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Abstract
Today, resistance of microorganisms to antibiotics has become a major challenge. To overcome this problem, development of 
new drugs, besides research on their antibacterial activity, is essential. Among chemical components, antimicrobial peptides 
(AMPs) exhibit antibacterial activity and can be selected as suitable antimicrobial candidates. In this study, a novel antimi-
crobial peptide, called dendrocin-ZM1, with a molecular weight of ~3716.48 Da, was isolated from Zataria multiflora Boiss 
(ZM) and purified via precipitation with ammonium sulfate and reverse-phase HPLC chromatography; it was then sequenced 
via Edman degradation. The in silico method was used to examine the physicochemical properties of dendrocin-ZM1. In 
this study, four reference strains (gram-positive and gram-negative) and one clinical vancomycin-resistant Staphylococcus 
aureus strain were used to survey the antimicrobial activities. Moreover, to examine cytotoxicity and hemolytic activity, a 
HEK-293 cell line and human red blood cells (RBCs) were used, respectively. Evaluation of the physicochemical properties 
of dendrocin-ZM1, as an AMP, indicated a net charge of + 7 and a hydrophobicity percentage of 54%. This peptide had an 
amphipathic alpha-helical conformation. It exhibited broad-spectrum antibacterial activities against the tested strains at mini-
mum inhibitory concentrations (MICs) of 4–16 μg/mL. Besides, this peptide showed negligible hemolysis and cytotoxicity 
in the MIC range. It also exhibited heat stability at temperatures of 20 to 80 °C and was active in a broad pH range (from 6.0 
to 10.0). Overall, the present results suggested dendrocin-ZM1 as a remarkable antimicrobial candidate.
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Introduction

Escherichia coli, as an intestinal and extra-intestinal patho-
gen, is responsible for various diseases, ranging from urinary 
tract infection (UTI) and diarrhea to neonatal meningitis and 

bacteremia. Recent evidence suggests a dramatic increase in 
hospital-acquired E. coli infection and its heavy burden around 
the world, causing significant morbidity and mortality [1]. 
Besides, Staphylococcus aureus is a major cause of skin and 

 *	 Mehdi Goudarzi 
	 gudarzim@yahoo.com

1	 Infectious Diseases and Tropical Medicine Research Center, 
Shahid Beheshti University of Medical Sciences, Tehran, 
Iran

2	 Department of Mycology, Pasteur Institute of Iran, Tehran, 
Iran

3	 Department of Microbiology, School of Medicine, Shahid 
Beheshti University of Medical Sciences, Tehran, Iran

4	 Department of Infectious Diseases, Imam Hossein Teaching 
and Medical Hospital, Shahid Beheshti University of Medical 
Sciences, Tehran, Iran

5	 Department of Microbiology, School of Medicine, Alborz 
University of Medical Sciences, Karaj, Iran

6	 Hematology and Oncology Research Center, Shahid 
Sadoughi University of Medical Sciences, Yazd, Iran

7	 Department of Biomedical Engineering, Meybod University, 
Meybod, Iran

8	 Medical Nanotechnology and Tissue Engineering Research 
Center, Yazd Reproductive Sciences Institute, Shahid 
Sadoughi University of Medical Sciences, Yazd, Iran

9	 Department of Medical Virology, Faculty of Medicine, 
Hamadan University of Medical Sciences, Hamadan, Iran

/ Published online: 20 January 2022

Probiotics and Antimicrobial Proteins (2022) 14:326–336

1 3

http://crossmark.crossref.org/dialog/?doi=10.1007/s12602-022-09907-7&domain=pdf


soft tissue infections, bacteremia, and life-threatening diseases 
in both community and healthcare settings [2]. Similarly, a  
dramatic increase has been recently reported in the prevalence 
of S. aureus infections worldwide, associated with significant 
morbidity, mortality, and hospital costs. In the USA, medical 
costs related to S. aureus infections range from $18,588 to 
$29,069 per patient [3].

Generally, infections caused by bacteria are intensi-
fied by the emergence of drug-resistant strains [4]. Recent  
studies have reported an increase in the prevalence of  
multidrug-resistant (MDR) bacteria, which has complicated  
the availability and use of antibiotics for the treatment of 
patients and management of diseases [3, 4]. In the past few 
decades, many studies have indicated an increase in the 
clinical isolates of vancomycin-resistant S. aureus (VRSA) 
and vancomycin-intermediate S. aureus (VISA) in differ-
ent areas. The increased prevalence of these isolates has 
become an emerging global concern and a public health 
challenge [3]. Besides, these resistant bacteria have posed 
a major challenge to the treatment of infections; conse-
quently, discovery of new alternatives for the treatment of 
these infections is necessary [5].

Among different compounds with antibacterial activi-
ties, the use of antimicrobial peptides (AMPs) in resistance- 
free therapies against infectious diseases has shown  
the most promising results; therefore, by increasing our 
knowledge of these peptides, we can address the issue of 
resistant bacteria [6]. AMPs are known as peptides that 
contribute to the host defense. They are small-molecular-
weight proteins (2–10 kDa), which can be found in living 
organisms and act as first-line defense against a wide range 
of pathogens [6, 7]. AMPs are molecules with short amino 
acid residues (10–50). They are amphipathic and positively 
charged, with strong thermal stability, broad-spectrum 
antimicrobial activity, and low immunogenicity [7]. They 
are well known for having multiple targets in the plasma 
membrane, low relative cytotoxicity, rapid killing of MDR 
microorganisms, effectiveness at low concentrations, and 
low antimicrobial resistance of pathogens. Besides, they 
exhibit antioxidant, anti-inflammatory, wound-healing, 
anticancer, and immunomodulatory properties [6].

Although AMPs are isolated from a wide spectrum 
of sources, plants are one of the most important natural 
sources of AMPs with numerous therapeutic potentials. 
AMPs are isolated from different parts of plants, includ-
ing fruits, seeds, leaves, flowers, and roots [6, 7]. In the 
past several decades, many studies have been conducted 
on medicinal plants [2, 3, 5].

Zataria multiflora Boiss (ZM), known as “Shirazi thyme” 
in Iran, is one of the popular plants with medicinal proper-
ties. This plant, which belongs to the Lamiaceae family, is 
a valuable medicinal plant, which grows in different geo-
graphic areas, such as India, Pakistan, and Afghanistan, as 

well as central and southern parts of Iran. It has a broad 
range of biological properties, including antimicrobial, 
antinociceptive, spasmolytic, and anti-inflammatory effects 
[6, 7]. However, given the scarcity of information, in this 
study, we aimed to isolate, purify, and characterize novel 
AMPs from ZM, with effective antimicrobial activities 
against E. coli ATCC, S. aureus ATCC, and clinical VRSA 
strains.

Materials and Methods

Test Organisms and Plant Collection

E. coli ATCC 25,922 and ATCC 35,218, S. aureus ATCC 
25,923, and ATCC43300 strains were used in the present 
study. A VRSA clinical strain was kindly provided by the 
Department of Microbiology, School of Medicine, Shahid 
Beheshti University of Medical Sciences, Tehran, Iran. 
All strains were cultured in Trypticase Soy Broth (Merck, 
Darmstadt, Germany) containing 25% glycerol and stored 
at −70 °C. The bacterial strains were grown on Nutrient agar 
(Merck, Darmstadt, Germany) medium. All were incubated 
aerobically for 24 h at 37 °C, accompanied by the control 
strain [8]. In the current study, the sampling collected mature 
and fresh leaves of ZM in March 2020 from Shiraz (Fars 
province, South of Iran). The taxonomic identities of plants 
were authenticated in the herbarium of the Research Institute 
of Forests and Rangelands, Tehran, Iran.

Extraction and Purification of the Peptide

Isolation of antibacterial peptides from the ZM leaves was 
performed based on the method explained by Seyedjavadi 
et al. [8]. At first, approximately 400 g of ZM leaves were 
frozen and grounded to a fine flour in liquid nitrogen using 
a porcelain mortar then stored in a − 80 °C freezer for fur-
ther investigation. The powder was treated with two liters 
of extraction buffer containing 10 mM Na2HPO4, 100 mM 
KCl, 15 mM NaH2PO4, and 1.5% EDTA (Sigma-Aldrich, 
St. Louis, MO, USA) at 4 °C for 4 h in physiological pH 
under continuous stirring to extract the peptide leaves. 
Afterward, the crude extract was centrifuged at 3900 g 
at 4 °C for 20 min, and subsequently, the supernatant was 
filtered. The resultant supernatant was saturated with 85% 
ammonium sulfate ((NH4)2SO4) (Sigma-Aldrich, St. Louis, 
MO, USA) and stirred continuously at 4 °C for 24 h. The 
resulting precipitated peptides were clarified by centrif-
ugation at 6900 g at 4 °C for 20 min. In the next step, 
after dissolving the pellets in distilled water, the residual 
(NH4)2SO4 was removed by dialysis against de-ionized 
water using benzoylated membrane performance (MWCO 
2000 Da) (Sigma-Aldrich, St. Louis, MO, USA) at 4 °C 
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within 12 h. Insoluble debris was also eliminated by cen-
trifugation of the dialyzed suspension at 6900 g at 4 °C for 
10 min; then, the resultant supernatant was accumulated 
for the purification of the peptide. The protein extract was 
subjected to an ultracentrifugal filter with a 10 kDa cut-
off (Millipore, Bedford, MA, USA) for screening peptides 
with low molecular weight, and the resultant filtrated solu-
tion was concentrated using a 1 kDa ultra-membrane and 
then lyophilized by freeze-drying [9].

In order to purify the antibacterial peptides, 15 mg lyo-
philized extract was dissolved in 1 mL distilled water and 
250 μL of which was injected to reverse phase-high perfor-
mance liquid chromatography (RP-HPLC) (C18 column, 
7.8 × 300 mm; Tosoh, Tokyo, Japan) using the solution A 
(0.1% TFA in water) combined with the gradient of 5 to 
65% (v/v) solution B (0.098% TFA in acetonitrile). All 
chromatographic steps were implemented at the flow rate 
of 1 mL/min for 85 min. The resulting peptide from the 
column was investigated at a wavelength of 220 nm. Based 
on the fractions obtained during HPLC, each fraction was 
manually collected then lyophilized by the freeze-dryer. 
Fractions were evaluated to determine antibacterial activ-
ity, and those that had the highest activity were collected. 
Fractions were re-injected onto HPLC under the aforemen-
tioned conditions to ensure the purity of the fractions with 
antibacterial activity [8, 9].

SDS‑PAGE

Analysis of molecular weight and purity of individual 
fractions was carried out by tricine-sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE) 
under reducing conditions on a Bio-Rad electrophoresis 
apparatus as described by Schagger and Von Jagow with 
minor modifications [10]. Products were run on a 12% 
Tris-tricine gel with tricine-SDS running buffer for 65 min 
in 210 V. After electrophoresis, protein bands were visual-
ized by silver staining then the molecular mass of novel 
peptide was approximately determined by comparing of its 
electrophoretic mobility with molecular mass of protein 
ladder (2–250 kDa) [8].

Measurement of In vitro Antibacterial Activity

The effect of the collected peptide on the growth of the E. 
coli ATCC 25,922 and S. aureus ATCC 25,923 strains was 
investigated as previously stated by Tam et al. [11]. For 
the first step, the bacterial inoculum was prepared based on 
the clinical and the laboratory standards institute (CLSI) 
guideline (CLSI, 2019). In the study for the first step, a 
suspension of overnight bacterial culture with turbidity 
adjusted to the 0.5 McFarland standard (equivalent to 108 

colony forming units (CFU)/mL) using a spectrophotom-
eter (optical density (OD) 625 nm of ~ 0.2) was prepared in 
Müller-Hinton broth medium (MHB) (Merck, Darmstadt, 
Germany). Afterward, 50 μL of suspension was added 
to10 mL of MHB, resulting in an inoculum of 106 CFU/
mL used in the earlier methods. For antibacterial activity 
assays first, bacterial inoculum containing approximately 
106 cells/mL was incubated in MHB containing different 
concentrations of the fractions obtained from ZM, and the 
final assay volume was adjusted to 200 μL. The assay was 
performed in 96-well flat bottomed microtiter polystyrene 
plates for 24 h at 30 °C. The cell growth was determined 
by OD, monitored every 6 h, using a microplate reader at 
a wavelength of 620 nm. Every experiment was performed 
in triplicate.

MIC Assay

According to the CLSI, broth microdilution method 
was done to study the minimal inhibitory concentration 
(MIC) value of the purified peptide against the bacteria 
(CLSI, 2019). In this experiment, susceptibility testing 
was assessed in 96-well flat bottomed microtiter polysty-
rene plates. The peptide solutions were prepared fresh in 
each run test and diluted twofold. The range of concen-
trations assayed for the purified peptide was 1–256 μg/
mL. In brief, the pure colony of bacteria overnight culture 
was suspended in 2 mL of MHB and kept in an incuba-
tor at 37 °C to reach 4 × 106 CFU/mL. The suspension 
above was diluted with fresh MHB culture media to reach 
a concentration of ~106 CFU/mL and placed in the wells 
of a 96-well plate. Each well was contained with 90 μL of 
diluted bacterial suspension and 10 μL of serially diluted 
peptide and incubated for 18 h at 37 °C. Next, the absorb-
ance was measured spectrophotometrically at a wavelength 
of 600 nm using an ELISA reader, and the findings were 
compared to the control sample. This experiment was done 
in triplicate. Pure broths with inoculum suspensions and 
pure broths without bacterial or peptides were considered 
positive and negative controls [12]. MIC assay refers to 
the lowest antimicrobial agent concentration at which the 
microorganism’s visible growth was inhibited.

MBC Assay

To determine the lowest concentration of peptide required to 
kill bacteria, 20 µL of the mixture from each well showing 
no visible bacterial growths plated on Mueller–Hinton agar 
(Merck, Darmstadt, Germany) and after overnight incuba-
tion, the concentration that caused no bacterial growth was 
considered as minimum bactericidal concentration (MBC) 
value [8].
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Amino Acid Sequence Analysis

The active fraction was lyophilized and subjected to the 
amino acid sequence. Edman degradation method was 
employed to identify the amino acid sequence of the puri-
fied antimicrobial peptide. For this, an ABI Procise Edman 
Micro Sequencer (Model 492) was connected online to an 
ABI PTH Amino Acid Analyzer (Model 140 C) [8, 9].

Sequence Alignment and Phylogenetic Tree

The search was done in the antimicrobial peptide database 
to find similar peptides with the highest similarity to our 
new peptide (https://​www.​aps.​unmc.​edu/​AP/​main.​php). 
After the search, 13 peptides with the highest similarity to 
new peptides were identified. The sequence of identified 
peptides with our new desired peptide was aligned using 
the primary local alignment search tool (BLAST) program 
(https://​www.​ncbi.​nlm.​nih.​gov/​BLAST). After manually 
adjusting alignment, a phylogenetic tree was generated by 
CLC main workbench software. The phylogenetic tree was 
assessed using bootstrap analysis with 100 replications to 
calculate the reproducibility of the tree topology [8].

Bioinformatics and Physicochemical Analysis

The measurement of physicochemical parameters was 
carried out using the Prot Param (ExPASy Proteomics  
Server:  (ht tp: / / ​www.​expasy. ​org/ ​tools/ ​protp​aram 
HTML). Its AMP probability was evaluated by four 
machine learning algorithms such as support vector 
machine (SVM), random forest (RF), artificial neural 
network (ANN), and discriminant analysis (DA) from 
the CAMPR3 server (http://​www.​camp.​bicni​rrh.​res.​
in/ 2019). The threshold of each algorithm is between  
0.5 and 1. The peptide is AMP if this threshold number 
is > 0.5. The specific kind of antimicrobial activity (such  
as antibacterial, antifungal, antiviral) of the peptide, the 
prediction server iAMPpred (http://​cabgr​id.​res.​in:​8080/​
amppr​ed/​server.​php) have been used. The secondary 
structure of SM-985 was predicted using the PSIPRED  
server (http://​bioinf.​cs.​ucl.​ac.​uk/​psipr​ed/). A helical 
wheel diagram was drawn using the online software to 
predict the position of amino acids in the peptide (http://​
lbqp.​unb.​br/​NetWh​eels/). The three-dimensional model 
(3D) of the peptide was generated using I-TASSER (http://​
zhang​lab.​ccmb.​med.​umich.​edu/​ITASS​ER/). Accelrys, DS 
visualizer ve, assessed the model quality. 1.7. To predict 
the hemolytic property of the peptide, the HemoPI server 
(http://​crdd.​osdd.​net/​ragha​va/​hemopi/) was used (SVM 
score ranges between 0 and 1, i.e., 1 very likely to be  
hemolytic, 0 very unlikely to be hemolytic) [13].

Cytotoxicity Assay

To evaluate the toxicity of the novel peptide against HEK293 
cell line, a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  
bromide (MTT) assay was employed. For this purpose, cultured 
HEK293 cell line in Dulbecco’s modified Eagle’s medium 
(DMEM) (supplemented with 10% fetal bovine serum) was 
added to 96-well plates with approximately 1 × 105 cells per 
well. After incubation for 18 h under optimal conditions,  
including 5% CO2 at 37 °C in a humidified incubator, the cells 
were treated with different peptide concentrations for 24 h. 
Subsequently, 10 µL of the MTT (0.5 mg/mL in phosphate- 
buffered saline, PBS) (Sigma-Aldrich, St. Louis, MO, USA) 
was added to each well and allowed to incubate for another 4 h 
under the same conditions. After incubation, the supernatants of 
each well were discarded, and then 100 μL of DMSO (dimethyl 
sulfoxide) was added to the wells with gentle shaking to dissolve  
the formazan crystals. The OD of each well was measured  
spectrophotometrically at a wavelength of 570 nm using an 
ELISA reader. Cell viability was estimated as follows:

1% Triton X-100 and PBS were used as the positive and 
negative controls for MTT assay [8, 9]. Each test was per-
formed three times.

Hemolytic Assay

To investigate the hemolytic activities of the novel peptide, pri-
marily obtained human RBCs from fresh whole blood, a person 
with blood type O was washed five times using sterile PBS, then 
centrifuged at 3900 g for 15 min. In the next step, RBCs were 
resuspended in PBS to reach a final concentration of 4% (v/v). 
Subsequently, 20 μL of serial dilutions of novel peptide and 80 
μL of the RBC suspension were added to a 96-well microtiter 
plate and incubated for 1 h at 37 °C. After incubation, sam-
ples were centrifuged at 3900 g for 5 min, and soon afterward, 
the supernatant was transferred into a new 96-well plate, then 
absorbance of the supernatant indicating hemoglobin release 
was measured at 570 nm. In this experiment, RBCs treated 
with PBS were used as negative control and 0.1% Triton X-100 
(Sigma-Aldrich, St. Louis, MO, US) was used as the positive 
control in each run test. All the experiments were performed 
in triplicate [14]. Hemolysis percent was estimated as follows:

Percentage of toxicity =

1 −mean OD of test∕mean OD of control × 100

Percentage of viability = 100 − percentage of toxicity

Percentage of hemolysis

=

[

mean OD of test −mean OD of negative control

mean OD of positive control −mean OD of negative control

]

× 100
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Evaluation of the Influence of Temperature and pH 
on the Activity of Novel Peptide

In vitro thermal and pH activity of the peptide isolated from 
ZM was determined based on the standard method described 
by Chan and colleagues. For the thermostability analysis, 
100 µL of the active peptide was heated at 20–100 °C for 1 h. 
The RDA assay estimated the antibacterial activity against 
S. aureus ATCC 25,923 as the indicator strain as previously 
described by Wang et al. As a control, a non-heated peptide 
at temperatures above was applied.

The pH was ranged from 2 to 12 to investigate the pH 
effect on the isolated peptide. pH stability was estimated 
by incubation of the peptide solution adjusted in different 
pH values (1 N NaOH or 1 N HCl) for 1 h at 25 °C. After 
incubation, the pH of a mixture containing the peptide was 
adjusted to 7.2 with a 0.5 M sodium citrate buffer. The anti-
bacterial activity of peptide was evaluated using an RDA 
assay against S. aureus ATCC 25,923. The peptide dissolved 
in 100 µL of solution (pH of 7.2) was taken as control. All 
the experiments were performed in triplicate [8, 9].

Data and Statistical Analysis

GraphPad Prism 5 Statistical software (GraphPad Software, 
Inc., La Jolla, CA, USA) was applied for statistical analy-
ses. All experiments were performed in triplicate on three 
separate occasions.

Results

Peptide Isolation and Purification

The low molecular weight peptides obtained from centrifu-
gal filters were lyophilized and subjected to C18 RP-HPLC. 
Fourteen fractions were obtained (Fig. S1a) and all the frac-
tions were collected as individual fractions. The antibacterial 
activity was tested for each fraction. Out of 14 fractions, 
fraction 5 had the best antibacterial activity. The active  
fraction was re-injected on the same column under the same  
elution conditions (Fig. S1b).

Growth Inhibition Assay and Antimicrobial Activity

A growth inhibition assay was performed with the 14 
fractions obtained by RP-HPLC against S. aureus ATCC​ 
25,923 and E. coli ATCC​ 25,922 strains (data not shown), 
and just 4 fractions (F3, F5, F7, and F10) from Zataria 
multiflora demonstrated significant differences in compari-
son with the control (absence of peptide fractions) (Fig. 1). 
The F3 fraction 16.1% and 17.2%, the F7 fraction 13.5% 

and 15.6%, and the F10 fraction 18.7% and 19.4% showed 
growth inhibition against S. aureus and E. coli, respec-
tively. The F5 fraction showed the highest inhibition activ-
ity with 64.8% and 69.3% against S. aureus and E. coli 
growth inhibition, respectively.

Assay MIC values of the peptide were determined using 
micro broth dilution against S. aureus and E. coli strains. As 
shown in Table 1, the MICs of peptide for S. aureus, MRSA, 
and VRSA were 8, 16, and 16 µg/mL, respectively. The 
MIC values of the peptide against the E. coli were 4–8 µg/
mL, respectively. The MFC values were equal or two times 
higher than MIC values across bacterial strains.

Evaluation of Purity of the Peptide

The purity of fraction 5 on the SDSPAGE has been shown in 
Fig.  S1c. After the SDS-PAGE analysis, the purified peptide 
indicated a single band with a molecular weight of about 
3.7 kDa.

Fig. 1   The effect of fractions (F3, F5, F7, and F10) on the growth of 
the S. aureus ATCC 25,923 and E. coli ATCC 25,922 strains. Control 
(without fractions)

Table 1   The MIC and MFC values of dendrocin-ZM1 against differ-
ent bacterial strains

MIC (μg/mL) MFC (μg/mL)

Bacterial strains
  S. aureus ATCC 25,923 8 16
  E. coli ATTCC25922 4 4
Resistant strains
  S. aureus ATCC43300 16 16
  VRSA  S. aureus 16 32
  E. coli ATTCC35218 8 16
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Peptide Identification

The peptide band of the F5 fraction was sequenced using the 
Edman degradation procedure to determine the amino acid 
sequence. As a result, a fragment of 33 amino acid residues 
was obtained (TTLRLNTLAYKVAWLVNVKAFWAA​GRA​
LKKVGR).

Sequence Alignment and Phylogenetic Tree

The sequence of this peptide demonstrated no complete 
homology to any known AMPs. After BLAST analysis, we 
observed that the peptide was a novel antimicrobial peptide 
from Zataria multiflora Boiss. Sequence alignment and phy-
logenetic tree showed that the new peptide had the highest 
sequence similarity with dendrocin obtained from bamboo 
shoots, Dendrocalamus latiflora Munro. The results are 
presented in Fig. 2a, b. Thus, this new peptide was named 

dendrocin-ZM1 according to the source of peptide purifica-
tion (Zataria multiflora Boiss).

Bioinformatics Analysis

According to the online prediction servers CAMPR3 
(Table 2) and iAMPpred, dendrocin-ZM1 is AMP and has 
antibacterial activity. The physicochemical parameters and 
sequences of dendrocin-ZM1 are given in Table 2. The 
calculated molecular weight of the peptide is 3716.48 Da. 
Dendrocin-ZM1 has 33 amino acids, and based on the phys-
icochemical properties, dendrocin-ZM1 displayed AMP 
properties due to the high positive charge and hydrophobic 
ratio (+ 7 and 54%, respectively) and protein-binding poten-
tial (Boman index) value of 0.81 kcal/mol. The instability 
and aliphatic index value for dendrocin-ZM1 were 0.98 and 
112.42, respectively. Online server PSIPRED was applied 
to predict the secondary structure of the dendrocin-ZM1 

Fig. 2   The alignment (a) and phylogenetic tree (b) of dendrocin-
ZM1. a The alignment of dendrocin-ZM1 amino acid sequence as 
well as the sequences related to other antimicrobial peptides. b Phy-
logenetic tree of dendrocin-ZM1. Phylogenetic tree was acquired by 

CLC main workbench software. Each sequence name is written at the 
end of the relevant branch. The tree reliability was determined using 
bootstrap method with 100 replications

331Probiotics and Antimicrobial Proteins  (2022) 14:326–336

1 3



peptide, and the result showed that dendrocin-ZM1 con-
tained an α-helix structure (Fig. 3a).

A helical wheel diagram indicated that the dendrocin-
ZM1 peptide had amphipathic α-helix conformations, with 
both hydrophilic and hydrophobic faces (Fig. 3b). Results 
of the tertiary structure prediction by the server I-TASSER 
indicated that the dendrocin-ZM1 peptide contains an 
α-helix structure (Fig. 3c). The evaluation by I-TASSER 

also showed that C-score, a confidence score to calculate 
the models’ global accuracy (in the range of −5.0 to 2.0), 
for our new peptide was 1.16.

Hemolytic Activity and Cytotoxicity

The results of hemolytic activity of the peptide on RBCs 
demonstrated (Fig.  4a) that dendrocin-ZM1 had slight 

Table 2   The probability of antimicrobial activity and physicochemical features of dendrocin-ZM1

Sequence % Hydrophobic Net charge Molecular weight (Da) Aliphatic index Score of  
algorithms

SVM RF ANN

TTLRLNTLAYKVAWLVNVKAFWAA​GRA​
LKKVGR

54 7 3716.471 112.42 0.9 0.98 AMP

Fig. 3   a Graphical result from secondary structure prediction of 
dendrocin-ZM1 using PSIPRED. b Helical wheel diagram of den-
drocin-ZM1 showing the amphipathic α-helix conformation. c 

The dendrocin-ZM1 3D structure contains α-helix, as predicted by 
I-TASSER. The 3D structure model visualized using Accelrys discov-
ery studio visualizer software
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hemolytic activity (> 5%) at concentrations the MIC doses 
(4–16 μg/mL) on human RBCs. As the concentration of this 
antimicrobial peptide increases, the percentage of hemoly-
sis increases. At the highest concentration (128 μg/mL), it 
showed 17% hemolytic activity. The results were the mean 
of 3 independent experiments. The cytotoxicity of the pep-
tide against HEK293 cell line was further evaluated after 
24 h of treatment by using MTT assay (Fig. 4b). Dendrocin-
ZM1 demonstrated mild cytotoxicity (from 2.3 to 5.3%) at 
MIC doses (4–16 μg/mL). The cell death rates of dendrocin-
ZM1 were 7.3 and 12.4% at concentrations of 64 and 128 μg/
mL, respectively.

Effects of pH and Temperature on Antimicrobial 
Activity

As shown in Fig. 4c, the stability of the antibacterial peptide 
was evaluated in different pH values. The results demon-
strated that the dendrocin-ZM1 remained stable after 1 h 

at pH values ranging from 6 to 10. However, its activity 
remarkably decreased when the pH values were below 5. 
The effect of temperature on the dendrocin-ZM1 (Fig. 4c) 
displayed that this peptide was stable at different tempera-
tures ranging from 20 to 80 °C during 1 h of treatment.

Discussion

The emergence of MDR bacterial strains has become a 
serious health challenge. Some studies have focused on 
a new generation of antimicrobial molecules to treat 
infections caused by MDR strains [4]. AMPs are a new 
generation of potential antibiotics, with an antimicrobial 
mechanism comparable to that of traditional antibiotics 
[6, 7]. Due to their importance, different studies have 
been conducted to investigate new AMPs [2, 5, 15–17]. In 
the present study, we succeeded to isolate a novel AMP, 
dendrocin-ZM1, from ZM with broad-spectrum activities 

Fig. 4   Hemolytic activity, cytotoxicity and stability of dendrocin-
ZM1. a Hemolytic activity of dendrocin-ZM1 against human erythro-
cytes. b Cytotoxicity assay of dendrocin-ZM1 on HEK293 mamma-

lian cell line using MTT assay. The effects of pH (c) and temperature 
(d) on the antibacterial activity of dendrocin-ZM1 against S. aureus 
ATCC 25,923 cells
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against both gram-positive and gram-negative bacteria. 
According to the BLAST results for dendrocin-ZM1, no 
sequence of this peptide was completely homologous to 
other AMP sequences registered in scientific databases, 
which indicates its novelty as an AMP derived from ZM.

In this study, the predictive and physicochemical prop-
erties of the new AMP were investigated in silico. Before 
in vitro experiments, dendrocin-ZM1 was examined using 
some online tools. This peptide contained 33 amino acids 
and seven positively charged residues, including three 
arginine and four lysine residues, creating a net charge 
of + 7, which is important for electrostatic interactions 
with negatively charged components in the cell membranes 
of bacterial strains [18]. Dendrocin-ZM1 also contained 
ten 13-residue hydrophobic regions with a hydrophobic 
percentage of 53%, which facilitated interactions with the 
membrane and consequently disrupted the integrity of bac-
terial membrane [19, 20]. Studies show that hydrophobic-
ity is one of the important parameters in the antimicrobial 
activity of AMPs, which creates some pores in the mem-
brane of bacteria; these pores can cause degradation in the 
bacterial membrane and destroy the organism [20].

By using the Protein Structure Prediction Server 
(PSIPRED) to predict the secondary structure of dendrocin- 
ZM1, it was found that this peptide had an α-helical  
conformation; this conformation was related to the antimi-
crobial activity of AMPs [21]. In this regard, some earlier 
studies have reported some AMPs with a similar structure 
[22, 23], which plays an important role in antimicrobial 
activity. The helical wheel of dendrocin-ZM1 represents 
the amphipathic α-helical conformation of this AMP. It 
is known that peptides with α-helical structures are an 
important class of cytolytic AMPs [24]. Another study 
showed that α-helical AMPs with an amphipathic struc-
ture can dramatically increase the potential antibacterial 
activity, as they can interact with the membranes [25, 26]. 
Most of these peptides consist of a charged part for mem-
brane interaction and a hydrophobic part for insertion into 
the lipid bilayer. This physical interaction and membrane 
lysis can be explained by the carpet model for AMPs [26, 
27]. In this model, the α-helical peptide can change the 
bacterial membrane permeability, leading to the loss of 
membrane integrity, degradation, and disturbance of ionic 
balance. In peptides with α-helical structures, insertion 
of amphipathic parts and snorkel effects, along with pore 
formation in the membrane, are the mechanisms of action 
[28–30].

A previous study revealed that the polar side of peptides 
is associated with the binding of AMP phospholipid to the 
cell membrane, while the hydrophobic side is inserted into 
the membrane [31].

Different mechanisms have been defined to explain the 
effects of AMPs, including damage to the cell membrane, 

intracellular target interactions (inhibition of synthesis of 
nucleic acids, proteins, and cell wall), and apoptosis induc-
tion [32]. The prediction results and physiochemical prop-
erties of dendrocin-ZM1 suggest that this new peptide has 
antibacterial activities by affecting the membrane perme-
ability. Therefore, it may interact with the microbial mem-
brane and damage the integrity of bacterial cell membranes. 
However, further studies are needed to determine the exact 
antimicrobial function of dendrocin-ZM1.

To explore the therapeutic potential of dendrocin-ZM1, 
the MIC and MBC assays were performed against gram-
positive and gram-negative bacteria (S. aureus and E. coli). 
Dendrocin-ZM1 showed the strongest antimicrobial activity 
to both standard microbial strains and resistant strains. Inter-
estingly, it exhibited a higher antimicrobial activity against 
E. coli with MIC of 4–8 μg/mL, compared to S. aureus with 
MIC of 8–16 μg/mL, which might be related to the bacterial 
cell wall [33].

Some important challenges related to the use of chemi-
cal compounds in the healthcare setting are cytotoxicity 
and hemolysis; therefore, assessment of these factors is 
essential. As shown in Fig. 4a, b, dendrocin-ZM1 exhibits 
slight hemolytic and cytotoxic activities at concentrations 
exceeding the MIC range. Regarding cytotoxicity, another 
study demonstrated that hydrophobicity was correlated with 
peptide cytotoxicity [34].

In addition to cytotoxicity and hemolysis, another impor-
tant factor is the stability of peptide. Two important fac-
tors in stability are pH and heat; therefore, we evaluated the 
effects of these variables on the antimicrobial activity of 
dendrocin-ZM1. Surprisingly, dendrocin-ZM1 showed sig-
nificant stability in a wide pH range of 6–10. Moreover, it 
showed acceptable stability in different temperature ranges. 
In conclusion, the antimicrobial activity of dendrocin-ZM1 
at 20–80 °C indicates the good thermal stability of this pep-
tide. Our findings were in line with another previous study 
[35]. Moreover, we had previously calculated the stability 
of our AMP in the antimicrobial peptide database (APD), 
which revealed its acceptable stability (Table 2). On the 
other hand, based on our findings, heat could not change 
the primary structure of the peptide and destroyed it [36].

Present research has several limitations worth noting. 
Firstly, it was limited to in vitro findings, and thus there 
is a need for further in vivo study. Secondly, due to some 
of the technical limitations mode of action of AMP were 
not investigated in the current study. Throughout the study, 
we believe that AMPs have great potential as an alterna-
tive therapeutic option to conventional drugs to treat infec-
tions, a belief that is strongly supported by the many posi-
tive results shown in this study. The field of AMP research 
is constantly evolving, and AMP databases have amassed 
a large quantity of data on the subject. However, further 
researches are needed to determine the relationship between 
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different physicochemical properties and the specificity and 
synergistic capacity of AMPs to obtain low-cost and highly 
safe AMPs with remarkable antimicrobial effects. More 
research on toxicity against animal or human cells, modes 
of action, in vivo effects, and negative and positive interac-
tions with commonly used antibiotics is also required. The 
critical issue is to develop the most efficient methods for 
isolating and purifying newer and safer naturally occurring 
antimicrobial peptides that are effective against pathogens.

Conclusion

The present study investigated a novel AMP, called den-
drocin-ZM1, with an α-helical structure isolated from ZM. 
Dendrocin-ZM1 showed very promising antimicrobial activ-
ities against VRSA and the tested strains, while it exhibited 
negligible cytotoxic and hemolytic activities. The results 
revealed that dendrocin-ZM1 could be used as a novel anti-
microbial agent to combat bacterial infections. However, 
further research is needed to better understand the function 
of this new peptide in the bacterial cell.
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