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Abstract 

Background:  As a natural antibacterial cationic peptide, ε-poly-l-lysine (ε-PL) is applied as a food preservative. How-
ever, the mechanism of ε-PL against Staphylococcus aureus (S. aureus) has not been elucidated. Especially, its antimi-
crobial mechanism at the metabolomics has not been yet thoroughly described.

Results:  This work aimed at clarifying the antibacterial activity and mechanism of ε-PL against S. aureus. Effects of 
ε-PL with different concentration on cell morphology, cell wall, and membrane integrity were investigated. Further-
more, the effect of ε-PL on metabolite properties of S. aureus was also studied. The results revealed that ε-PL disrupted 
the cell wall and membrane integrity of treated cells. ε-PL induced the structural change of peptidoglycan in cell wall, 
causing cell wall more fragile. Meanwhile, the permeability of the S. aureus cell membrane was increased by ε-PL. 
More importantly, ε-PL with different concentration could cause different effects on metabolic pathways of S. aureus. 
ε-PL with high concentration could directly restrain the central carbon metabolism. However, ε-PL with low concen-
tration could only inhibit the glycolytic pathway.

Conclusion:  These results showed that the antimicrobial mechanism of ε-PL against S. aureus was a synergistic 
action.
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Background
ε-Poly-l-lysine (ε-PL) is a cationic peptide that consists 
of 25–35 residues of l-lysine (Dodd et al. 2018). ε-PL has 
been reported to display high water soluble and thermal 
stability (Chen et  al. 2018). In general, ε-PL was discov-
ered as an extracellular material produced by filamentous 
actinomycetes such as Streptomyces albulus and Lysinop-
olymerus (Shukla et al. 2012). As a natural antimicrobial 
peptide, ε-PL can inhibit various microorganisms, such 
as most of bacteria, yeast, and virus (Shukla et al. 2012). 
Furthermore, ε-PL are biodegradability, edibility, and 
innocuousness. Therefore, ε-PL has been widely used as 
a preservative in many foods such as meat, rice, cooked 
vegetables, and other food (Chheda and Vernekar 2015; 

Fadli et al. 2012). In the past few years, the antimicrobial 
activities of ε-PL have been reported (Geornaras et  al. 
2007; Liu et  al. 2017). However, its antibacterial mecha-
nism has not been absolutely elucidated (Wei et al. 2018; 
Bo et al. 2015; Hyldgaard et al. 2014). Only a few reports 
showed that ε-PL can cause morphological damages 
strip the outer membrane, and cause abnormal distribu-
tion of the cytoplasm. For example, Lin et al. found that 
addition of ε-PL could induce the marked change on the 
morphology of Listeria monocytogenes cells. Furthermore, 
the destructive effect of ε-PL on cell structure was further 
demonstrated by the same group (Lin et al. 2018). Simi-
larly, Ye et  al. found that E. coli O157:H7 cells exposed 
to ε-PL showed collapsed, lysis, and rough membranes 
(Ye et al. 2013). Besides, mycelial growth, spore germina-
tion rate, and germ-tube length of Penicillium digitatum 
were markedly inhibited by ε-PL. Meanwhile, ε-PL caused 
serious damages on mycelial morphology and plasma 
membrane (Liu et al. 2017). Our previous studies demon-
strated that ε-PL could significantly change the cell wall 
composition of Saccharomyces cerevisiae (S. cerevisiae), 
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and result in cell wall more fragile, thus increasing the cell 
wall permeability (Tan et al. 2018). In general, researchers 
agree that the antimicrobial effect of ε-PL is to destroy cell 
membranes or cell walls (Zhang et al. 2018; Li et al. 2014; 
Melo et  al. 2009). Up to now, its antimicrobial mecha-
nism at the metabolomics has not been yet thoroughly 
described. Especially, little information is available about 
the effect of ε-PL at different concentration on antimicro-
bial activity and the mechanisms involved.

Saccharomyces cerevisiae has also proven to be a good 
model eukaryote to study the inhibition effects of and the 
cellular responses to antimicrobial preservatives (Prashar 
et al. 2003; Belletti et al. 2014; Peng et al. 2016). Recently, 
we investigated the impact of different concentration 
ε-PL on S. cerevisiae metabolism through the study of 
variation of intracellular metabolites. The results showed 
that the ε-PL could inhibit primary metabolic pathways of 
S. cerevisiae (Bo et al. 2014). However, to our best knowl-
edge, the effect of ε-PL on the metabolism of prokaryotic 
microorganisms has not been reported. Staphylococ-
cus aureus (S. aureus) is considered as one of the major 
food-borne pathogens that causes diverse symptoms of 
food poisoning. Therefore, S. aureus has a serious threat 
to food safety due to its high tolerance to salt and the 
stability of its toxins at high temperature (Miao et  al. 
2016; Chang et  al. 2017). Furthermore, in recent years, 
S. aureus has also been used as a model strain of Gram-
positive bacteria in the research of antibacterial mecha-
nism (Chang et al. 2017; Pu and Tang 2016; Huang et al. 
2014). Up to now, there is no report about the effects of 
ε-PL with different concentration on the cell wall/mem-
brane and metabolism of S. aureus. The aim of this study 
was to systematically investigate the effects of ε-PL at the 
different concentration on cell wall/membrane structural 
changes and metabolic properties of S. aureus, and the 
mechanism of actions of ε-PL on S. aureus was explored.

Materials and methods
Culture conditions and cell viability assay
The S. aureus ACCC01331 cells were incubated at 37 °C 
on a rotary shaker at 180  rpm until the optical den-
sity (OD600) at 600  nm reached 0.2, and then, ε-PL was 
added to cultures at the final concentrations of 250  µg/
mL, 500  µg/mL, and 750  µg/mL, respectively. The cul-
tures without addition of ε-PL were used as control sam-
ples. The viability of S. aureus cells treated by ε-PL was 
obtained by plate count method.

Scanning electron microscope (SEM)
The S. aureus cells were observed by SEM by the 
improved method (Shimada et  al. 1993). Briefly, S. 
aureus cells were collected after incubating with ε-PL by 

centrifugation (3000×g, 5  min). Then, 0.1  M phosphate 
buffer saline (PBS) was used to wash the cells twice. 
Subsequently, the cells were incubated at 4  °C in 2.5% 
(v/v) glutaraldehyde for 2 h and dehydrated by immers-
ing them at a stepwise gradient of 30%, 50%, 70%, and 
80% to 100% ethanol solution for 15 min. The S. aureus 
cells were then spray gold treatment (HITACHI E-1010) 
and subsequently visualized with a HITACHI SU1510 
microscopy (Hitachi Instrument, Tokyo, Japan).

Raman spectra and Fourier infrared spectrum
The method of cell treatment of S. aureus was prepared 
as described above and the OD600 was adjusted to 2.0. 
Then, the gold slides with immobilized S. aureus were 
analyzed using Renishaw 1000 Raman microscope (Ren-
ishaw plc., UK). The parameter settings were as follows: 
the sandwich structure was excitated by 785 nm laser line 
at 200 mW power for 10 s and the range of spectra was 
400–1200  cm−1 (Jarvis and Goodacre 2004). For Fou-
rier infrared spectrum, cells were collected and dried by 
vacuum freeze-drying. The Fourier infrared spectrum of 
cells was measured by KBr pellet with 4 cm−1 of resolu-
tion and the range of spectra was 4000–400 cm−1.

Determination of membrane permeability
The effect of ε-PL on the cell membrane damaged was 
ascertained by determining the fluorescence increase 
of propidium iodide (PI, Sigma Corporation, U.S.) in 
S. aureus cells in terms of the previous method (Veer-
man et  al. 2010). S. aureus cells by ε-PL treatment 
were collected by centrifugation (3000×g, 5  min) and 
washed three times with PBS, and resuspended in 
PBS. A total of 100 µL of the S. aureus cell suspension 
was added into 100 µL of PI solution (12  µg/mL) and 
reacted at 25 °C for 5 min. The fluorescence changes of 
were detected by a SYNERGYTM4 microplate reader 
(Biotek, USA) at 535  nm and 617  nm. The result was 
represented as the mean of three experiments.

Extraction of intracellular metabolites and derivatization
The S. aureus cells were quenched and extracted in 
accordance with a method of Liebeke et al. (2012). The 
chemical derivatization was divided into two phases 
according to the method of Ding et al. (2010), including 
methoximation of metabolite samples and subsequent 
trimethylsilylation.

GC–MS analysis
GC–MS analysis was carried out by an Agilent 6890 
(Agilent Technologies, Palo Alto, CA) gas chroma-
tograph with an HP-5 gas chromatography capillary 
column (60  m × 320  µm i.d., 0.25  µm film thickness) 
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according to the protocol described by Bo et al. (2014). 
The mass spectrometric data were processed by MSD 
Productivity ChemStation software (Version E.02 
01.1177 Agilent Technologies) and compared with the 
standard library (NIST, the National Institute of Stand-
ards and Technology mass spectral library 2008).

Data analysis
Principal component analysis (PCA) and partial least-
squares (PLS) analysis were performed with the data 
which was previously pre-treated by SIMCA package 
for the multivariate statistical analysis. The unsuper-
vised PCA model was carried out to gain the diver-
sity between the samples which treated with different 
groups of ε-PL. In addition, another unsupervised 
hierarchical cluster analysis (HCA) was used to obtain 
another unsupervised analysis by the HCE 3.5 software. 
The supervised PLS was introduced to identify the 
metabolites that closely connected with ε-PL stress.

Determination of enzymatic activities and ATP levels
Staphylococcus aureus cells were harvested by cen-
trifugation at 3000×g for 5  min and washed three 
times with 0.1 M PBS, and then disrupted in a homog-
enizer with glass beads after resuspending in ultrapure 
water. The cell lysates were harvested by centrifuga-
tion (10,000×g, 5  min) at 4  °C. After centrifugation, 
the supernatants were stored at − 20  °C to enzymatic 
activities assay. Succinate dehydrogenase, aconitase, 
and hexokinase activity were determined by assay kits 
(Nanjing Jiancheng Bioengineering Institute, China). 
Protein concentrations were measured in terms of a 
modified method of Lowry (Dulley and Grieve 1975). 
The method of cell disruption of S. aureus was pre-
pared as described previously. Intracellular ATP levels 
were evaluated with BacTiter-Glo™ kit from Promega. 
The result was represented as the mean of three experi-
ments and fluorescence was measured by fluorometry 
(LumiCount TR, Packard Instrument).

Results and discussion
Effects of ε‑PL on the vitality of the S. aureus
First, the minimal inhibitory concentrations (MIC) of 
ε-PL against S. aureus were determined to be 50  µg/
mL. The results were in accord with the previous reports 
(Zahi et al. 2017). However, some reports also indicated 
that the MIC value of ε-PL against S. aureus was below 
20 mg/mL (Li et al. 2014; Zhou et al. 2011). The reason 
might be the differences in purity of ε-PL and strains. 
Then, effects of different ε-PL concentration on the cell 
survival rate of S. aureus were investigated. The results 
are shown in Fig.  1. The cell survival rate of S. aureus 
was decreased dramatically in contrast to the untreated 

cells. Furthermore, the cell survival rate decreased with 
increasing the concentration of ε-PL (Fig. 1a). For exam-
ple, the cell survival rate of S. aureus decreased to 30.1% 
at low concentration ε-PL (250 µg/mL) for treatment 2 h. 
However, the cell survival rate dramatically decreased 
to 10.7% and 4.7% when the concentration of ε-PL was 
increased to 500  µg/mL and 750  µg/mL, respectively. 
Similar phenomenon was found when the treatment time 
was increased to 4  h. The results indicated that antimi-
crobial activity of ε-PL against S. aureus had primarily 
dependence on concentrations of ε-PL.

The effects of ε‑PL on cell morphology of S. aureus cells
To further characterize the bactericidal effects of ε-PL, 
SEM was used to visualize the morphological changes of 
S. aureus cells exposed to ε-PL. As shown in Fig.  2, the 
surface of the untreated S. aureus cells was bright and 
smooth. However, compared with untreated cell (Fig. 2a), 
some of the treated cells by 250  μg/mL ε-PL exhibited 
collapse (Fig.  2b). Furthermore, with the increase of 
ε-PL concentration (500  μg/mL), more collapsed cells 
were observed (Fig. 2c). When the concentration of ε-PL 
reached 750 μg/mL, the S. aureus cells appeared indenta-
tions, collapsed, lysis, and non-integral cell morphology 
(Fig. 2d). These results showed that ε-PL caused obvious 
destruction on cell wall/membrane of S. aureus, indi-
cating that the substances of cell walls/membranes of S. 
aureus occurred obvious changes. The previous reports 
showed that ε-PL can interact directly with microbial 
cell walls/membranes to increase the membrane per-
meability and cause rapid cell death (Ye et al. 2013; Tan 
et al. 2018; Miao et al. 2016). It  is generally known  that 

Fig. 1  Vitality of the S. aureus treated by ε-PL at different treatment 
time
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peptidoglycan is the main component of cell wall of S. 
aureus. To confirm whether cell wall component of S. 
aureus was affected by ε-PL, Raman spectroscopy and 
Fourier infrared spectrum were performed. The results 
are shown in Fig. 3. The peak at 730 cm−1 of Raman shift 
was corresponded to peptidoglycan structure (Belletti 
et al. 2014). The intensity of peak at 730 cm−1 gradually 
decreased with the increase of the concentration of ε-PL 
after 2 h/4 h treatment (Fig. 3a, b), indicating that pepti-
doglycan structure was destroyed by ε-PL. These results 
suggested that peptidoglycan in cell wall of S. aureus 
could be dramatically damaged by high concentration 
ε-PL, thus causing cell wall more fragile. Our previous 
reports showed that ε-PL could change significantly con-
tent of S. cerevisiae cell wall, thus increasing the cell wall 
permeability (Tan et al. 2018).

The effects of ε‑PL on cell membrane permeability
To further confirm whether the permeability of the 
treated cell membranes was enhanced, cell membrane 
permeability was measured by the propidium iodide (PI) 
assay. The results are showed in Additional file 1: Fig. S1. 
In contrast to the untreated cells, the ε-PL-treated cells 
exhibited remarkable increase in fluorescence intensity. 
Furthermore, with increase of ε-PL concentration, the 
fluorescence intensity enhanced. Similar results were 
also observed by Bo et al. (2014). Obviously, ε-PL could 
pass through the cell wall and disrupt the cytoplasmic 

membrane. These results indicated that the cell mem-
brane permeability was increased by the interaction 
between ε-PL and cell membrane.

Effect of ε‑PL on intracellular metabolite
The previous reports showed that GC–MS-based 
metabolomics approach was a useful method for iden-
tifying microbial intracellular substances after treat-
ment with antimicrobial agents (Bo et  al. 2014; Xu 
et  al. 2017). Therefore, to confirm whether ε-PL could 
induce changes of intracellular metabolite of S. aureus, 
54 metabolites were detected and identified from 100 
putative intracellular metabolites by a GC–MS-based 
metabolomics approach (Table  1). These metabolites 
included a variety of amino acids (e.g., valine, serine, 
isoleucine, threonine, and leucine), sugars (e.g., ribose, 
arabinose, and mannose), alcohols (e.g., mannitol), and 
organic acids (e.g., citrate). In contrast to the untreated 
cells, metabolites have significantly changed in ε-PL-
treated cells, including carbohydrates, alcohols, lipids, 
and amino acids. For example, the intracellular con-
centration of glucose in the treated cells was increased 
about 1.5- and 2.5-fold, respectively. The results showed 
that ε-PL promoted the intracellular accumulation 
of glucose, indicating inhibitory effect of ε-PL on gly-
colysis (Table 1). As a result, the relevant survival rate 
of ε-PL-treated cells decreased to 4.7% and 6.9% com-
pared to the untreated cells, respectively. Meanwhile, 

Fig. 2  Effect of ε-PL on the morphology of S. aureus by SEM. a Control, b 250 µg/mL, c 500 µg/mL, and d 750 µg/mL; each group was treated for 
2 h
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our results showed that the intracellular pools of 
amino acids could be affected by ε-PL. When cells were 
treated by low concentration of ε-PL (250 µg/mL), the 
contents of some intracellular amino acids increased, 
such as alanine, valine, leucine, proline, and isoleu-
cine. It could be due to a self-protection mechanism for 
microorganism against environmental stresses. With 

the increase of ε-PL concentration (750  µg/mL), the 
contents of alanine, valine, and leucine in the treated 
cells decreased, indicating the limit of self-protec-
tion for S. aureus under higher concentration of ε-PL 
(Table  1). Furthermore, glyceraldehyde-3-phosphate 
(glycerate-3-P) and 3-phosphoglyceric acid (glycerate-
2-P) also significantly decreased after treated by ε-PL. 

Fig. 3  Effect of ε-PL on the cell wall of S. aureus by Raman spectroscopy. a 2 h; b 4 h
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Table 1  Identification of intracellular metabolites of S. aureus 

Class No. Metabolites Metabolite abundance (relative to value of control groups)

2 h 4 h

250 μg/mL 500 μg/mL 750 μg/mL 250 μg/mL 500 μg/mL 750 μg/mL

Central carbon metabolism 2 Lactate 0.45 ± 0.02 0.79 ± 0.04 0.55 ± 0.03 0.64 ± 0.03 0.68 ± 0.03 0.42 ± 0.02

15 Succinate 0.28 ± 0.01 0.30 ± 0.02 0.17 ± 0.01 0.41 ± 0.02 0.20 ± 0.01 0.11 ± 0.01

18 Fumarate 0.49 ± 0.02 0.32 ± 0.03 0.24 ± 0.01 0.65 ± 0.03 0.61 ± 0.03 0.29 ± 0.02

27 Glycerate-3P 0.91 ± 0.05 0.54 ± 0.03 0.53 ± 0.03 0.71 ± 0.04 0.59 ± 0.03 0.20 ± 0.01

36 Glycerate-2P 0.84 ± 0.04 1.04 ± 0.05 0.56 ± 0.03 0.54 ± 0.03 0.75 ± 0.04 0.64 ± 0.03

38 Citrate 2.47 ± 0.1 3.18 ± 0.16 6.56 ± 0.32 7.17 ± 0.36 16.41 ± 0.8 33.51 ± 1.67

50 Glucose 0.90 ± 0.05 1.63 ± 0.08 1.47 ± 0.07 1.67 ± 0.08 1.86 ± 0.09 2.46 ± 0.12

Urea cycle 11 Urea 0.26 ± 0.01 0.28 ± 0.01 0.32 ± 0.02 0.31 ± 0.02 0.39 ± 0.02 0.36 ± 0.02

37 Ornithine 0.08 ± 0.004 0.06 ± 0.003 0.04 ± 0.002 0.28 ± 0.02 0.10 ± 0.005 0.03 ± 0.001

Amino acids 4 Valine 1.84 ± 0.09 2.48 ± 0.12 1.20 ± 0.06 0.95 ± 0.05 1.65 ± 0.08 0.81 ± 0.04

5 Alanine 1.68 ± 0.08 0.88 ± 0.04 0.55 ± 0.03 4.09 ± 0.2 1.56 ± 0.08 0.56 ± 0.03

7 Leucine 2.36 ± 0.1 2.69 ± 0.13 1.28 ± 0.06 1.02 ± 0.05 1.71 ± 0.08 0.85 ± 0.04

9 Proline 6.08 ± 0.3 7.83 ± 0.4 3.90 ± 0.2 4.29 ± 0.2 8.56 ± 0.042 4.73 ± 0.23

12 Serine 0.54 ± 0.03 0.55 ± 0.03 0.46 ± 0.02 0.38 ± 0.02 0.32 ± 0.02 0.38 ± 0.02

14 Isoleucine 1.84 ± 0.2 2.72 ± 0.14 2.57 ± 0.14 1.45 ± 0.07 1.45 ± 0.07 1.49 ± 0.07

19 Threonine 0.81 ± 0.04 0.97 ± 0.05 0.93 ± 0.05 0.66 ± 0.03 0.73 ± 0.04 0.36 ± 0.02

21 Aspartic acid 0.91 ± 0.05 0.63 ± 0.03 0.29 ± 0.01 0.48 ± 0.02 0.21 ± 0.01 0.16 ± 0.01

22 β-Alanine 0.41 ± 0.02 0.35 ± 0.02 0.17 ± 0.01 0.58 ± 0.03 0.31 ± 0.02 0.27 ± 0.02

28 Glutamic acid 0.50 ± 0.03 0.34 ± 0.02 0.21 ± 0.01 0.58 ± 0.03 0.21 ± 0.01 0.17 ± 0.01

29 Phenylalanine 0.66 ± 0.03 0.58 ± 0.03 0.25 ± 0.01 0.39 ± 0.02 0.23 ± 0.01 0.09 ± 0.004

42 Lysine 0.19 ± 0.01 0.11 ± 0.01 0.09 ± 0.005 0.22 ± 0.01 0.08 ± 0.004 0.04 ± 0.004

43 Tyrosine 0.34 ± 0.02 0.22 ± 0.01 0.15 ± 0.01 0.27 ± 0.02 0.09 ± 0.005 0.07 ± 0.004

24 Glycyl-l-glutamic acid 0.30 ± 0.02 0.29 ± 0.02 0.15 ± 0.008 0.40 ± 0.02 0.12 ± 0.006 0.10 ± 0.005

48 N-α-Acetyl-l-lysine 0.35 ± 0.02 0.29 ± 0.02 0.19 ± 0.01 0.47 ± 0.02 0.26 ± 0.01 0.18 ± 0.01

Acid 31 Pyrophosphate 0.82 ± 0.04 0.83 ± 0.04 0.55 ± 0.03 0.88 ± 0.04 1.04 ± 0.05 0.59 ± 0.03

1 N,N-Dimethylglycine 1.01 ± 0.05 1.19 ± 0.05 0.47 ± 0.02 0.69 ± 0.04 0.61 ± 0.03 0.30 ± 0.02

3 Acetate 0.81 ± 0.04 0.51 ± 0.03 0.25 ± 0.01 0.79 ± 0.04 0.47 ± 0.03 0.35 ± 0.02

6 Ethanedioic acid 0.49 ± 0.03 0.53 ± 0.03 0.47 ± 0.03 1.46 ± 0.07 1.00 ± 0.05 0.85 ± 0.04

8 2-Aminobutyric acid 0.75 ± 0.04 0.48 ± 0.03 0.05 ± 0.003 1.18 ± 0.05 0.54 ± 0.03 0.14 ± 0.005

10 Phosphoric acid 0.53 ± 0.03 0.41 ± 0.02 0.28 ± 0.01 0.53 ± 0.03 0.29 ± 0.02 0.24 ± 0.02

16 Propanoic acid 0.35 ± 0.02 0.20 ± 0.01 0.07 ± 0.003 2.01 ± 0.1 1.14 ± 0.05 0.20 ± 0.01

26 Pentanedioic acid 0.37 ± 0.02 0.22 ± 0.01 0.24 ± 0.01 0.37 ± 0.02 0.23 ± 0.01 0.24 ± 0.01

34 Heptanedioic acid 0.32 ± 0.02 0.00 0.00 0.03 ± 0.001 0.00 0.00

40 Pentadecanoic acid 1.13 ± 0.05 1.44 ± 0.07 1.50 ± 0.08 1.28 ± 0.06 1.48 ± 0.07 1.16 ± 0.05

47 Heptadecanoic acid 1.47 ± 0.07 1.79 ± 0.09 1.79 ± 0.09 1.56 ± 0.08 1.83 ± 0.1 1.92 ± 0.1

Carbohydrate 32 Arabinose 0.36 ± 0.02 0.42 ± 0.03 1.45 ± 0.07 0.66 ± 0.03 0.90 ± 0.05 1.69 ± 0.08

41 d-Mannose 0.41 ± 0.02 0.72 ± 0.03 0.78 ± 0.03 0.39 ± 0.02 0.38 ± 0.02 0.45 ± 0.02

46 Pentofuranose 0.67 ± 0.03 0.95 ± 0.05 0.55 ± 0.03 0.95 ± 0.05 1.26 ± 0.06 1.02 ± 0.05

49 d-Ribose 0.24 ± 0.01 0.22 ± 0.01 0.11 ± 0.005 0.46 ± 0.02 0.26 ± 0.01 0.22 ± 0.01

Alcohol 44 d-Sorbitol 0.72 ± 0.04 0.42 ± 0.03 0.54 ± 0.03 2.82 ± 0.14 0.73 ± 0.04 0.73 ± 0.04

45 d-Mannitol 0.61 ± 0.03 0.60 ± 0.03 0.55 ± 0.03 2.11 ± 0.1 0.57 ± 0.03 0.56 ± 0.03

Amine 20 Aminomethane 0.72 ± 0.04 0.56 ± 0.03 0.50 ± 0.03 0.72 ± 0.03 0.51 ± 0.03 0.54 ± 0.03

30 Asparagine 0.69 ± 0.04 0.58 ± 0.03 0.26 ± 0.01 1.36 ± 0.15 1.18 ± 0.05 0.30 ± 0.02

35 Glutamine 2.13 ± 0.1 3.71 ± 0.2 2.55 ± 0.13 0.76 ± 0.04 3.26 ± 0.2 2.64 ± 0.13

53 d-Glucosamine 0.39 ± 0.02 0.39 ± 0.02 0.16 ± 0.01 0.52 ± 0.03 0.39 ± 0.02 0.21 ± 0.01
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These results demonstrated that the levels of metabolic 
intermediates of the Embden–Meyerhof–Parnas (EMP) 
pathway decreased under ε-PL treatment, indicating 
that EMP pathway was inhibited by ε-PL. Furthermore, 
the contents of citrate in the TCA cycle were increased 
by ε-PL, whereas succinate and fumarate decreased 
after ε-PL treatment. This decrease was probably driven 
by the accumulation of citrate, which may be due to the 
loss in activity of enzymes involved in further metabo-
lizing the citrate. In addition, PCA showed that there 
were significant differences between ε-PL-treated cells 
and the control. Distinct clustering could be observed 
among different groups, such as different treatment 
time and different ε-PL concentration (Fig.  4a, b). At 
the same time, HCA and PLS analysis also showed a 
similar clustering pattern with the result of the PCA 
(Additional file 1: Figs. S2, S3). These results suggested 
that the ε-PL could cause comprehensive effects on cell 
metabolism.

Effect of ε‑PL on enzymatic activities and ATP levels
In addition, the activity of succinate dehydrogenase, 
aconitase, and hexokinase in TCA cycle and glycolysis 
was assessed at 2 h and 4 h after treatment with ε-PL. In 
contrast to the untreated cells, three enzyme activities 
decreased in the ε-PL-treated cells (Additional file  1: 
Fig. S4), and the activities of three enzymes decreased 
with the increase of the concentration of ε-PL. In addi-
tion, there was an immediate and irreversible drop in 
the internal level of ATP after 2  h of ε-PL treatment, 
and the ATP level decreased to 92%, 84%, and 56% of its 
original value with treatment of 250 µg/mL, 500 µg/mL, 
and 750  µg/mL ε-PL, respectively (Additional file  1: 
Fig. S5). Similar phenomenon was observed in ε-PL 
treatment cells for 4 h (Additional file 1: Fig S5). These 
results further demonstrated that ε-PL could cause 
metabolic blocks in both TCA cycle and glycolysis.

Proposed mechanism of action of ε‑PL on S. aureus
According to the above results, the possible mechanism 
of ε-PL on S. aureus is proposed in Fig. 5. First, cationic 
ε-PL attaches to negative-charged teichoic acid embed-
ded in the peptidoglycan layers of S. aureus cell wall. 
The peptidoglycan structure in cell wall is destroyed by 
ε-PL, leading to cell wall fragility. Next, the cell mem-
brane is disturbed by ε-PL, and this disturbance fur-
ther induces the changes in hydrophobic region and 

Table 1  (continued)

Class No. Metabolites Metabolite abundance (relative to value of control groups)

2 h 4 h

250 μg/mL 500 μg/mL 750 μg/mL 250 μg/mL 500 μg/mL 750 μg/mL

Other compounds 13 Phosphate 0.90 ± 0.1 0.68 ± 0.04 0.38 ± 0.02 0.80 ± 0.04 0.56 ± 0.03 0.51 ± 0.03

17 Pyrimidine 0.31 ± 0.02 0.44 ± 0.02 0.34 ± 0.02 0.67 ± 0.04 0.35 ± 0.02 0.26 ± 0.01

23 Aminoethanol 0.46 ± 0.02 0.57 ± 0.03 0.57 ± 0.03 0.51 ± 0.03 0.49 ± 0.02 0.49 ± 0.02

25 N-Acetylmethionine 29.47 ± 1.47 25.36 ± 1.27 17.44 ± 1.0 21.95 ± 1.1 21.25 ± 1.1 20.77 ± 1.0

33 Glycerophosphate 0.42 ± 0.02 0.55 ± 0.03 0.39 ± 0.02 0.53 ± 0.03 0.73 ± 0.04 0.40 ± 0.02

39 Adenine 0.30 ± 0.02 0.17 ± 0.01 0.09 ± 0.005 0.44 ± 0.02 0.17 ± 0.01 0.09 ± 0.005

51 2-Palmitoylglycero 1.02 ± 0.05 0.65 ± 0.04 0.70 ± 0.04 1.07 ± 0.05 1.26 ± 0.05 0.97 ± 0.05

52 Uridine 0.49 ± 0.02 0.51 ± 0.03 0.35 ± 0.02 0.39 ± 0.02 0.50 ± 0.03 0.39 ± 0.02

54 Adenosine 0.31 ± 0.02 0.25 ± 0.02 0.07 ± 0.004 0.42 ± 0.02 0.21 ± 0.01 0.07 ± 0.004

Fig. 4  PCA scores plot for control group and ε-PL-treated group. 
a Sampling time: 2 h; b sampling time: 4 h. In the scores plot, the 
confidence interval was defined by the Hotelling’s T2 ellipse (95% 
confidence interval), and observations outside the confidence ellipse 
were considered outliers
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bilayer curvature of cell membrane, causing increase 
of cell membrane permeability. Finally, ε-PL enters 
into the cells and interrupts the primary metabolism 
of S. aureus, thus killing the cells. The previous reports 
showed that mycelial growth, spore germination rate, 
and germ-tube length of eukaryotic microorganisms 
(Penicillium digitatum) were markedly inhibited by 
ε-PL (Liu et  al. 2017). Furthermore, ε-PL also dam-
aged the cell wall and cell membrane of eukaryotic 

microorganisms (Trichothecium roseum) (Wei et  al. 
2018). Therefore, these results suggested that inhibi-
tion of mycelia and spore growth, and damage of the 
cell wall and membrane by ε-PL were closely related 
to the eukaryotic microorganisms’ death. Unlike 
eukaryotic microorganisms, in this study, we found 
that ε-PL first destroyed cell walls and membranes of 
prokaryotic microorganisms (S. aureus), increasing 

Fig. 5  Schematic illustration of ε-PL’s proposed mechanism of action on S. aureus 
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cell permeability. Subsequently, ε-PL entered cells and 
inhibited cell primary metabolism, killing prokaryotic 
cells.

Conclusions
In summary, we demonstrated that ε-PL induced the 
structural change of peptidoglycan in S. aureus cell 
wall, causing cell wall more fragile. Meanwhile, ε-PL 
could disturb S. aureus cell membrane, improving cell 
membrane permeability. Especially, the ε-PL stress 
could lead to the inhibition of primary metabolic path-
ways through the suppression of the tricarboxylic acid 
cycle and glycolysis. The synthetic  effect of these fac-
tors affected the cells, and caused the death of the S. 
aureus cells.

Additional file

Additional file 1. Additional figures.
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