation was 
observed among the five groups, and 80.81% of the total var-
iance (PC1 = 63.42%, PC2 = 17.39%) was explained accord-
ing to the PCoA analysis based on weight UniFrac distance 
metric. Palmitoyl-TP and pEGCG groups were separated 
farther from the control, as the PC1 explained 63.42% of 
the variance. This observation suggested that palmitic acid 
modification of TP and EGCG might enhance their effects 
on the bacteria community composition in Chinese sausage 
fermentation.

Figure 3b illustrates the relative abundance of the top 10 
genera in all sausages. The bacterial community composi-
tion in control was similar to a previous study of Chinese 
sausage (Wang et al. 2018). Staphylococcus and LAB (Lac-
tococcus, Weissella, and Lactobacillus) were the dominant 
genera, accounting for 94.58–98.53% of all bacteria genera 
in the five groups. Application of 0.05% (g/g) of TP, EGCG, 
pTP, and pEGCG in sausage significantly (P < 0.05) sup-
pressed Staphylococcus growth; meanwhile, they generally 
promoted the growth of LAB (e.g., Lactococcus and Lacto-
bacillus). In comparison with TP and EGCG, the lipidic pTP 
and pEGCG were more effective in performing such sup-
pression and promotion (P < 0.05). These observations were 
consistent with the results of microbial counts (Table 1).

Redundancy analysis (RDA) was performed to further 
investigate the relationship between microbial community 
and BAs, as well as NDMA. The correlations between two 
variables in RDA were determined by the angle between 
the corresponding vectors (Dai et al. 2021). The sharper 
the angle, the stronger the positive correlation when 
angles < 90°; the blunter the angle, the stronger the negative 
correlation when angles > 90° (Dai et al. 2021). As shown 

in Fig. 3c, Staphylococcus was positively correlated with 
NDMA and BAs cadaverine, putrescine, tyramine, spermine, 
and spermidine, as their angles were lower than 90°. In addi-
tion, LAB genera such as Lactobacillus and Lactococcus 
showed strong negative correlations with NDMA and the 
BAs as the angles were more than 90°. These observations 
suggested that both inhibition actions on Staphylococcus 
and promotion on Lactobacillus and Lactococcus were cru-
cial for decreasing BAs and NDMA in sausage. Staphylo-
coccus is usually found in fermented meat products, and 
it is important for products’ proteolysis, color, and flavor 
quality (Flores and Piornos 2021; Halagarda and Wójciak 
2022). However, Martuscelli et al. (2000) reported that some 
decarboxylase-positive strains of Staphylococcus sp., such 
as S. xylosus S167, generate BAs, including tyramine, sper-
midine, spermine, and tryptamine. In contrast, some LAB 
strains (e.g., Lactobacillus pentosus R3 and Lactobacillus 
plantarum) were applied to efficiently inhibit the formation 
of BAs and nitrosamines (Li et al. 2021; Shao et al. 2021). 
As Staphylococcus, Lactobacillus, and Lactococcus were the 
most different biomarkers in the control, pEGCG, and pTP 
groups, respectively, when LDA score > 4 (all P < 0.05) (Fig. 
S2), the groups of sausages treated with or without palmitic 
acid-modified TPs could be distinguished by the dominant 
genera. The overall results above further demonstrated that 
the suppression of Staphylococcus and promotion of Lac-
tobacillus and Lactococcus by pTP and pEGCG possibly 
contributes to inhibiting the formation of BAs and NDMA 
in Chinese sausage.

Fungal community in sausages

Yeast has an important role in forming the flavor and aroma 
of sausage due to its lipolytic and proteolytic activity (Perea-
Sanz et al. 2020). However, these biochemical reactions may 
potentially produce BAs. In this study, six fungal genera, 
including Debaryomyces, Kurtzmaniella, Candida, Peni-
cillium, Meyerozyma, and Wickerhamomyces, were identi-
fied in all samples, five of which were yeasts (Fig. 4a). The 
predominant genus identified was Debaryomyces, account-
ing for 86.07–97.36% of the total genera. The presence of 

Table 2  The Microbial 
diversity indexes of Chinese 
sausages treated with TP, 
EGCG, pTP, and pEGCG 

Usage of TP, EGCG, pTP, or pEGCG was 0.05% (g/g)
a −cDifferent letters in the same column indicate significant differences (P < 0.05)

Bacteria Fungi

Chao1 Simpson Shannon Chao1 Simpson Shannon

Control 60.00 ± 0.00a 0.40 ± 0.02c 1.54 ± 0.06b 11.00 ± 0.82a 0.25 ± 0.01a 0.74 ± 0.02a

TP 60.07 ± 0.09a 0.56 ± 0.04b 2.05 ± 0.11a 10.33 ± 0.47a 0.25 ± 0.01a 0.75 ± 0.02a

EGCG 56.40 ± 1.84a 0.52 ± 0.02b 1.78 ± 0.09b 12.00 ± 0.00a 0.06 ± 0.00c 0.26 ± 0.02c

pTP 54.50 ± 2.68a 0.65 ± 0.01a 2.11 ± 0.04a 11.67 ± 0.47a 0.06 ± 0.00c 0.28 ± 0.01c

pEGCG 56.12 ± 6.22a 0.66 ± 0.02a 2.28 ± 0.05a 11.00 ± 0.82a 0.16 ± 0.00b 0.51 ± 0.00b
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EGCG, pTP, and pEGCG in sausage significantly (P < 0.05) 
decreased the fungal diversity in association with the lower 
Simpson and Shannon values than that of the control group 
(Table 2). The PCoA of fungi (Fig. 4b) showed a weaker 
separation of the five groups than that of bacteria. Never-
theless, pTP and pEGCG were closely clustered and were 
noticeably separated from other groups, indicating that 
palmitic acid modification could remarkably change the 
effects of tea polyphenols on fungi. The effect of TP on 
the fungal community was weaker than those of EGCG, 
pTP, and pEGCG (P < 0.05). However, EGCG, pTP, and 
pEGCG significantly improved the growth of Debaryomyces 
while inhibiting the growth of Candida and Kurtzmaniella 
(P < 0.05) (Fig. 4a). The relative abundances of Candida and 

Kurtzmaniella were reduced by 69.04% and 98.51% from 
pEGCG compared to control, respectively. The inhibition on 
yeast genera was consistent with a previous study (Hirasawa 
and Takada 2004), where tea polyphenols showed suppres-
sion on some noxious yeasts (e.g., Candida. albicans).

Figure 4c shows that Debaryomyces were strongly nega-
tively correlated with NDMA and BAs cadaverine, putres-
cine, tyramine, spermine, and spermidine, while Candida 
and Kurtzmaniella were positively correlated with them. As 
the dominant fungus in sausage, some strains of Debaryo-
myces (e.g., D. hansenii H525) were found to effectively 
degrade histamine, tyramine, and phenylethylamine with 
high peroxisomal amine oxidase activity (Bäumlisberger 
et al. 2015). These results indicate that, besides regulating 

Fig. 3  Effect of TP, EGCG, pTP, and pEGCG on the bacterial community composition of Chinese sausages at the genus level. a PCoA analysis 
based on weighted UniFrac distance metrics; b Relative abundance; c RDA analysis. Usage of TP, EGCG, pTP, or pEGCG was 0.05% (g/g)
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the bacterial community, pTP and pEGCG might also inhibit 
the formation of BAs and NDMA in sausage by promoting 
Debaryomyces and suppressing Candida and Kurtzmaniella.

Conclusions

The palmitic acid-modified pTP and pEGCG were found to 
be more effective than TP and EGCG (P < 0.05) in reduc-
ing the formation of BAs in Chinese sausage due to their 
lipidic structure. This inhibitory effect should be attributed 
to a dual-direction regulation of promotion and suppression 
of the microbial community in Chinese sausage. The pTP 
and pEGCG could promote the growth of Debaryomyces, 
Lactobacillus, and Lactococcus; meanwhile, they could 
suppress the proliferation of Staphylococcus, Candida, and 

Kurtzmaniella. As a result, such dual-direction regulation 
on the microbial community could remarkably decrease the 
contents of BAs and NDMA in Chinese sausages. These 
results may give a reference for applying pTP, pEGCG, and 
similar fatty acid-modified polyphenols in fermented meat 
products to regulate the microbial community and inhibit the 
accumulation of BAs.
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