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Abstract: Antimicrobial peptides (AMPs) are small molecules consisting of less than fifty residues
of amino acids. Plant AMPs establish the first barrier of defense in the innate immune system in
response to invading pathogens. The purpose of this study was to isolate new AMPs from the
Zea mays L. inbred line B73 and investigate their antimicrobial activities and mechanisms against
certain essential plant pathogenic bacteria. In silico, the Collection of Anti-Microbial Peptides
(CAMPR3), a computational AMP prediction server, was used to screen a cDNA library for AMPs.
A ZM-804 peptide, isolated from the Z. mays L. inbred line B73 cDNA library, was predicted as a
new cationic AMP with high prediction values. ZM-804 was tested against eleven pathogens of
Gram-negative and Gram-positive bacteria and exhibited high antimicrobial activities as determined
by the minimal inhibitory concentrations (MICs) and the minimum bactericidal concentrations
(MBCs). A confocal laser scanning microscope observation showed that the ZM-804 AMP targets
bacterial cell membranes. SEM and TEM images revealed the disruption and damage of the cell
membrane morphology of Clavibacter michiganensis subsp. michiganensis and Pseudomonas syringae pv.
tomato (Pst) DC3000 caused by ZM-804. In planta, ZM-804 demonstrated antimicrobial activity and
prevented the infection of tomato plants by Pst DC3000. Moreover, four virulent phytopathogenic
bacteria were prevented from inducing hypersensitive response (HR) in tobacco leaves in response
to low ZM-804 concentrations. ZM-804 exhibits low hemolytic activity against mouse red blood cells
(RBCs) and is relatively safe for mammalian cells. In conclusion, the ZM-804 peptide has a strong
antibacterial activity and provides an alternative tool for plant disease control. Additionally, the
ZM-804 peptide is considered a promising candidate for human and animal drug development.

Keywords: antimicrobial peptide; maize; AMP prediction; CAMPR3 database; bacteria pathogens;
plant protection

1. Introduction

Antimicrobial peptides (AMPs) are short peptides, usually among 12 and 50 amino
acids (aa) in length, with broad-spectrum activities against microorganisms. Historically,
AMPs are known as host-defense peptides, cationic amphipathic peptides, cationic-host
defense peptides [1], and alpha-helical antimicrobial peptides [2]. Host defense peptides
(HDPs) indicate the vital role of AMPs in preventing most disease infections before any
symptoms are induced [3]. Plants’ AMPs are the first barrier defense component in the
innate immune system; they are usually generated upon attack by microorganisms and
play a vital role in the innate immune system [4,5]. AMPs are small peptides, mostly
forming an alpha-helix or β sheet structure, and they confer protection against fungi and
bacteria infections as well as certain viruses [6]. Plant genomes hold a wide range of genes
for detecting pathogen attack and inducing adequate defense responses [7]. Several small
basic peptides were identified from kernels of maize inbred line B73 and with antimicrobial
properties [8]. Plant AMPs prevent and eliminate pathogens via penetration and disruption
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of cell membranes’ structural components [9]. Some AMPs from plants can be incorpo-
rated within the microbial cell membrane and create pore-like gaps that cause essential
nutrient and ion leakage, eventually leading to microbial cell death [10]. The sequences of
AMPs identified to date are available from several web databases such as PhytAMP and
UniProt which provide details about AMP biological data and sequences. Additionally,
bioinformatics analysis provides a tool to increase our understanding of AMPs [11]. In
recent years, emerging AMPs from plants have become a huge challenge to predict their
antimicrobial activities against pathogens using computational methods that utilize several
algorithms based on strictly defined parameters. In silico discovery and prediction of
AMPs relies on the well-developed AMP databases, which has resulted in discovering
new AMPs such as PhytAMP in plants [12]. Several in silico resources have integrated
a wide range of AMPs for many species, such as the Collection of Anti-Microbial Pep-
tides (CAMPR3) which presently holds data of 10,247 AMP sequences, 757 structures, and
114 AMPs family-specific signatures related to AMP data analysis [13]. Another reliable
resource is APD3: a thorough peptide detection database with mostly documents natural
peptides that established antimicrobial activity. The APD3 also offers additional informa-
tion that includes physicochemical properties, composition, characteristics structure of
amino acids, classification, nomenclature, calculations, design, and AMP prediction [14].
The dbAMP, ClassAMP, iAMPpred, and AntiBp are prediction and classification tools
based on peptide sequences for predicting AMP function and the type of the peptide as
antifungal, antibacterial, or antiviral agents [15]. Alpha-helical peptides are responsible
for about 50% of the known AMPs, and amphipathicity is regarded as a requirement for
α-helical AMPs activity [16]. Several studies have shown that peptide helicity can be
more critical than the antimicrobial activity of AMPs for toxicity [17]. In nature, AMPs
interact with the membrane, assuming that an amphipathic α-helical configuration of the
peptide is obtained and a well-defined hydrophobic region is inserted into the lipid bilayer.
The activity of AMPs depends on several essential parameters, including the α-helical
structure, secondary structure, amphipathicity, cationic at least +2, and hydrophobicity, as
well as sequence and molecular weight [18,19]. The determination of minimal inhibitory
concentration (MIC) and minimum bactericidal concentration (MBC) is recommended by
the Clinical and Laboratory Standards Institute (CLSI) to study the activity of the peptides
against microbes [20]. The cationic AMPs (positive charge) interact with the bacterial
cell’s anionic membrane (negative charge), which has a disruptive effect on the pathogenic
bacteria (Gram-positive and Gram-negative) [21]. Cationic AMPs target the cell wall pepti-
doglycan in Gram-positive bacteria or the outer membrane of lipopolysaccharide (LPS) in
Gram-negative bacteria as a process of a key step in agglutinations [22]. Phytopathogenic
bacteria (i.e., Pseudomonas, Xanthomonas, Corynebacterium, Erwinia, and Agrobacterium) cause
many plant bacterial diseases and their symptoms such as leaf spot, streak, wilt, blight,
rot, canker, and galls [23,24]. They impose great economic losses of crops and represent a
huge challenge to control and prevent. The major control of plant diseases is dependent on
chemical pesticides; however, the impact of long-term ecological pollution and carcinogenic
effects on humans and other animals signify the need to find safer alternatives [25].

In this study, we aimed to (a) isolate and characterize new AMPs from Z. mays L.
inbred line B73, (b) investigate their antimicrobial activities against some critical plant
pathogenic bacteria to manage and improve the prevention of plant diseases, and (c) to
explore the mode of action of peptides that underlies this antimicrobial activity.

2. Results
2.1. cDNA Library of Maize B73

cDNA inserts from Z. mays B73 were cloned into Bacillus subtilis SCK6 in order to
construct the cDNA library. During this process, around 2000 single colonies were individ-
ually collected. Colony PCR results revealed that most of the bands of inserts consisted
of at least 500 bp, which reflects the high quality of the cDNA library (Figures S1 and S2).
cDNA insert sequences were investigated for both identification and similarity with other
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published sequences using the Basic Local Alignment Tool (BLAST) in the National Center
for Biotechnology Information (NCBI) and the Maize Genetics and Genomics Database
(MaizeGDB).

2.2. Bioinformatics Analysis
2.2.1. In Silico Prediction for AMPs

The cDNA inserts were translated into amino acid sequences using a server translation.
Upon completion, sequences were screened for AMPs using the CAMPR3 prediction server
(SVM, RF, DA, and ANN algorithms). As a result of AMPs prediction, 14 amino acid
sequences were predicted as AMPs with prediction scores higher than 0.5. The ZM-804
peptide showed the uppermost prediction score among the 14 sequences of interest, which
is considered the most potential antimicrobial peptide candidate. Moreover, the ADAM
server (utilizing the SVM algorithm) predicted the ZM-804 as AMP with a score of 1.34
(Table S4). Furthermore, all predictions of the ZM-804 peptide using dbAMP, ClassAMP,
iAMPpred, and AntiBp servers were positive and showed potential antibacterial activity
(Table S5).

2.2.2. Physiochemical Characterization of the ZM-804 Peptide

Physicochemical properties of the ZM-804 peptide were determined based on deep
sequence analysis of the peptide. The APD3-based prediction indicated that the ZM-804
consists of a short peptide sequence containing 20 amino acids, which originated from
seven different groups of amino acids (leucine 4 (20%), phenylalanine 1 (5%), cysteine 1
(5%) alanine 4 (20%), tryptophan 4 (20%), proline 2 (10%), and arginine 4 (20%)) (Figure 1A).
According to the APD3, a physicochemical property of the ZM-804 was predicted as an
alpha-helix peptide based on the peptide sequence. Additionally, the APD3 revealed some
key AMP properties: (a) the high hydrophobic ratio of 70%, positive net charge +4, and (b)
at least five residues on the same hydrophobic surface. Previous findings are considered
strong indicators that the ZM-804 may interact with the cell membranes. Therefore, the ZM-
804 is a candidate of AMP. The Wimley–White whole residue hydrophobicity parameter
was predicted to be -6.19 kcal/mol (a more hydrophobic peptide tends to have a more
negative value, while a more hydrophilic peptide tends to have a more positive value),
and the theoretical isoelectric point (pI) was 12.288. The helical wheel illustration of the
ZM-804 peptide was predicted as an amphipathic alpha-helix (Figure 1C), and most of
the hydrophobic residues are in the opposite position of the alpha-helix. However, some
of the hydrophobic residues F, W, L, and two Ala, are placed along with the cationic
residues. The hydrophobic helical moments mean (<µH>) is 0.403, the hydrophobicity
(<H>) is 0.888, and net charge (z) 4 were determined using the Heliquest analysis server
(Figure 1B). The discrimination factor (D) of the ZM-804 peptide was 1.7, which predicted
it as a potential lipid-binding peptide (Table 1). The secondary structure of the ZM-804
peptide was predicted by the I-TASSER server and showed that the ZM-804 peptide has
an alpha-helix structure. The secondary structure and helical wheel modeling prediction
proved that the hydrophilic and the hydrophobic residues are sited on opposite sides of
the alpha-helix structures of the ZM-804 peptide, and an amphipathic alpha-helix was
predicted. The ZM-804 peptide sequence showed no significant similarities to any AMPs
in the CAMPR3, MLAMP, DRAMP, dbAMP, APD3, and ADAM databases. Consequently,
as a result of BLAST, there were no similarities between the ZM-804 peptide and other
sequences of AMPs database tested, which confirms the novelty of the ZM-804 peptide as
an AMP.
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Figure 1. Bioinformatics analysis of the ZM-804 peptide. (A) Amino acids composition of the ZM-804 showing the highest
percentage in hydrophobicity (diagram created by Origin®). (B) In the helical wheel diagram of the ZM-804 peptide, the
positively charged residues are defined by blue color while the hydrophobic residues are defined by yellow and grey. The
ZM-804 peptide showed confirmations of an amphipathic alpha-helix. (C) 3D structure of the ZM-804 predicted by the
I-TASSER and visualized by the Chimera 1.14rc software.

Table 1. Physicochemical properties of the ZM-804 peptide.

Primary Structure LARLRRLCFLWAAAWPWPWR

Hydrophobic amino acid I: 0, V: 0, L: 4, F: 1, C: 1, M: 0, A: 4, W: 4
MW (Da) 2569.131

Net charge +4
Total hydrophobic ratio 70%

Protein-binding potential (Boman index)
kcal/mol 0.95

GRAVY 0.145
The physiochemical properties were predicted by two servers: the APD3 and the HeliQuest.

2.2.3. The 3D Structure of ZM-804

The I-TASSER and the PEP-FOLD3 servers were used to predict the model of the
alpha-helical 3D structure of ZM-804 (Figure 1C). The best structural model of the ZM-804
peptide was chosen by the PROSAII and the MolProbity tools to avoid any mistakes. The
ZM-804 peptide was revealed to be a helical structure within the practical quality ranges.
Z-score values obtained by the PROSAII software, which suppose that most points of
the data in the multidimensional NMR spectrum are at the position not occupied via
signals [26], showed the ZM-804 peptide was within the appropriate region of structures,
propped that it has characteristics of the native structure [27]. The MolProbity reported that
the percentage of ZM-804 peptide residues had all the residues within the favorable region
by Ramachandran favored 94.44%, Ramachandran outliers 5.56%, and poor rotamers
0%, suggesting that the parameters of the ZM-804 structure remain within the ranges of
acceptable consistency and stability [28].

2.3. Antimicrobial Assay of the ZM-804 Peptide
2.3.1. The MIC and MBC of the ZM-804 Peptide

The antimicrobial activity of the ZM-804 against 11 indicators of Gram-positive and
Gram-negative phytopathogenic bacteria along with one model strain of B. subtilis and two
strains of E. coli has been investigated. The MICs and MBCs assays were evaluated for all
of the bacterial indicators tested. The results showed that the lowest concentration of the
ZM-804 peptide inhibited 80% growth of bacteria, compared to the control. The lowest
MIC values determined were 8 and 4 µM for Gram-positive and Gram-negative bacteria,
respectively, while the highest value was 16 µM for Gram-positive and Gram-negative
bacteria. The MBC value in response to ZM-804 peptide concentrations was determined;
the lowest concentration, which led to no visible growth of bacteria (MBC) was 16 and 8 µM
for Gram-positive and Gram-negative bacteria, respectively. In comparison, the highest
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values were 32 and 16 µM for Gram-positive and Gram-negative bacteria, respectively
(Table 2).

Table 2. Antimicrobial activity assay of the ZM-804 peptide. Minimal inhibitory concentrations (MIC)
and minimum bactericidal concentrations (MBC) values (µM) against bacterial indicators.

Bacterial Indicators MIC MBC

C. michiganensis subsp. michiganensis 8 16
C. fangii 8 16

Bacillus subtilis 168 16 32
R. solanacearum 8 16

P. syringae pv. tomato DC3000 4 8
P. syringae pv. syringae 4 8

X. oryzae pv. oryzae 4 8
X. campestris pv. holcicola 4 8

Dickeya zeae 16 32
P. carotovorum subsp. carotovorum 16 32

Erwinia amylovora 8 16
Agrobacterium vitis 8 16

E. coli DH5α 16 32
E. coli DE3 16 32

MIC and MBC tests were performed in accordance with the Broth and Agar method.

2.3.2. The MLC of the ZM-804 Peptide

The minimal lethal concentration (MLC) of the ZM-804 peptide which caused the
complete death of bacteria was determined against all bacterial indicators (Gram-positive
and Gram-negative bacteria). The concentration value of MLC for all bacterial indicators
was observed after treatment by serial dilutions (128, 64, 32, 16, 8, 4, 2, and 1 µM) of the
ZM-804 peptide in the plates that did not show any growth of the colony (complete death).
In contrast, bacterial growth within control plates for all bacterial indicators was observed.
Thus, ≤4 was considered the lowest ZM- 804 concentration, which caused complete death
of all bacterial indicators (Figure 2).

2.4. Localization of FITC-Labeled ZM-804 Peptide

To evaluate the mechanism of the ZM-804 as an AMP and the interaction with the
bacterial cell plasma membrane, 10 µM of the Fluorescein isothiocyanate (FITC) labeled-
ZM-804 peptide was incubated for 4 h with the bacterial indicator and their localization
visualized via an Olympus BX61 confocal laser-scanning microscope. All bacterial indica-
tors, Gram-positive bacteria (C. michiganesis subsp. michiganesis, C. fangii, and B. subtilis
168), and Gram-negative bacteria (Ralstonia solanacearum, P. syringae pv. tomato DC3000,
P. syringae pv. syringae, Xanthomonas oryzae pv. oryzae, X. campestris pv. holcicola, Dickeya
zeae, Erwinia amylovora, Pectobacterium carotovorum subsp. carotovorum, Agrobacterium vitis,
and E. coli DE3 and DH5α) have shown green fluorescence under the confocal microscope
(Figure 3). As expected, the FITC-labeled ZM-804 peptide was attached and associated
through the surface of bacterial cells. Previous results indicated that the major location of
action is the bacterial cell membrane, which may confer ZM-804 the ability to penetrate
the cell membrane and be distributed in the cytoplasm. To investigate the effect of the
FITC tag on the ZM-804 peptide, the antimicrobial activity test was performed for four
bacterial indicators (X. campestris pv. holcicola, X. oryzae pv. oryzae, C. michiganesis subsp.
michiganesis, and C. fangii). All suspensions of bacterial indicators (~106 CFU/mL) were
treated with FITC-labeled-ZM-804 peptide and dd water control for 4 h. All of the control
plates showed the colonies’ growth, whereas the plates of bacteria treated with FITC-ZM-
804 did not detect any colony grown on plates of C. michiganesis subsp. michiganesis, C.
fangii, X. oryzae pv. oryzae, and X. campestris pv. holcicola treated by 10 µM. As a result,
the antimicrobial activity of the FITC-ZM-804 peptide decreased, which indicated that the
FITC tag negatively affects ZM-804 peptide antimicrobial activity.
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Figure 2. The MLC of the ZM-804 peptide. No bacterial growth was observed after treatment with
4 µM ZM-804 peptide for all bacterial indicators (Gram-positive and Gram-negative). In contrast,
bacterial indicators have grown normally on the control plates (treated with dd water).
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Figure 3. Localization of the FITC-ZM-804 peptide. Bacterial cells were treated with 10 µM of
FITC-labeled ZM-804 peptide for 4 h and visualized under an Olympus BX61 confocal laser scanning
microscopy. The localization of the ZM-804 peptide was indicated by the green fluorescence due to
the interaction between ZM-804 and the cell membrane of bacterial indicators (Gram-positive and
Gram-negative bacteria).
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2.5. Effect of the ZM-804 Peptide on Bacterial Cell Membranes

SEM and TEM were used to observe the damage of the cell membrane (outer, inner) of
P. syringae pv. tomato DC3000 and C. michiganensis subsp. michiganensis as representative
Gram-positive and Gram-negative bacteria, respectively, upon treatment with the ZM-804
peptide. Both bacterial suspensions (~107 CFU/mL) were treated by 4 µM of the ZM-
804 peptide for 4 h, whereas dd water was added to untreated bacteria for the control
treatment. SEM images for both bacteria treated with ZM-804 peptide showed several
blisters and protruding bleb from the cell membrane surface of P. syringae pv. tomato
DC3000 and irregular-wrinkled or corrugating with C. michiganensis subsp. michiganensis
(Figure 4B,D,F,H). Generally, all the surfaces of bacterial cells were covered with bubbles
after treatment with the ZM-804 peptide. In contrast, untreated bacterial cells (seen in rods)
maintained intact, smooth, and bright surfaces without any damage to the cell membrane
(Figure 4A,C,E,G).

Figure 4. SEM and TEM investigations of P. syringae pv. tomato DC3000 and C. michiganensis subsp. michiganensis after
treatment with ZM-804 peptide. Bacterial cells (∼107 CFU/mL) were treated with 4 µM ZM-804 peptide for 4 h, while the
control was treated with dd water. In control bacteria, SEM, and TEM images show that the cell membranes were intact
without any cell damage (A,C,E,G,I,K). (B,D,F,H): The cell membrane of bacteria treated with ZM-804 was covered with
bubbles and became rough. (J,L): This showed that the cell membrane was disrupted and substances remained present in
the intercellular fluid. The results were obtained by the HITACHI SU810 for SEM and the HITACHI H-7650 for TEM.

TEM observations showed that untreated bacteria maintained intact well-defined
membranes having cytoplasmic content distributed and filling the internal space well
(Figure 4I,K). The cell wall-treated bacteria surface became wrinkled and rough, while the
cytoplasmic content was not clear to distinguish (Figure 4J,L). The cell membranes (outer,
inner) and cell walls of the bacteria were heavily affected, which was seen from the changes
on the envelope of the bacterial cell and frequently covered all the bacteria cells, indicating
that most of the deformation was caused by the ZM-804 peptide. Therefore, the ZM-804
peptide penetrates the cell membrane and increases the permeability of the cell membrane.
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2.6. In Planta Antimicrobial Activity Assay of the ZM-804 Peptide
Hypersensitive Reaction (HR) on Nicotiana Benthamiana

R. solanacearum, P. syringae pv. syringae, P. syringae pv. tomato DC3000, and E.
amylovora virulence pathogenic bacteria were able to induce HR on N. benthamiana. Sus-
pensions of bacteria (~106 CFU/mL) were treated with serial concentrations of ZM-804
peptide (0.2 to 2 µM). At 48 h post infiltration, the leaves of N. benthamiana were examined
and observed for HR symptoms within infiltrated sites. The lowest or minimum concen-
trations of ZM-804 peptide that prevented HR symptoms on N. benthamiana leaves (right
side) were 2, 2, 1, and 0.5 µM for R. solanacearum, P. syringae pv. syringae, P. syringae pv.
tomato DC3000, and E. amylovora, respectively. In contrast, HR symptoms were observed
and photographed in the control side of the leaves (left side) under normal and UV light,
respectively (Figure 5).

Figure 5. In planta antimicrobial activity assay on N. benthamiana. Bacterial cells (106 CFU/mL) of R. solanacearum, P. syringae
pv. tomato DC3000, P. syringae pv. syringae, and E. amylovora were treated with serial dilutions (0.2, 0.5, 1, and 2 µM)
of ZM-804 peptide, while controls were treated with dd water for 4 h. In the infiltration method, the left side of the leaf
blades was infiltrated with the control, while the right side was infiltrated with bacteria treated with ZM-804 peptide. The
responses were photographed in normal and UV light 48 h after infiltration, respectively. The dotted circles represent
infiltrated areas.

2.7. Tomato Plant Infection Assay
Infection of P. syringae pv. Tomato DC3000 on Tomato

Based on the virulence and ability of P. syringae pv. tomato DC3000 to infect tomato
leaves and cause leaf spot disease, the ZM-804 peptide was added to a suspension
(~106 CFU/mL) of bacteria with a final concentration of 4 µM. In contrast, dd water was
sprayed directly on the leaves’ surface of the control treatment. After 4 days, the symptoms
of leaf spot were observed on the surface of the control plant leaves, while the leaves of the
tomato plants treated with ZM-804 peptide did not show any symptoms (Figure 6). These
results indicated that the ZM-804 peptide might be effective in protecting plants against
bacterial pathogens.
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Figure 6. Leaf spot disease on S. lycopersicum prevented by ZM-804 peptide. Bacterial cells of
P. syringae pv. tomato DC3000 (∼106 CFU/mL) were treated with 4 µM ZM-804, while the control
was treated with dd water (without peptide). In each treatment, 10 mL was sprayed directly on
tomato plant leaves until both adaxial and abaxial surfaces were uniformly wet using a sprayer.
Six days after inoculation, the symptoms of leaf spot disease were observed on the leaves surface
of the control; yellow arrows indicate the spots in the control (A), while the treatment with ZM-804
prevents leaf spot of tomato caused by P. syringae pv. tomato DC3000 (B).

2.8. Hemolytic Activity of the ZM-804 Peptide

The hemolytic activity examinations were performed against mouse red blood cells
(RBCs) to investigate the effect of the ZM-804 peptide on mammalian cells. Triton X-100
(1%) for 100% hemolysis was used as a positive control and PBS buffer as a negative
control. The hemolysis percentage of ZM-804 was calculated to 1% Triton X-100 and
analyzed, and hemolysis started to rise after 8 µM due to 0.44% hemolysis, whereas
the high concentration of 512 µM caused 14.32% hemolysis of the blood cells (Figure 7).
According to the results, the ZM-804 peptide has a lower hemolytic activity at MIC values
with microorganisms, which confirmed that ZM-804 peptide caused 10% hemolytic activity
when the concentration is 256 µM. Our results conclude that ZM-804 peptide is not toxic to
mouse RBCs in low concentration and is relatively safe concerning mammalian cells.
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3. Discussion

Fungi, bacteria, and viruses such as pathogens can dramatically influence most of the
crops’ yield and quality, which can have massive economic consequences. Mainly chemical
pesticides are used to control phytopathogenic microorganisms. The management of plant
pathogens is therefore critical not only economically but also for human health. Several
countries have made legal reforms to limit applications of some pesticides intending to have
certain compounds which are more selective, less toxic, and safer on the environment [29].
In AMPs databases (APD3), there are approximately 3000 natural antimicrobial peptides
isolated from various organisms [14].

Plant genomes hold a wide range of genes for detecting pathogen attacks and inducing
adequate defense responses [7,30]. Z. mays L. inbred line B73 is regarded as a useful resource
for the isolation of antimicrobial peptides. A 33-residue low molecular weight AMP has
been isolated from seeds of the maize inbred line B73 [8]. A single R gene, Rxo1, is regulated
by a nonhost resistance response in maize to X. oryzicola pv. oryzicola pathogen in rice,
and the R gene is able to regulate a diverse array of cellular events. After the infiltration of
X. oryzicola pv. oryzicola which contains the corresponding avrRxo1 gene, the maize line
B73 exhibited strong HR. The bacterial effector protein type III can trigger a strong HR in
maize B73 (Rxo1) encoded by the avrRxo1 gene [31].

In this respect, this study considered the Z. mays inbred line B73 as a good source
for the isolation and characterization of new natural antimicrobial peptides. Therefore, it
was chosen for constructing the cDNA library in our study. All the clone insertions after
sequencing were identified and confirmed that the source belongs to the Z. mays L. B73
based on the BLAST analysis.

Bioinformatic predictive methods can be suitable for larger scanning and detection
of possible novel AMPs. Many computational servers are based on different features for
predicting and discovering new AMPs by using several algorithms [32]. Therefore, several
servers were used for high accuracy prediction of potent AMPs. According to the CAMPR3
server prediction results, all of the amino acid sequences that have the highest-values
prediction were compared. Among all of them, the ZM-804 peptide showed the highest
values. In another database, ADAM, the ZM-804 showed the highest predictive value
of AMP.

As a result of physicochemical properties, the APD3 database indicated that the
composition of the ZM-804 peptide is of 20 amino acids, and as a short peptide it is
composed of seven different amino acids and a molecular weight (MW) of 2.569 kDa. The
presence of cysteine in the composition of ZM-804 increases the possibility of the existence
of a dimer peptide form. This leads to the high stability of ZM-804 against proteases and
increases the selectivity on prokaryotic cells. The ZM-804 falls in the range for the length
of most peptides isolated from plants (natural anti-microbial peptides) as AMPs, which
is between 10 to 50 aa with a range size of MW 2 to 9 kDa [33]. In general, AMPs are
composed of short sequences of 10 to 100 aa (<10 kDa) with high membrane activity and are
amphipathic [34]. The simple short sequence of AMPs can reduce synthesizing costs of the
peptide in application [35]. However, the AMP structure is essential, and its antimicrobial
activities depend on charge, size, hydrophobicity, amphipathicity, and solubility [9].

The positive net charge plays a vital role in AMP activity. In this regard, the ZM-804
peptide has a (+4) net positive charge. The range of the net charge for most AMPs is from
+4 to +6, which reflects the ideal biological activity charge [18]. Positive net charge residues
connect with the lipid-peptide surface in the cell membrane, which forms close electrostatic
connections with the phospholipid membranes (negative charge) of bacteria [36].

The hydrophobicity of peptides is also a main bioactivity parameter. The ratio of
hydrophobic residues in a peptide is known as hydrophobicity, which is about 50 percent
for AMPs [36]. The ZM-804 peptide has a 70% hydrophobicity ratio which represents a high
level of hydrophobicity. Typically, AMPs contain more residues of positive charge from the
hydrophilic side that can be attached to the surface of the microorganism membrane, while
the hydrophobic side causes AMPs to bind into the bilayer lipid of the cell membrane to



Int. J. Mol. Sci. 2021, 22, 2643 12 of 23

contribute to membrane depolarization and cell death by barrel-stave pore, worm-hole
pore, or carpet type [37].

Peptides that have a positive net charge in the polar face can interact more efficiently
with the cell membrane by binding the negatively charged side chains of phospholipids [38].
Additionally, the hydrophobic residues can integrate the nonpolar faces of AMPs into the
cell membrane [39]. Hence, this feature of the helical wheel allowed the ZM-804 to acquire
the amphipathic conformation. Moreover, the Boman index’s positive value (protein-
binding potential) of the ZM-804 (0.95 kcal/mol) improves its potential to bind to the
proteins of the bacterial cell membrane.

The alpha-helical structure was predicted for the ZM-804 peptide with an alpha-helix
secondary structure, and the alpha-helical conformation was closely related to the peptide
activity [40]. Several AMPs with an alpha-helix structure were already reported in previous
studies [41,42]. Alpha-helical structure formation boosts the interaction between AMPs
and cell membranes and improves the membrane’s permeability to the AMPs. Moreover,
the physicochemical properties of the ZM-804 are mostly similar to G17 and G19 peptides
in previous studies [43].

The MolProbity results showed that the ZM-804 peptide structure parameters stayed
within the ranges of acceptable consistency and stability [28]. Additionally, the PROSAII-
web indicated that the ZM-804 3D model was inside the structure’s favorable area, and
these results were similar to earlier studies [26].

According to the BLAST results, ZM-804 showed no significant similarities with most
of the other AMPs in databases. This indicates that the ZM-804 is a new natural AMP recov-
ered from the plant of the maize inbred line B73. In silico results of the prediction analysis
and the physicochemical properties of ZM-804 make it a promising AMP candidate.

In the present study, we confirmed the in silico results of ZM-804 experimentally.
The ZM-804 was synthesized using the solid-phase peptide synthesis by the GenScript®

Corporation (Piscataway, NJ, USA) [44].
The MIC and MBC values indicated that ZM-804 has high antimicrobial activity

against tested bacterial indicators (Table 2) and exhibited different effects on Gram-positive
and Gram-negative bacteria. The lowest MIC values were found to be 8 and 4 µM against
Gram-positive and Gram-negative bacteria, respectively. In contrast, the highest MIC
value was found to be 16 µM for both Gram-positive and Gram-negative bacteria. The
lowest MBC values were found to be 16 and 8 µM against Gram-positive and Gram-
negative bacteria, respectively, and the highest value was found to be 32 µM for both
Gram-positive and Gram-negative bacteria. Therefore, there is a distinct difference in
the effectiveness of ZM-804 peptide on both bacterial groups, whereas Gram-negative
bacteria are more sensitive than Gram-positive bacteria. ZM-804 agrees with the SM-
985 peptide [45] in preference for Gram-negative bacteria, although they have no similar
composition. Moreover, the MICs and MBCs of the ZM-804 are similar and close to previous
studies on other AMPs such as NCR peptides [46,47]. Additionally, Most of the MBC values
were higher than the MIC one to two potencies [46]. The MIC 50, MIC 90, and MBC were
determined for G17 and G19 peptides against E. coli and MRSA to evaluate the antimicrobial
activity [43]. This difference may be attributed to the different cell membrane compositions
for each of these bacterial groups. The behavior and ability of AMPs to cross the layers
of peptidoglycan and LPS in the membrane to reach the cytoplasm may contribute to the
difference in values of MIC and MBC between both bacterial groups [48,49].

The MLC is defined as the value of minimum dilution of the ZM-804 that directly kills
bacteria in cell suspensions of 10 mM sodium phosphate buffer for all bacterial indicators
(Gram-positive and Gram-negative) which were tested [50]. The results of the MLC (4 µM)
of ZM-804 were observed against bacterial indicators (Figure 2). Interestingly, the MLC
values were lower than the MIC and MBC values. The main cause for the difference
detected may be related to the environment’s nature where the antimicrobial activity was
tested. The Muller Hinton Broth (MHB) growth medium contains a high concentration
of divalent cations which can lead to inhibition of the activity of AMPs [47], whereas
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there are no divalent cations in the 10 mM sodium phosphate buffer (pH 7.0) used in
the MLC process test. Numerous natural AMPs are already isolated, but few AMPs
show potential antimicrobial activity since components such as salts and divalent cations
inhibit their bioactivity [51]. Cationic AMP are linked with the negative charge bacterial
cell membrane by electrostatic interactions. Na+, Mg+2, and Fe+3 are cations that inhibit
the electrostatic interaction among the bacterial membranes and peptides, leading to a
reduction in antimicrobial activity [52].

The results observed by the confocal laser-scanning microscope, shown in Figure 3,
indicate that the critical target of the ZM-804 peptide is the cell membrane of living bacteria
and that it showed affinity linkage with it. The localization of the FITC-labeled ZM-804
peptide is associated with the cells for all of the bacterial indicators treated by 10 µM, and
these results are in agreement with other research of cationic-AMPs such as MSI-78 and MSI-
594 peptides [53,54]. As a result of antimicrobial activity, the FITC tag affects the activity
of the ZM-804 peptide. The lowest concentration of the peptide has no visible growth
of colony on plates against C. michiganesis subsp. michiganesis, C. fangii, X. campestris
pv. holcicola, and X. oryzae pv. oryzae increased to 10 µM and reduced the antimicrobial
activity of FITC-ZM-804 peptide as compared with the MLC results of ZM-804. The activity
of peptide NCR035 decreased after being labeled by FITC, and it was measured using PI
uptake [55]. However, the FITC tag did not affect the antimicrobial activity of the SM-985
peptide [45].

Scanning and transmission electron microscopy confirmed the morphological defor-
mation and abnormality of the cell membranes and cytoplasm of P. syringae pv. tomato
DC3000 and C. michiganensis subsp. michiganensis bacterial indicators which were treated
by 4 µM of the ZM-804 peptide. SEM was applied to image the effects of the ZM-804 pep-
tide, and it is suitable to have deep visualization into the effect of antimicrobial peptides on
membrane destruction and cell killing of microbes. The main target of a thanatin peptide is
a component of the cell wall in Gram-positive bacteria [56]. In our Figure 3, it is shown
that the FITC-labeled ZM-804 peptide is bound to bacterial cells that may involve not only
the plasma membrane but also the outer membrane LPS of Gram-negative bacteria and the
cell wall peptidoglycan of Gram-positive bacteria. Morphological changes also observed in
SEM and TEM point to the potential binding of the peptide with the LPS outer membrane.
Blisters and irregular-wrinkled cell membrane surfaces were observed as a result of the
ZM-804 peptide penetration [47]. Such external membrane destabilization facilitates the
penetration of cationic-AMPs and contributes to the local interruption or destruction of
the inner membrane as the cytoplasmic content reaches the periplasmic space and fills it
locally. Consequently, blisters form without damaging the outer membrane [57].

TEM has shown several frequently spaced protrusions on the cell membrane surface
which became rough. The cytoplasmic content was not clear enough to distinguish the cell
content. SEM and TEM studies have demonstrated that dysfunction of the cell membrane
can contribute to ion and metabolite leakage, depolarization, and finally cell death. These
results show that the ZM-804 peptide can kill Gram-positive and Gram-negative bacteria
via disrupting the cell membrane, and this is in agreement with most of the previous
studies [21,53,58].

One characteristic of pathogenic strains of R. solanacearum, P. syringae pv. syringae, P.
syringae pv. tomato DC3000, and E. amylovora is that they induce HR by infiltration on leaves
of N. benthamiana. The ZM-804 peptide was sufficient to prevent the pathogenicity of strains
and impair their virulence at 2, 2, 1, and 0.5 µM for each indicator bacteria, respectively.
During the HR, phenolic compounds are released, which can be visualized under UV
light as yellow/green programmed cell death spots. The results of antibacterial activity in
planta on N. benthamiana confirmed the MLC results of the ZM-804 peptide. Moreover, the
ZM-804 peptide prevents P. syringae pv. tomato DC3000 to infect S. lycopersicum plant and
cause leaf spot disease without incubation period with the ZM-804 peptide. The generation
time of P. syringae pv. tomato DC3000 was reported to be ~2.5 h at 4–8 h after inoculation
in tomato apoplast extracts [59], and the invasion of bacterial spraying on leaves was
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determined after 24 h [60]. Therefore, the ZM-804 peptide has enough time to interact
with the cell membrane of Pst DC3000 and disrupt it, which leads to cell death in the end.
AMPs have gained a lot of interest in plant protection as a control source with a potentially
reduced negative environmental effect and a wide range of activities [61]. In general, the
ZM-804 showed strong antimicrobial activity in planta, which is similar to the SM-985
peptide [45] and the VG16KRKP peptide, which have significant antimicrobial activity
against Xanthomonas oryzae and Xanthomonas campestris-caused disease in rice [62].

The ZM-804 peptide has lower hemolytic activity against mouse erythrocytes at MIC
values. It is a common feature of cationic AMPs to cause high hemolytic activity due to their
positive net charge. However, the distribution of positive charges with high hydrophobicity
may lead to low hemolysis at a low peptide concentration [63]. Previous study showed
that peptides with a positive charge from +4 to +8 can cause low hemolytic activity, while
+9 and +10 increase hemolytic activity [64].

4. Materials and Methods
4.1. Bacterial Strains and Growth Conditions

Seeds of the maize (Z. mays L.) inbred line B73 were grown in pots of peat moss com-
post soil maintained in a growth chamber under the following conditions: 28 ◦C/25 ◦C,
constant relative humidity 60%, and a photoperiod of 16 h light to 8 h dark [65]. Tobacco
(N. benthamiana) plants were grown in nutrient-rich soil after pre-germination under green-
house conditions for 5 weeks with a photoperiod of 14/10 h light and dark intervals at
24 ◦C [66], while tomato (Solanum lycopersicum) plants incubated for 6 weeks at 28 ◦C.
Seeds of maize, tobacco, and tomato were provided by Key laboratory, Huazhong Agricul-
tural University, Wuhan, China. All of the plants were grown in a growth room with an
environmental control condition without fertilization.

Rhizoctonia solani AG-1-IA was cultured on plates of potato dextrose agar (PDA)
medium and incubation for 2 days at 28 ◦C [65]. The plant pathogenic microbes used in
this study as bacterial indicator strains are the Gram-positive strains of C. michiganensis
subsp. michiganensis and C. fangii grown on a nutrient agar (NA) medium. Moreover, the
following Gram-negative bacteria were also used in this study: R. solanacearum, P. syringae
pv. tomato, P. syringae pv. syringae, X. oryzae pv. oryzae, X. campestris pv. holcicola, D. zeae,
P. carotovorum subsp. carotovorum, E. amylovora, and A. vitis. The genus of pseudomonas,
Dickeya, Pectobacterium, Erwinia, and Agrobacterium were grown on plates of King’s B (KB)
medium, while the genus of Ralstonia and Xanthomonas on Luria-Bertani (LB) medium, and
all of the pathogenic bacteria incubated at 28 ◦C. Three model strains of nonpathogenic
bacteria were used: B. subtilis 168 as Gram-positive, and E. coli DE3 and DH5α as Gram-
negative which were grown on LB medium and incubated at 37 ◦C (Table S1).

4.2. Construction of cDNA Library, Sequencing, and Analysis

Leaves of the Zea mays inbred line B73 plants (after 3 weeks of growth) were inoculated
by the disk PDA of R. solani. Equal pieces of leaf samples were collected at different time
points: 0, 6, and 12 to 96 h, collected for each 12 h, then immediately frozen in liquid
nitrogen and kept at −80 ◦C until use. Total RNA was extracted from leaves using TRIZOL®

following manufacturer instructions. mRNA was purified using PolyATtract® kit m-RNA
isolation systems (Promega Madison, WI, USA). A cDNA library was constructed via
synthesis double-strand cDNA using the PrimeScript™ double-strand cDNA synthesis
kit (TaKaRa Biomedical Technology, Dalian, China) containing cleavage site Xba I through
Oligo (dT) primer. Three pairs of primers were added to cDNA as an adaptor (adaptors
used listed in Table S2) containing cleavage site Nde I [67,68]. After, ligation of cDNA
fragments into the pBE-S vector was performed, then it was transformed to E. coli HST08,
and then to B. subtilis SCK6 super-competent cells [69]. Gel electrophoresis was performed
to visualize the total RNA, mRNA, and cDNA (Figure S1). The quality of the cDNA library
of maize B73 was checked by PCR amplification. Colonies were chosen randomly and pBE-
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S primers (Table S3) were used to amplify inserts and reveal them on the gel electrophoresis
(Figure S2).

The sequencing was performed for all of the colonies with an insert of more than
500 bp in length, as revealed by PCR using pBE-S primers. The program of the thermal
cycle started from initial denaturation of 5 min at 95 ◦C, followed by 30 cycles of the
following: 30 sec at 95 ◦C for denaturation, 30 sec at 56 ◦C as annealing, 1 min at 72 ◦C for
an extension, and a final extension at 72 ◦C for 10 min. To evaluate the cDNA sequences,
the product of PCR was sent for sequencing using the Sanger sequencing. The Basic Local
Alignment Search Tool (BLAST) was used on NCBI (https://blast.ncbi.nlm.nih.gov/Blast.
cgi; accessed on 1 October 2019) and Maize GDB (https://www.maizegdb.org/; accessed
on 1 October 2019) to confirm the sequences of cDNA library data and their position on
a chromosome of the Z. mays B73 genome database [70]. The cDNA sequences have
been translated into amino acid sequences by a translation tool (https://web.expasy.org/
translate/; accessed date: 1 October 2019) based on the codon of each amino acid according
to the NCBI codes [71].

4.3. Bioinformatics Analysis
4.3.1. In Silico Prediction for AMPs

Computational prediction methods were used to align and screen the cDNA library
of maize B73. For AMP prediction, several prediction servers were used to screen amino
acid sequences selected and uploaded in FASTA format. Two servers were used for
general prediction, the Collection of Anti-Microbial Peptides (CAMPR3) (http://www.
camp.bicnirrh.res.in/index.php; accessed on 1 October 2019) [13] and the Database of Anti-
Microbial Peptides (ADAM) (http://bioinformatics.cs.ntou.edu.tw/ADAM/tool.html;
accessed on 1 October 2019) [72]. CAMPR3 (>0.5) and ADAM (>1) were used to predict
AMP probability [73]. Moreover, specific prediction servers for AMPs were used to classify
AMPs based on their biological activity against microbial organisms: the dbAMP (http:
//140.138.77.240/~dbamp/predict.php; accessed on 1 October 2019) predicts antibacterial
peptide [12]; the ClassAMP (http://www.bicnirrh.res.in/classamp/predict.php; accessed
on 1 October 2019) [74], the Antibp (https://webs.iiitd.edu.in/raghava/antibp/submit.
html; accessed on 1 October 2019) [75], and the iAMPpred (http://cabgrid.res.in:8080
/amppred/server.php; accessed on 1 October 2019) [76] for the classification of AMPs
(anti-bacterial, anti-fungal, and anti-viral) based on features sequences.

4.3.2. Physiochemical Characterization of the ZM-804 Peptide

The antimicrobial peptide database (APD3) (http://aps.unmc.edu/AP/prediction/
prediction_main.php; accessed on 1 October 2019) and HeliQuest servers were used to
predict the physicochemical properties of the ZM-804 peptide. The APD3 [14] server
predicted the amino acid composition, total hydrophobic ratio, net charge, molecular
weight, and Boman index. The HeliQuest (https://heliquest.ipmc.cnrs.fr/; accessed
on 1 October 2019) [77] server was used for the analysis of helix types of amino acid
composition and was used to calculate the hydrophobicity (<H>), hydrophobic mo-
ment (µH), and net charge (z). In the analysis, a 20-residue window was used, and
for the sequence under inspection the highest discrimination factor (D) was calculated
by the following equation: D = 0.944 (<µH>) + 0.33 (z). When the D is over 0.68 and
<H> over 0.75, the region can be predicted to be a lipid-binding region using an al-
gorithm Eisenberg plot methodology for identifying the hydrophobic polypeptide se-
quence region which discriminates between surface-study and transmembrane regions [78].
Prot pi (https://www.protpi.ch/Calculator/ProteinTool; accessed on 1 October 2019)
was used for calculating the isoelectric point for proteins and peptides. The I-TASSER
(https://zhanglab.ccmb.med.umich.edu/I-TASSER/; accessed on 1 August 2020) [79]
and the PEP-FOLD3 (https://bioserv.rpbs.univ-paris-diderot.fr/services/PEP-FOLD3/;
accessed on 1 August 2020) [80] servers were used to predict the secondary structure of the
ZM-804 peptide. Three different antimicrobial peptides databases were used for blast and
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alignment to determine the similarities of the ZM-804 peptide: CAMPR3 [13], APD3 [14],
and ADAM [72].

4.3.3. Prediction of 3D Structure

The HeliQuest [77] was used to design the helical wheel diagram. On the other hand,
the I-TASSER [79] and the PEP-FOLD 3 [80] were used to predict the 3D structure of the ZM-
804 peptide and visualized by the UCSF Chimera 1.14rc program. The PROSAII [81] and
MolProbity [28] web-tools were used to validate the 3D structure of the ZM-804 peptide.

4.4. Synthesise of the ZM-804 Peptide

The ZM-804 (LARLRRLCFLWAAAWPWPWR) peptide was synthesized in a 9-fluorenyl
methoxycarbonyl (Fmoc) solid-phase method by GenScript® Corporation (Piscataway,
NJ, USA). Synthesized ZM-804 peptide was purified by high-performance liquid chro-
matography (HPLC) to a 97.4% purity, and its molecular weight was established by mass
spectrometry. The concentration of ZM-804 peptide was estimated from the molecular
weight (molarity) and resuspended in ultrapure water that was recommended in the test
report of peptide solubility which was provided by the company, then stored at −80 ◦C.

4.5. Antimicrobial Assay of the ZM-804 Peptide
4.5.1. Measuring the MIC and MBC of the ZM-804 Peptide

The antimicrobial activity assay of the ZM-804 peptide against 11 indicators of phy-
topathogenic bacteria along with one model strain of B. subtilis and two strains of E. coli,
Gram-positive bacteria (C. michiganesis subsp. michiganesis, C. fangii, and B. subtilis 168)
and Gram-negative bacteria (R. solanacearum, P. syringae pv. tomato DC3000, P. syringae
pv. syringae, X. oryzae pv. oryzae, X. campestris pv. holcicola, D. zeae, P. carotovorum subsp.
carotovorum, E. amylovora, A. vitis, and E. coli DE3 and DH5α) was performed to determine
the MICs [82] and MBCs [50] using the broth and agar dilution method, as previously
described [45]. The ZM-804 peptide was dissolved and diluted to reach a final concentra-
tion stock of 256 µM. Eight serial dilutions of the ZM-804 peptide (256, 128, 64, 32, 16, 8,
4, and 2 µM) were made in a flat-bottom Microtiter® plate (96-well) in Mueller-Hinton
broth (MHB) medium. The logarithmic phase of each indicator’s bacterial culture was
washed by 10 mM sodium phosphate buffer (pH 7.0) and resuspended in MHB to achieve
turbidity of bacterial suspension concentration of approximately 106 colony-forming units
per ml (CFU/mL) as measured by Spark® Multimode Microplate Reader. Preparation of
the bacterial indicator’s suspensions is described in detail (see Supplementary Methods).
Bacterial suspensions were used to inoculate each well containing the peptide solution
as well as the positive control (peptide free). The final concentration of the bacterial cells
was ∼105 CFU/mL. Negative control (without bacteria nor ZM-804) was performed in
a separate well. Microtiter plates were incubated for 8 h at a suitable condition for all of
the bacterial indicators at 28 ◦C or 37 ◦C as described above. Serial dilutions were made
for the different concentrations of ZM-804 peptide, positive, and negative controls. An
aliquot of 100 µl (from the suitable dilution) was plated on agar plates with a suitable
medium and incubated in the same conditions. Results were observed when the colonies
of the bacterial growth control were grown on the agar media. MICs were determined as
the lowest concentration of ZM-804 peptide, which led to the inhibition of 80% growth of
bacterial control [83]. In contrast, MBCs were determined as the minimum concentration
of ZM-804 peptide that led to zero (no visible) growth of the colony on an agar plate [84].
This experiment was performed in three independent replicates, involving both positive
and negative controls.

4.5.2. Measuring the MLC of the ZM-804 Peptide

To determine the MLC of ZM-804 Peptide, the logarithmic phase of 14 indicator bac-
teria was prepared, washed, and adjusted to ∼106 CFU/mL for each bacterium using
10 mM sodium phosphate buffer [85,86]; details are described in Supplementary Meth-
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ods. Different final concentrations of the ZM-804 peptide at 128, 64, 32, 16, 8, 4, 2, and
1 µM were added and mixed with the bacterial suspension in micro-tubes and marked
as treatments, while the dd water was added to the bacterial suspension in micro-tubes
and marked as control. All of the controls and treatments of bacterial indicators were incu-
bated for 4 h (with gentle inversion every 1 h) at 28 ◦C for pathogenic bacteria and 37 ◦C
for non-pathogenic bacteria. Serial dilutions of each bacterial indicator were performed
after the incubation period for treatment and control independently. Aliquots 100 µL of
suitable serially diluted (30–300 CFU each plate) were plated out. For pathogenic and
non-pathogenic bacterial indicators, the plates were incubated at 28 and 37 ◦C, respectively,
until visible colonies were grown. The MLC was measured as the lowest concentration of
ZM-804 peptide that could kill the bacteria cells with no visible growth of the colony on
the plates. The mean value of the results was observed three times independently.

4.6. FITC-Labeled ZM-804 Peptide

Fluorescein isothiocyanate (FITC)-labeled ZM-804 peptide was synthesized by GenScript®

Corporation (Piscataway, NJ, USA), and aminohexanoic acid (Ahx) as an alkyl spacer was
used to generate it. As recommended by the company for the ZM-804 peptide, the FITC-
labeled ZM-804 peptide was dissolved, considering the difference in molecular weight,
and also used to determine the interaction between the ZM-804 peptide and 14 indicators
of bacterial plasma (cytoplasmic) membrane [53]. Like the MLC assay, the bacterial sus-
pensions (∼106 CFU/mL) were prepared using 10 mM sodium phosphate buffer, then
incubated with 10 µM FITC-labeled ZM-804 peptide for 4 h in the dark. The bacteria cells
were washed twice with 10 mM sodium phosphate buffer (pH 7.0) following incubation
with FITC-labeled ZM-804 peptide to remove and avoid the remaining residuals of the
peptide, then it was resuspended in the same buffer. Localization of the FITC-labeled
ZM-804 peptide was observed by Olympus BX61 confocal laser-scanning microscope to
visualize the FITC fluorescence [21]. The 488-nm-wavelength laser for the excitation and
the emission at 500–530 nm was used to detect the FITC.

To measure the effectiveness of the FITC tag on the antimicrobial activity of the ZM-
804 peptide, a cell-killing examination was performed on X. campestris pv. holcicola, X.
oryzae pv. oryzae, C. michiganesis subsp. michiganesis, and C. fangii. The bacterial indicator
suspensions (∼106 CFU/mL) were treated with different final concentrations of FITC-ZM-
804 peptide at 30, 20, 10, and 5 µM in micro-tubes and marked as treatments, while the
controls were treated with dd water. All of the controls and treatments were incubated
for 4 h (with gentle inversion every 1 h) in the dark at 28 ◦C. Serial dilutions of each
bacterial indicator were prepared after the incubation period for treatment and control
independently. Aliquots 100 µL of suitable serially diluted (30–300 CFU each plate) were
plated out for both controls and treatments and all of the plates were incubated at 28 ◦C.
The results were measured when the visible colonies were grown on the control plates, and
it was performed three times independently.

4.7. Observation of the Effects of the ZM-804 Peptide on Bacterial Cell Membranes
4.7.1. Scanning Electron Microscopy (SEM)

The effect of the ZM-804 peptide on bacterial plasma membrane morphology was
measured by scanning electron microscopy (SEM). The mid-logarithmic phase of P. syringae
pv. tomato DC3000 and C. michiganensis subsp. michiganensis was used as a representative
of Gram-negative and Gram-positive bacterial indicators, respectively. Briefly, both of the
bacterial cell suspensions (~107 CFU/mL) were washed twice and resuspended in 10 mM
sodium phosphate buffer (pH 7.0). Then, they were treated with 4 µM ZM-804 peptide
as treatments, and the control was treated with dd water; both treatment and control
were incubated for 4 h (with gentle inversion every 1 h) at 28 ◦C. After incubation, both
treatments and controls for each bacterial cell were pelleted and washed three times with
10 mM sodium phosphate buffer, then prepared for SEM according to [47,87] with some
modifications. The bacteria cells were collected and fixed by 2.5% (v/v) glutaraldehyde
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solution in 10 mM phosphate buffer at 4 ◦C for 2 h. Then, they were washed again with
10 mM sodium phosphate buffer (three times). The bacteria cells’ pellet was dehydrated
sequentially with 30, 50, 70, 90, and 100% ethanol, and air-dried for 30 min followed
by lyophilization for 24 h in a freeze dryer [88]. Finally, the bacterial cell samples were
coated with gold after lyophilization to avoid charging effects in the microscope and were
observed under ultra-high-resolution (HITACHI SU8010) scanning electron microscope.

4.7.2. Transmission Electron Microscopy (TEM)

Both P. syringae pv. tomato DC3000 and C. michiganensis subsp. michiganensis bacteria
were treated with 4 µM ZM-804 peptide, followed by the same procedure as described
above for SEM. After incubation, pellets of both bacterial cells were obtained and fixed with
2.5% (v/v) glutaraldehyde. The prepared bacterial cell samples were sent to Huazhong
agricultural university (HZAU) center of TEM (Wuhan, China) for preparation, and a
HITACHI H-7650 transmission electron microscope was used to observe the bacterial cells.

4.8. In planta Antimicrobial Activity Assay of the ZM-804 Peptide
Hypersensitive Reaction (HR) test on N. benthamiana

The virulence of four bacterial strains, R. solanacearum, P. syringae pv. tomato DC300,
P. syringae pv. syringae, and E. amylovora was tested by hypersensitive reaction (HR) by
infiltration in the leaves of N. benthamiana. Bacterial suspensions of each bacteria were
collected and pelleted from the overnight culture, then cells were washed and resuspended
in 10 mM sodium phosphate buffer pH 7.0, and the concentrations were adjusted to
~106–107 CFU/mL. A volume of (500 µL) of bacterial suspensions was treated with ZM-
804 peptide at the final concentrations of 0.2, 0.5, 1, and 2 µM, and the control was treated
with dd water. Both the treatment and control were incubated at 28 ◦C (with gentle
inversion every 1 h) for 4 h. Leaves of N. benthamiana were cut and collected from tobacco
plants grown in a growth room at 24 ◦C with 14/10 h light/dark for 5 weeks. A volume of
50 µL of each bacterial suspension (control/treatment) was infiltrated into distinct areas of
the same leaf blade ~1–2 cm2 of the abaxial surface side using a plastic syringe without a
needle. Symptoms of hypersensitivity responses were revealed after 24 to 48 h, then data
and images were obtained through observing the tobacco leaves under normal or bright
light and UV light [67]. This experiment was performed three times independently.

4.9. Tomato Plant Infection Assay
Infection of P. syringae pv. Tomato DC3000 on Tomato

Five-week-old seedlings of tomato (Solanum lycopersicum) plants were grown under a
14/10 h light/dark photoperiod at 28 ◦C in the growth room. A bacterial suspension of
P. syringae pv. tomato DC3000 was prepared as described previously and we adjusted the
concentration to ~106 CFU/mL. The ZM-804 peptide was added to the bacterial suspension
at a final concentration of 4 µM, while dd water was added to the control. Then, 10 mL of
bacterial suspensions (control and treatment) was sprayed directly on the tomato plant’s
surface areas until both of the surfaces were uniformly wet. After inoculation, plants
(control and treatment) were covered with a nylon bag to obtain a relative humidity
around the plants of 100%, and they were incubated in a growth room with a photoperiod
of 14/10 h light/dark at 28 ◦C [45]. Six days later, the symptoms of leaf spot disease
were observed, and images were obtained. This experiment was performed in triplicates
independently.

4.10. Hemolytic Assays

Hemolytic activity assay was carried out using mouse blood cells, and 1% Triton
X-100 lysis of 100% as a control agent. Two milliliters of mouse blood were collected
from a healthy mouse in a tube containing ethylenediaminetetraacetic acid disodium
salt and centrifuged at 700× g for 5 min. The pellet was resuspended and washed three
times by 10 mM phosphate buffer pH 7.0, and 1% of hematocrit was prepared in the
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same buffered saline. Hematocrit cells were incubated with an equal volume of the serial
dilutions of the ZM-804 peptide (512, 256, 128, 64, 32, 16, 8, 4, 2, and 1 µM) for 1 h at
37 ◦C. Hematocrit cells were incubated with 1% Triton X-100 and were considered positive
control (100% lysis) [89], while incubated with phosphate buffer as a negative control.
Following incubation, the hematocrit cells were centrifuged at 700× g for 10 min, and the
absorbance of the supernatant was measured at an OD 540 nm using a microplate spec-
trophotometer (TECAN Spark® Multimode Microplate Reader). The experiment was done
three times independently, and the following equation was used to calculate the hemolytic
activity percentage:

Hemolysis % = [Abs (Sample) - Abs (Neg-Avg)]/[Abs (Pos-Avg) - Abs (Neg-Avg)] × 100%

Abs (sample) = absorbance of the samples, Abs (Neg-Avg) = averaged absorbance of
the negative controls, and Abs (Pos-Avg) = averaged absorbance of the positive controls.

5. Conclusions

AMPs represent a promising alternative in pathogen control. In this study, we have
successfully isolated a ZM-804 peptide as a novel plant AMP. ZM-804 was predicted as an
AMP after the screening of a cDNA library using in silico prediction tools. Physiochemical
properties showed that ZM-804 is a promising AMP with an alpha-helical structure. ZM-
804 was experimentally demonstrated to have broad-spectrum antibacterial activities
with growth inhibition and killing of a wide range of Gram-negative and Gram-positive
bacteria. Additionally, ZM-804 peptide is effective on non-plant pathogenic bacterial strains.
Furthermore, ZM-804 has been shown to interact with the membranes (outer, inner) of
bacteria, which led to an increase in cell membrane permeability, disruption of the bacterial
cell structure (the cell wall peptidoglycan of Gram-positive and LPS of Gram-negative
bacteria) and cell death in the end. In planta, ZM-804 prevented virulent bacteria pathogens
from inducing HR symptoms on the leaves of N. benthamiana. Likewise, leaf spot disease
infection on S. lycopersicum plants was prevented by the ZM-804 peptide. The peptide
ZM-804 has low toxicity to mouse blood cells and can be regarded as a safe AMP for
mammalian cells. Our present study provides evidence for the ZM-804 peptide as a good
alternative for pathogen control. Importantly, ZM-804 can be used in gene transformation
to generate a pathogen-resistant plant.
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