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A peptide encoded by a highly
conserved gene belonging to the
genus Streptomyces shows
antimicrobial activity against
plant pathogens
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The genus Streptomyces has been unceasingly highlighted for the versatility and
diversity of the antimicrobial agents they produce. Moreover, it is a heavily
sequenced taxon in the phylum Actinobacteria. In this study, 47 sequence
profiles were identified as proteins highly conserved within the genus
Streptomyces. Significant hits to the 38 profiles were found in more than 2000
Streptomyces genomes, 11 of which were further conserved in more than 90% of
Actinobacterial genomes analyzed. Only a few genes corresponding to these
sequence profiles were functionally characterized, which play regulatory roles in
the morphology and biosynthesis of antibiotics. Here a highly conserved
sequence, namely, SHC-AMP (Streptomyces highly conserved antimicrobial
peptide), which exhibited antimicrobial activity against bacterial and fungal
plant pathogens, was reported. In particular, Arabidopsis thaliana was
effectively protected against infection with Pseudomonas syringae pv. tomato
DC3000 by treatment with this peptide. Results indicated the potential
application of this peptide as an antimicrobial agent for control of plant
diseases. Our results suggest putative target genes for controlling
Streptomyces spp., including the one exhibiting antimicrobial activity against a
wide range of phytopathogens.

KEYWORDS

antimicrobial peptide, Streptomyces, plant pathogen, highly conserved sequence,
antimicrobial activity

1 Introduction

Natural products isolated from microorganisms have been regarded as an attractive
source for the discovery of new pesticides (Patridge et al, 2016). The chemical and
biological properties of natural products meet the recent requirements for environmentally
friendly pesticides (Berdy, 2005). Natural products provide a wide spectrum of
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pharmacophores and a variety of stereochemistry because of their
inherent scaffold diversity and unique functional groups as
compared with synthetic compounds (Harvey et al., 2015). They
likely lack cross-resistance to commercial pesticides. In addition,
they may not cause residual problems of synthetic agents as natural
products are biodegradable (Porter, 1985). Thus, natural products
have been screened to discover new lead compounds with new
mode of actions and biodegradability in natural environments.

Recently, antimicrobial peptides (AMPs) isolated from a wide
range of taxonomy have shown great application potential in
determining a new class of antimicrobial drugs because of their
enormous unknown chemical diversity (O'Keefe, 2001). They
possess a large and diverse subset of pharmacological space
because of their structural diversity and complexity (O'Keefe,
2001). In addition, the broad-spectrum antimicrobial activities of
AMPs suggest their potential benefits for treating various plant
diseases. For example, thionins exhibit antimicrobial activity against
plant pathogenic bacteria, fungi, and yeast (Bohlmann, 1999). The
overexpression of plant thionin genes increased their resistance to
bacterial wilt, Fusarium wilt, and black rot disease (Chan et al.,
2005; Muramoto et al., 2012). Recombinant cecropin (Musca
domestica mature cecropin) was reported to exhibit antifungal
activity at the micromolar level against plant pathogenic fungi
such as Botrytis cinerea, Colletotrichum orbiculare, and Fusarium
oxysporum (Xu et al., 2007). Cationic peptides such as cecropin play
an important role in antimicrobial activity, and they are widespread
in nature. Their microbicidal action occurs via electrostatic
interactions and/or membrane perturbation with the target cell.
Positively charged peptides can interact strongly with negatively
charged phospholipids within bacterial membrane structures, such
as phosphatidylglycerol (PG), cardiolipin, lipopolysaccharide (LPS),
and teichoic acid (Scott et al., 1999). Therefore, cationic AMPs
readily form complexes with negatively charged phospholipids and
induce a rapid killing effect after initial contact with the target
cell membrane.

With the recent advances in DNA sequencing technology,
publicly available genomes have increased exponentially and
revealed a multitude of previously unknown microorganisms,
potentially harboring pharmaceutically active molecules
(Khabthani et al.,, 2021). Moreover, the accessibility of a “bottom-
up approach” can facilitate investigations of genes, proteins, and
pathways in a systems context (Park et al., 2021). Streptomyces spp.
bacteria have been extensively studied in genome analysis during
the last two decades because of their production of numerous
extracellular enzymes and metabolic products (Gao and Gupta,
2005; van Bergeijk et al., 2020), providing a valuable resource for the
discovery of novel AMPs. AMPs are evolutionarily conserved
molecules involved in protective and therapeutic mechanisms
against pathogen infection or invasion, and they can be used to
identify novel molecular properties and taxonomic markers that are
distinctive of Streptomyces spp.

The culture filtrate from Streptomyces xanthophaeus strain
KPP03845 was found to effectively harbor an AMP against plant
pathogens. In addition, a total of 19 AMP candidates that are highly
conserved among 2062 Streptomyces genomes, including the strain
KPP03845, were identified. A highly conserved sequence, namely,
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SHC-AMP (Streptomyces highly conserved antimicrobial peptide),
exhibited antibacterial and antifungal activities against various plant
pathogens and effectively protected Arabidopsis thaliana against
Pseudomonas syringae pv. tomato DC3000 infection.

2 Materials and methods

2.1 Identification of pipeline for scanning
potential AMPs from highly conserved
proteins in the genus Streptomyces

A total of 1720 proteins were retrieved from NCBI Identical
Protein Groups (IPG) by applying the following filters: Search
Streptomyces Filters: RefSeq; Prokaryotes; >100. Only the
sequences showing hits in > 100 Streptomyces genomes were
retained for further analysis. Ribosomal proteins and sequences
of 2100 aa were discarded. Protein sequences for the resulting 125
IPGs were clustered using mcl (v14-137) (Li et al., 2003) to reduce
the dimension of search space. The analysis yielded 44 clusters,
three of which were further separated into two subclusters based on
manual inspection, yielding 47 total clusters (Supplementary
Table 1). The prediction of potential AMPs was performed using
Antimicrobial Peptide Scanner (v2), a prediction tool implemented
in the database of antimicrobial activity and peptide structure
(DBAASP v3.0), and AMPDiscover (Veltri et al., 2018; Pinacho-
Castellanos et al., 2021; Pirtskhalava et al., 2021). Nucleotide
sequences belonging to each subcluster were aligned by MUSCLE
(v5.1) (Edgar, 2021) using default parameters. Hidden Markov
model (HMM) sequence profiles were built and used to search
2061 Streptomyces genomes and 761 selected Actinobacterial
genomes (Supplementary Tables 2, 3) (Eddy, 2011; Wheeler and
Eddy, 2013). In visualizing the results of homology searches, a
phylogenomic tree based on whole proteome sequences was created
by using CVTree (Qi et al., 2004). The K-tuple length was set to six,
as determined in the previous study (Zuo et al., 2010). The
distribution of protein homology was visualized by a
phylogenomic tree using Graphical Phylogenetic Analysis
(GraPhlAn v1.1.4) (Asnicar et al., 2015).

2.2 Genome assembly, gene prediction,
and functional annotation

The PacBio reads were assembled by RS HGAP Assembly (v3.0;
Pacific Biosciences; https://www.pacb.com/products-and-services/
analytical-software/smrt-analysis/). Pilon (v1.21) (Walker et al,
2014) was used to polish the draft assembly with the filtered
Mlumina reads. The quality of gene prediction was evaluated
using Benchmarking Universal Single-Copy Orthologs (BUSCO
v5.3.2; actinobacteria_phylum_odbl10 dataset) (Manni et al., 2021).
The prediction of protein-coding and RNA genes was performed
using Prokka (v1.13) (Seemann, 2014) and RNAmmer (v1.2)
(Lagesen et al., 2007), respectively. Visual representation of
genomic features, including gene prediction was performed using
Circos (v0.69-9) (Krzywinski et al., 2009). The assignment of
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Clusters of Orthologous Groups (COGs) for the predicted genes
was conducted using eggNOG-mapper (Cantalapiedra et al., 2021).

2.3 Species identification

The 16S rRNA gene sequence (1513 bp) retrieved from the
genome was analyzed using the EZBioCloud 16S database (Yoon
et al., 2017). Genomic relatedness indices, including digital DNA-
DNA hybridization ({(DDH) and average nucleotide identity, were
calculated using the recommended settings of the Genome-to-
Genome Distance Calculator (GGDC v3.0) (Meier-Kolthoft et al.,
2013; Meier-Kolthoff et al,, 2022) and Orthologous Average
Nucleotide Identity Tool (v1.40) (Lee et al,, 2016), respectively.
Genomic relatedness was visualized in a scatter plot using ggplot2,
ggExtra, and ggthemes packages (Wickham, 2016; Arnold, 2021;
Baker, 2022) in R (v4.1.2) (Team, 2021).

2.4 Expression and purification of
peptide SHC-AMP

Based on the identification pipeline for potential AMPs, peptide
KPP03845_1_ 03451 named SHC-AMP was selected and then
amplified by PCR using DNA of strain KPP03845 as a template
and the following set of primers that contain EcoRI and Xhol
restriction sites for subsequent insertion into the pGEX-4T-1
plasmid (Addgene, Cambridge, MA): 3451F (5'-AAGAA
TTCGTGGGCTCTGTTATCAAG-3') and 3451R (5'-AACTCGA
GTTACTTCTTGTTACGGCG-3'). Expand High Fidelity enzyme
mix (Roche Diagnostics, Mannheim, Germany) was added to the
reaction. Amplification was performed with an initial denaturation
step at 95°C for 5 min, followed by 25 cycles of denaturation at 94°C
for 1 min, annealing at 60°C for 1 min, extension at 72°C for 1 min
and 30 s, and a final extension at 72°C for 3 min. The amplified
peptide SHC-AMP was cloned into the pGEX-4T-1 plasmid vector,
and then the recombinant plasmid was transformed into E. coli
strain BL21 (DE3) (DYNE BIO, Seoul, Korea). For protein
expression, the cell was cultured in Luria-Bertani (LB) broth
(Difco Laboratories, Detroit, Mich.) containing ampicillin at 37°C
overnight in a shaking incubator at 200 rpm. Twenty milliliters of
overnight culture was transferred into 2 L of LB broth containing
100 pg mL™" of ampicillin. Isopropyl-B-D-1-thiogalactopyranoside
(Sigma Chemical Co., St Louis, MO, USA) was added to the culture
to a final concentration of 1 mM during the late log phase (ODgqg -
0.6-0.8). Then, the culture was shaken further for 16 h at 18°C.
After harvesting by centrifugation at 6900 xg for 20 min, the cells
were resuspended in buffer A containing 20 mM Tris-HCI (pH 8.0)
and 100 mM NaCl and then disrupted by sonication. Cell debris was
removed by centrifugation at 9500 xg and 4°C for 1 h. The
supernatant was loaded onto a glutathione-Sepharose column
(GE Healthcare) equilibrated with buffer A for purification. After
the column was washed with buffer A, the protein binding to the
column was eluted using elution buffer containing 20 mM Tris-HCl
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(pH 8.0) and 20 mM reduced glutathione (Sigma Chemical Co., St
Louis, MO, USA). Eluted protein was cleaved with thrombin at 4°C
for 16 h. The eluted fractions (flow through, wash with buffer A,
GST-KPP03845_1_03451, GST-cleaved KPP03845_1_03451 and
GST) were separated using the SDS-PAGE on 15% gel (data not
shown). The protein expression was confirmed by the size of the
SDS-PAGE gel. The expressed KPP03845_1_03451 protein (69.6
ug) was examined for antifungal activity against F. oxysporum f. sp.
lycopersici. The KPP03845_1_03451 amino acid sequence was
synthesized as '"MGSVIKKRRKRMAKKKHRKLLKRTRVQ
RRNKK?? (Peptron, Daejeon, Republic of Korea). The
synthesized protein sequence was determined using a high-
performance liquid chromatography (HPLC) system
(SHIMADZU Prominence HPLC System) equipped with Shiseido
capcell pak C18 (4.6 x 50 mm, 5 um, 120 A) and mass spectrometer
(SHIMADZU LCMS-2020 system). Solvent A consisted of water
containing 0.1% trifluoroacetic acid, and solvent B consisted of
acetonitrile containing 0.1% trifluoroacetic acid. The HPLC analysis
was conducted at a flow rate of 1 mL/min using a linear gradient
elution of 3-10% B (2 min), 10-40% B (10 min) and 40-60% B
(1 min). Synthesized protein was monitored at 220 nm.

2.5 Homology modeling of
peptide SHC-AMP

Three-dimensional structure of the peptide, SHC-AMP, was
modelled by using the SWISS-MODEL homology modeling server
(https://swissmodel.expasy.org) (Waterhouse et al., 2018). The
amino acid sequence of SHC-AMP was graphically represented
by using iCn3D (Wang et al.,, 2020).

2.6 Determination of the minimum
inhibitory concentration (MIC) of
SHC-AMP for various plant pathogens

The MIC values of the synthesized peptide were evaluated against
various plant pathogens using the modified CLSI protocol in a 96-
well plate (Rex, 2008). Then, 25 pL of conidial suspensions (final
concentration of 4 x 10° spores mL™') of Aspergillus oryzae,
Alternaria brassicicola, Botrytis cinerea, Colletotrichum orbiculare,
F. oxysporum f. sp. lycopersici, and Rhizopus stolonifer var.
stolonifer or bacterial suspensions (final concentration of 4 x 10°
CFU mL™) of Erwinia carotovora subsp. atroseptica BAA672, E.
carotovora subsp. carotovora ATCC39048, Pseudomonas syringae pv.
tomato DC3000, and Xanthomonas campestris pv. vesicatoria Dsl
were added to 96-well plates (SPL life Sciences, Pocheon, Korea),
followed by the addition of 49 uL of distilled water. The growth
medium contained 25 uL of 4 x PDB or 4 x LB for fungi and bacteria,
respectively. Subsequently, the synthesized peptide was added to each
well at final concentrations of 0.5-512 pg mL ™", MICs of synthesized
peptide were determined as the lowest concentration that caused
complete growth inhibition by visual examination after 48 h.
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2.7 Bacterial growth suppression assay
in A. thaliana

Bacterial growth of Pst DC3000 in response to SHC-AMP
treatment was confirmed in Col-0 as described in the previously
reported method with minor modifications (Tornero and Dangl,
2001). Pst DC3000 suspension (1 x 10° CFU mL") was inoculated
into 5-week-old A. thaliana leaves using needleless syringe, until the
suspension is spread to whole leaf. A series of concentrations of
SHC-AMP (32 Ug, 64 1g, and 128 ug mL™") were infiltrated 1 day
post-Pst DC3000 infection in the same way with Pst DC3000. Two
and four days after bacterial infection, four leaf discs (6 mm in
diameter) were collected for each sampling with three replicates to
measure bacterial growth. In case of 0 dpi, leaves were collected
after water soaking area disappeared. Leaf discs were ground in
homogenizer with 300 pl of 10 mM of MgCl,. 700 pl of distilled
water was added to meet 1 mL, and ten-fold serial dilution was
performed with distilled water. Diluted samples (10 ul) were spotted
on King’s B agar plate supplemented with rifampicin and
cycloheximide at a final concentration of 25 ug mL™'. After
culturing bacteria in 28°C incubator overnight, the number of
CFU was counted for each sample. Disease damage was
calculated as damaged leaf area/total leaf area x 100%. The effect
of SHC-AMP treatment in Pst DC3000 infected plant leaves was
analyzed by one-way analysis of variance (ANOVA) using SAS 9.4
(SAS Inst., Cary, NC, USA). When ANOVA indicated significance,
means were separated using Least Significant Difference (LSD) test
at o = 0.05.

3 Results

3.1 Identification and distribution of
highly conserved proteins in the
genus Streptomyces

An identification pipeline was constructed to search for
potential antimicrobial proteins that are highly conserved in the
genus Streptomyces. The NCBI IPG database was used as the initial
database to identify candidate sequences. A total of 1720 protein
sequences were found in more than 100 prokaryotic genomes,
including those belonging to Streptomyces in the RefSeq database.
Of these protein sequences, only 375 were found in more than 100
Streptomyces genomes, yielding 272 IPGs after filtering out
ribosomal proteins. Ribosomal proteins were identified on the
basis of protein annotation from the NCBI Gene database and
discarded because of their conserved structure and function during
evolution (Timsit et al.,, 2021). Only sequences shorter than 100
amino acids (aa) in length were retained for further analysis because
the majority (97.54% or 3089/3167) of AMPs in the Antimicrobial
Peptide Database (APD3; https://aps.unmc.edu/downloads; last
accessed on July 18, 2022) (Wang et al., 2016) were shorter than
100 aa in length. AMP prediction was performed using three
recently developed tools, resulting in 125 sequences (Veltri et al.,
2018; Pinacho-Castellanos et al., 2021; Pirtskhalava et al., 2021). Of
the 125 sequences, 47 were predicted to be AMPs by at least one
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predictor, 11 sequences by two predictors, and one sequence by all
three (Supplementary Table 4). The 47 proteins belonged to 17
clusters (19 subclusters) based on protein clustering analysis of the
125 sequences. Subsequently, HMM sequence profiles built for the
19 subclusters were used to scan 2062 Streptomyces genomes and
762 selected Actinobacterial genomes. The homology distribution
showed intricate patterns, showing wide degrees of sequence
conservation (Figure 1, Supplementary Figure 1). Only few genes
encoding highly homologous proteins were functionally
characterized, playing regulatory roles in sporulation,
morphology, and antibiotic production (Supplementary Table 5).
Cluster43, representing a SHC-AMP, was selected for experimental
validation because significant sequence similarities were found in
2054 out of 2062 Streptomyces genomes, and all of the three tools
were predicted it to be an AMP.

3.2 Species identification and genome
summary for the strain KPP03845

Several reports have been found novel AMPs identified in
Streptomyces strains, all of which exhibited strong antimicrobial
activity (Vasilchenko et al., 2020; Zhang et al., 2020). Meanwhile,
Streptomyces strain KPP03845 was isolated from soil, and its high
degree of antifungal activity against plant pathogenic fungi was
demonstrated (Supplementary Figure 2). The culture filtrate (2 mL)
of strain KPP03845 showed inhibition zone diameters of 35 mm, 25
mm, 28 mm, 24 mm, 30 mm and 32 mm for A. brassicicola, A.
oryzae, C. gloeosporioides, C. orbiculare, F. oxysporum f. sp.
lycopersici and F. oxysporum f. sp. lycopersici, respectively. The
culture filtrate did not show a clear inhibition zone against R.
stolonifer var. stolonifera. Thus, the strain KPP03845 was sequenced
for use in comparative genome analysis and as a genetic template
for heterologous expression and peptide synthesis.

The complete genome of the strain KPP03845 was assembled in
a single chromosome of 8204848 bp with 72.31% GC content. In
addition, two plasmids were assembled into molecules of 289669
and 101118 bp (Table 1, Figure 2). A total of 6262 protein-coding
genes were assigned with COGs, yielding 7018 hits (Supplementary
Table 6). In addition to gene matches with unknown functions, the
top five largest groups included genes involved in transcription
(859), amino acid transport and metabolism (680), signal
transduction mechanism (518), carbohydrate transport and
metabolism (487), and inorganic ion transport and metabolism
(390) (Supplementary Table 6).

The 16S rRNA gene of the strain KPP03845 (1513 bp) showed
100% similarity spanning 1447 bp with that of Streptomyces
xanthophaeus NRRL B-5414", S. nojiriensis LMG 200947, and S.
spororaveus LMG 20313". In addition, 11 other strains had
similarity greater than 99%, hindering accurate species
identification (Supplementary Table 7). Indices of genomic
relatedness, dDDH and OrthoANI, were calculated for 2061
Streptomyces genomes (Supplementary Table 2) to identify the
KPP03845 strain. The widely accepted criteria for species
demarcation (Auch et al, 2010; Lee et al., 2016) were applied to
the calculations. Two S. xanthophaeus genomes with OrthoANI
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Identification pipeline for potential antimicrobial peptides among highly conserved proteins in the genus Streptomyces. (A) A flowchart of the
pipeline to search for a potential antimicrobial peptide from the highly conserved proteins in Streptomyces spp. (B) Relative ratio to the maximum
homology score for each sequence profile is shown in the color gradient on the right. A monophyletic group, including the strain KPP03845 and
105 Streptomyces spp., is shaded in gray. The strain KPP03845 is indicated with a filled star mark at the terminal node. *IPG, Identical Protein Group.

values greater than 98% and dDDH values of 83.5% were identified
(Supplementary Figure 3, Supplementary Table 2). Collectively, the
strain KPP03845 was identified as S. xanthophaeus.

3.3 Production and purification of
peptide SHC-AMP

Based on the prediction results from the identification pipeline,
the KPP03845_1_03451 gene was selected to test for antimicrobial
activity. The full-length open reading frame of KPP03845_1_03451
(M1 to K32) from the gDNA of S. xanthophaeus strain KPP03845
was cloned into the expression vector, pGEX-4T-1, between the
EcoRI and Xhol restriction enzyme sites. Then, the recombinant

TABLE 1 Genomic features of Streptomyces xanthophaeus
strain KPP03845.

Genomic Feature Value

Chromosome: 8,204,848
Plasmids: 289,669/101,118

Size of the genome assembly (bp)

GC content (%) 70.29

Protein-coding genes/regions (bp)/Avg. CDS (aa) 7,750/7,187,586/322

tRNA/rRNA genes 88/21
The number of genes assigned to COG categories 7,372
Complete BUSCOs (%) 100

Frontiers in Plant Science

protein was expressed in E. coli BL21 (DE3). After the purification
of the protein by affinity chromatography using glutathione-
Sepharose, 69.6 pg of the purified protein was shown to have
antifungal activity against F. oxysporum f. sp. lycopersici
(Figure 3). In addition, 300 pg of the synthesized peptide SHC-
AMP exhibited antifungal activity against F. oxysporum f. sp.
lycopersici (Figure 3).

3.4 Antimicrobial activity of the
synthesized peptide SHC-AMP on various
plant pathogens

The antimicrobial activity of the synthesized SHC-AMP was
evaluated against various plant pathogens by using modified CLSI
microdilution method. The synthesized peptide exhibited
antimicrobial activity against several plant pathogenic bacteria
and fungi used in this assay (Table 2). The growth of X.
campestris pv. vesicatoria Dsl and P. syringae pv. tomato DC3000
was inhibited at 256 and 128 pg mL™, respectively, whereas the
antibacterial activity against E. carotovora subsp. atroseptica
BAA672 and E. carotovora subsp. carotovora was not observed.
The synthesized peptide inhibited the mycelial growth of A.
brassicicola, B. cinerea, and F. oxysporum f. sp. lycopersici at
concentrations of 32 to 128 pg mL™', whereas the mycelial growth
of A. oryzae, C. orbiculare, or R. stolonifer var. stolonifer was not
inhibited even at a concentration of 512 ug mL™".
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Plasmid 1
289,669 bp

Plasmid 2
101,118 bp

Genomic features of S. xanthophaeus strain KPP03845. (A) The circular diagram represents the chromosome of the strain KPP03845. From the
outermost track to the center: (i) predicted genes (blue/red for forward/reverse strand), (i) GC content (blue/red for above/below average), and
(iii) GC skew (green: >0 and yellow: <0). (B, C) Circular diagrams of the two plasmids. Tracks from the outside show the predicted genes, GC

content, and GC skew.

3.5 Growth suppression against
Pseudomonas syringae pv. tomato DC3000

The synthesized SHC-AMP was evaluated with regard to its
ability to suppress Pst DC3000 infection in A. thaliana leaves. The
symptoms developed at 2 days after bacterial infection in the SHC-
AMP-untreated control. Four days after infection, A. thaliana
leaves treated with the SHC-AMP at a concentration of 64 pg
mL™' exhibited attenuated Pst DC3000-infected symptoms
compared to the untreated control (Supplementary Figure 4).
However, A. thaliana leaves treated with the 32 ug mL™ and 128
ug mL™" were observed to have similar symptoms of chlorosis and
necrosis to the control leaves at 4 days after infection. A. thaliana

FIGURE 3

leaves treated with the 0 ug mL™', 32 pg mL™", 64 ug mL™', and 128
ug mL" exhibited infection damage of 36.07%, 29.38%, 1.21%, and
26.59%, respectively. For further confirmation of the reduced Pst
DC3000 growth in the SHC-AMP-treated A. thaliana leaves, the
number of bacterial colonies grown in planta was monitored
(Figure 4). The number of colonies in the SHC-AMP-untreated
leaves were observed to be 39 x 10 colony-forming units (CFU)/
cm? and 93 x 10° CFU/cm® on average at 2 days and 4 days after
inoculation of Pst DC3000. Compared to the SHC-AMP-untreated
control at 2 and 4 days after inoculation, bacterial growth was
reduced in leaves treated with 64 ug mL™" of the peptide. Treatment
with 64 ug mL™" of the SHC-AMP reduced the bacterial growth of
Pst DC3000 by 8.54 and 2.82 times compared to control,

Antifungal activity of (A) recombinant peptide SHC-AMP and (B) synthesized peptide SHC-AMP against Fusarium oxysporum f. sp. lycopersici.
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TABLE 2 Minimum inhibitory concentrations (MICs) of the synthesized
peptide SHC-AMP against various plant pathogens.

MICs? (ug mL™)
SHC-AMP

Plant pathogenic microorganism

Erwinia carotovora subsp. atroseptica BAA672 >512°
Erwinia carotovora subsp. carotovora ATCC39048 >512°
Pseudomonas syringae pv. tomato DC3000 128
Xanthomonas campestris pv. vesicatoria Ds1 256
Aspergillus oryzae >512°
Alternaria brassicicola 128
Botrytis cinerea 128
Colletotrichum orbicular >512°
Fusarium oxysporum f.sp. lycopersici 32
Rhizopus stolonifer var. stolonifer >512°

“The lowest concentration that completely inhibited the growth of the plant pathogens was
determined after incubation for 48 h.

PThe value of >512 represents that growth of the test plant pathogenic microorganism was not
inhibited at concentrations up to 512 ug mL™.

respectively. Initially, treatment with 32 pg mL™" of the SHC-AMP
suppressed the growth of Pst DC3000, but suppression of bacterial
growth was not observed at 4 days after infection. The treatment
with 128 pg mL™" of the SHC-AMP resulted in a decrease in
bacterial growth until 4 days after inoculation, but statistically
significant results were not obtained. Thus, the most effective

mmmm Mock + Pst

= 64 ng/mL + Pst

Bacterial growth [Log,  (CFU cm™)]

10.3389/fpls.2023.1250906

concentration of SHC-AMP was determined to be 64 pg mL™"
with less necrotic symptoms.

4 Discussion

A surge in the number of sequenced genomes in the last decade
promoted the exploration of the genetic diversity of the genus
Streptomyces. Although it is the most heavily sequenced genera in
the phylum Actinobacteria, the roles of highly conserved genes in
this genus have been poorly investigated (Gao and Gupta, 2012;
Zhou et al,, 2012). In this study, the culture filtrate of S.
xanthophaeus strain KPP03845 had inhibitory effects on the
mycelial growth of A. oryzae, A. brassicicola, C. orbiculare, C.
gloeosporioides, F. oxysporum f. sp. cucumerinum, F. oxysporum f.
sp. lycopersici, and R. stolonifer var. stolonifera (Supplementary
Figure 2). Based on previous reports, a large variety of oligo- and
polypeptides with antimicrobial activity have been produced by the
genus Streptomyces (Bockus et al.,, 2013). Therefore, S.
xanthophaeus strain KPP03845 was selected as a good candidate
source for the isolation of AMPs and conserved proteins in
this genus.

A total of 272 protein sequences highly conserved in
Streptomyces were considered as good candidates for generating a
target gene pool with putative antimicrobial activity. A total of 125
protein sequences highly conserved in the genus Streptomyces were
identified using the NCBI IPG database (Figure 1). Subsequently, 19
DNA sequence profiles predicted to encode AMPs were matched

w32 pg/mL + Pst

128 pg/mL + Pst

2

Days post infection (dpi)

FIGURE 4

Biocontrol ability of SHC-AMP against Pseudomonas syringae pv. tomato DC3000 infection in Arabidopsis thaliana. The "Mock + Pst” group means
inoculated with Pst DC3000 suspension, then treated with water instead of SHC-AMP. 32 ug, 64 ug, 128 ug mL* of SHC-AMP treated 1 day post-Pst
DC3000 infection. Mean separation followed analysis of variance (ANOVA) with LSD test at oo = 0.05. Means followed by different letters indicate a
significant difference between SHC-AMP-untreated and SHC-AMP-treated plants with different concentrations on each day.
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against 2061 Streptomyces genomes (Figure 1). To date, only a few
of the predicted peptides have been functionally characterized to
date, which play regulatory roles in morphology and antibiotic
production (Supplementary Table 5). Genome analysis and three
prediction tools (Veltri et al., 2018; Pinacho-Castellanos et al., 2021;
Pirtskhalava et al,, 2021) suggested that the highly conserved
peptide, KPP03845_1_03451 (SHC-AMP), found in 2054 out of
2062 genomes, may have antimicrobial activity (Supplementary
Table 4). This 32-aa peptide, is unusually rich in basic amino acids,
including arginine (25.00%) and lysine (31.25%) (Supplementary
Figure 5). Arginine-rich peptides, in combination with other amino
acids (lysine, serine, proline, glycine, tryptophan, valine, and
glutamic acid), can function as cellular pathway regulators and
potent antimicrobial agents (Chandana and Venkatesh,
2016). These peptides have the innate ability to combat
pathogenic invasions (Radek and Gallo, 2007). In general, they
comprised <100 amino acids with positively charged and
hydrophobic amino acids. Given these characteristics, these
cationic peptides exhibited potential antibacterial and antifungal
activities because they can bind to negatively charged phospholipid
membranes and penetrate the cytoplasmic matrix (Radek and
Gallo, 2007). For example, arginine-rich protegrins exhibit
potential antibacterial and antifungal activities. However, the
function of the peptide SHC-AMP remains unknown; only its
expression pattern in nitrogen-restricted medium has been
reported (Gidalevitz et al., 2003; Lewis et al, 2011). Thus, it
might be optimized to work only in a given composition and
environment. We confirmed that the peptide SHC-AMP has a
broad spectrum of antimicrobial activity against agronomically
important plant pathogenic bacteria and fungi (Table 2). The
munumbicins A, B, C, and D produced by Streptomyces sp.
NRRL 30562 have been reported as wide-spectrum antibiotics
against plant pathogens including Geotrichum candidum,
Phytophthora cinnamomi, Pseudomonas syringae, Pythium
ultimum, Rhizoctonia solani, and Sclerotinia sclerotiorum (Castillo
et al, 2002). The MIC values of these peptides against plant
pathogens ranged from 0.2 to 31.2 pg mL™". Collectively, these
results indicate that the ability of Actinomycetes to protect
themselves from invading microorganisms or other species may
be a key factor in survival during evolution. Although its exact role
remains unclear, the major role of peptide SHC-AMP would be
modulation of the immune system to control and limit
microbial infection.

The synthesized SHC-AMP was tested for its ability to protect A.
thaliana against infection by Pst DC3000 in vivo (Figure 4,
Supplementary Figure 4). The peptide can effectively protect A.
thaliana against Pst DC3000 infection after treatment at 64 pg mL™.
Recently, the arginine-rich SM-985 peptide has been reported to inhibit
protection against leaf spot disease infection caused by Pst DC3000
(Qutb et al, 2020). Cathelicidins, such as proline/arginine peptides,
have shown activity against antibiotic-resistant bacteria such as
methicillin-resistant Staphylococcus aureus (Turner et al, 1998),
vancomycin-resistant Enterococcus faecalis (Skerlavaj et al., 1999),
and multi-resistant Pseudomonas aeruginosa (Turner et al, 1998).
These results indicate that the SHC-AMP can used as major
ingredient in pesticide for plant disease control. However, the effect
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of SHC-AMP was reduced at the concentration of 128 pg mL™. The
disease control efficacy of antimicrobial agents on pathogen-infected
plants is related to their concentration, but it is not always positively
correlated. Our results suggested that the most effective concentration
of SHC-AMP against Pst DC3000 infection in A. thaliana is at the
concentration of 64 pug mL™.

AMP analyses of 2061 Streptomyces genomes have led to the
discovery of 19 highly conserved genes that have antimicrobial
characteristics. These peptides will provide novel targets for
agricultural and biotechnological applications. The present results
show the antifungal efficacy of the SHC-AMP against plant
pathogens and its specific ability to protect A. thaliana from
infection by Pst DC3000. Thus, the highly conserved peptide,
SHC-AMP, was considered as a newly defined AMP that inhibits
the growth of plant pathogens.

5 Conclusion

Comparative analysis of 2061 Streptomyces genomes with the
NCBI IPG database led to the identification of 19 sequences as
potential AMPs that are highly conserved in the genus Streptomyces.
The KPP03845 strain was phylogenomically identified as a member
of S. xanthophaeus. The peptide SHC-AMP was one of the 19 highly
conserved peptides across the genus Streptomyces. The SHC-AMP
exhibited antimicrobial activities against bacterial and fungal
pathogens. In particular, the SHC-AMP can also protect A.
thaliana against Pst DC3000 infection. A new AMP was
discovered from the genome sequence of the strain KPP03845 by
the comparative genome analysis which provided an outlook of
highly conserved proteins in the genus Streptomyces.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Author contributions

Formal analysis, investigation, B], NY, and JC. Conceptualization,
methodology, B] and JC. Resources, BJ. Software, data curation,
visualization, JC. Writing original draft, writing review & editing, BJ,
JK, and JC. Funding acquisition, JK. All authors contributed to the
article and approved the submitted version.

Funding

This work was supported by intramural grants from the Korea
Institute of Science and Technology (27206668, 2206831, and
2706851). NY was supported by the BK21 FOUR program
(Grant No. 4299991014324) and Rural Development
Administration (PJ015871032021).

frontiersin.org


https://doi.org/10.3389/fpls.2023.1250906
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Jeon et al.

Acknowledgments

The authors would like to thank the Professor Beom Seok Kim
from the Korea university for providing the bacterial strain
KPP03845 and the Korea Institute of Science and Technology for
providing funding.

Conflict of interest

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

References

Arnold, J. B. (2021) ggthemes: Extra Themes, Scales and Geoms for ‘ggplot2’. Available
at: https://CRAN.R-project.org/package=ggthemes.

Asnicar, F., Weingart, G., Tickle, T. L., Huttenhower, C., and Segata, N. (2015).
Compact graphical representation of phylogenetic data and metadata with GraPhlAn.
Peer] 3, €1029. doi: 10.7717/peer;j.1029

Auch, A. F, von Jan, M., Klenk, H. P., and Goker, M. (2010). Digital DNA-DNA
hybridization for microbial species delineation by means of genome-to-genome
sequence comparison. Stand. Genomic Sci. 2 (1), 117-134. doi: 10.4056/sigs.531120

Baker, D. A. A. C. (2022) ggExtra: Add Marginal Histograms to ‘ggplot2’, and More
‘ggplot2’ Enhancements. Available at: https://CRAN.R-project.org/package=ggExtra.

Berdy, J. (2005). Bioactive microbial metabolites. J. Antibiot. 58 (1), 1-26. doi:
10.1038/ja.2005.1

Bockus, A. T., McEwen, C. M., and Lokey, R. S. (2013). Form and function in cyclic
peptide natural products: a pharmacokinetic perspective. Curr. Top. Med. Chem. 13 (7),
821-836. doi: 10.2174/1568026611313070005

Bohlmann, H. (1999). The role of thionins in the resistance of plants. In: S. K. Datta
and S. Muthukrishnan eds. Pathogenesis-related proteins in plants. New York: CRC
Press, 207-234.

Cantalapiedra, C. P., Hernandez-Plaza, A., Letunic, L, Bork, P., and Huerta-Cepas, J.
(2021). eggNOG-mapper v2: Functional Annotation, Orthology Assignments, and
Domain Prediction at the Metagenomic Scale. Mol. Biol. Evol. 38 (12), 5825-5829.
doi: 10.1093/molbev/msab293

Castillo, U. F,, Strobel, G. A., Ford, E. J., Hess, W. M., Porter, H., Jensen, J. B, et al.
(2002). Munumbicins, wide-spectrum antibiotics produced by Streptomyces NRRL
30562, endophytic on Kennedia nigriscans. Microbiology 148 (9), 2675-2685. doi:
10.1099/00221287-148-9-2675

Chan, Y.-L., Prasad, V., Chen, K. H,, Liu, P. C,, Chan, M.-T., and Cheng, C.-P. (2005).
Transgenic tomato plants expressing an Arabidopsis thionin (Thi2. 1) driven by fruit-
inactive promoter battle against phytopathogenic attack. Planta 221 (3), 386-393. doi:
10.1007/s00425-004-1459-3

Chandana, T., and Venkatesh, P. (2016). Occurrence, functions and biological
significance of arginine-rich proteins. Curr. Protein Pept. Sci. 17 (5), 507-516. doi:
10.2174/1389203717666151201192348

Eddy, S. R. (2011). Accelerated profile HMM searches. PLoS Comput. Biol. 7 (10),
€1002195. doi: 10.1371/journal.pcbi.1002195

Edgar, R. C. (2021). MUSCLE v5 enables improved estimates of phylogenetic tree
confidence by ensemble bootstrapping. bioRxiv 2021, 2006.2020.449169. doi: 10.1101/
2021.06.20.449169

Gao, B., and Gupta, R. S. (2005). Conserved indels in protein sequences that are
characteristic of the phylum Actinobacteria. Int. J. Syst. Evol. Microbiol. 55 (6), 2401-
2412. doi: 10.1099/ijs.0.63785-0

Gao, B, and Gupta, R. S. (2012). Phylogenetic framework and molecular signatures
for the main clades of the phylum Actinobacteria. Microbiol. Mol. Biol. Rev. 76 (1), 66—
112. doi: 10.1128/MMBR.05011-11

Gidalevitz, D., Ishitsuka, Y., Muresan, A. S., Konovalov, O., Waring, A. J., Lehrer, R.

L, et al. (2003). Interaction of antimicrobial peptide protegrin with biomembranes.
Proc. Natl. Acad. Sci. U. S. A. 100 (11), 6302-6307. doi: 10.1073/pnas.0934731100

Harvey, A. L., Edrada-Ebel, R., and Quinn, R. J. (2015). The re-emergence of natural
products for drug discovery in the genomics era. Nat. Rev. Drug Discov. 14 (2), 111-
129. doi: 10.1038/nrd4510

Frontiers in Plant Science

10.3389/fpls.2023.1250906

Publisher’'s note

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

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1250906/
full#supplementary-material

Khabthani, S., Rolain, J.-M., and Merhej, V. (2021). In silico/in vitro strategies leading
to the discovery of new nonribosomal peptide and polyketide antibiotics active against
human pathogens. Microorganisms 9 (11), 2297. doi: 10.3390/microorganisms9112297

Krzywinski, M., Schein, J., Birol, I, Connors, J., Gascoyne, R., Horsman, D., et al.
(2009). Circos: an information aesthetic for comparative genomics. Genome Res. 19 (9),
1639-1645. doi: 10.1101/gr.092759.109

Lagesen, K., Hallin, P., Rodland, E. A., Staerfeldt, H. H., Rognes, T., and Ussery, D.
W. (2007). RNAmmer: consistent and rapid annotation of ribosomal RNA genes.
Nucleic Acids Res. 35 (9), 3100-3108. doi: 10.1093/nar/gkm160

Lee, I, Ouk Kim, Y., Park, S. C., and Chun, J. (2016). OrthoANI: An improved
algorithm and software for calculating average nucleotide identity. Int. J. Syst. Evol.
Microbiol. 66 (2), 1100-1103. doi: 10.1099/ijsem.0.000760

Lewis, R. A,, Shahi, S. K, Laing, E., Bucca, G., Efthimiou, G., Bushell, M., et al. (2011).
Genome-wide transcriptomic analysis of the response to nitrogen limitation in
Streptomyces coelicolor A3(2). BMC Res. Notes 4, 78. doi: 10.1186/1756-0500-4-78

Li, L., Stoeckert, C. J.Jr., and Roos, D. S. (2003). OrthoMCL: identification of ortholog
groups for eukaryotic genomes. Genome Res. 13 (9), 2178-2189. doi: 10.1101/
gr.1224503

Manni, M., Berkeley, M. R,, Seppey, M., Simao, F. A., and Zdobnov, E. M. (2021).
BUSCO update: novel and streamlined workflows along with broader and deeper
phylogenetic coverage for scoring of eukaryotic, prokaryotic, and viral genomes. Mol.
Biol. Evol. 38 (10), 4647-4654. doi: 10.1093/molbev/msab199

Meier-Kolthoff, J. P., Auch, A. F., Klenk, H. P., and Goker, M. (2013). Genome
sequence-based species delimitation with confidence intervals and improved distance
functions. BMC Bioinformatics 14, 60. doi: 10.1186/1471-2105-14-60

Meier-Kolthoff, J. P., Carbasse, J. S., Peinado-Olarte, R. L., and Goker, M. (2022).
TYGS and LPSN: a database tandem for fast and reliable genome-based classification
and nomenclature of prokaryotes. Nucleic Acids Res. 50 (D1), D801-D807.
doi: 10.1093/nar/gkab902

Muramoto, N., Tanaka, T., Shimamura, T., Mitsukawa, N., Hori, E., Koda, K, et al.
(2012). Transgenic sweet potato expressing thionin from barley gives resistance to black
rot disease caused by Ceratocystis fimbriata in leaves and storage roots. Plant Cell Rep.
31 (6), 987-997. doi: 10.1007/s00299-011-1217-5

O’Keefe, B. R. (2001). Biologically active proteins from natural product extracts. J.
Nat. Prod. 64 (10), 1373-1381. doi: 10.1021/np0103362

Park, J.-S., Kim, D.-E., Hong, S.-C., Kim, S.-Y., Kwon, H. C.,, Hyun, C.-G,, et al.
(2021). Genome Analysis of Streptomyces nojiriensis JCM 3382 and Distribution of
Gene Clusters for Three Antibiotics and an Azasugar across the Genus Streptomyces.
Microorganisms 9 (9), 1802. doi: 10.3390/microorganisms9091802

Patridge, E., Gareiss, P., Kinch, M. S., and Hoyer, D. (2016). An analysis of FDA-
approved drugs: natural products and their derivatives. Drug Discov. Today 21 (2), 204—
207. doi: 10.1016/j.drudis.2015.01.009

Pinacho-Castellanos, S. A., Garcia-Jacas, C. R., Gilson, M. K., and Brizuela, C. A.
(2021). Alignment-free antimicrobial peptide predictors: improving performance by a
thorough analysis of the largest available data set. J. Chem. Inf. Model. 61 (6), 3141-
3157. doi: 10.1021/acs.jcim.1c00251

Pirtskhalava, M., Amstrong, A. A., Grigolava, M., Chubinidze, M., Alimbarashvili, E.,
Vishnepolsky, B., et al. (2021). DBAASP v3: database of antimicrobial/cytotoxic activity
and structure of peptides as a resource for development of new therapeutics. Nucleic
Acids Res. 49 (D1), D288-D297. doi: 10.1093/nar/gkaa991

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2023.1250906/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2023.1250906/full#supplementary-material
https://CRAN.R-project.org/package=ggthemes
https://doi.org/10.7717/peerj.1029
https://doi.org/10.4056/sigs.531120
https://CRAN.R-project.org/package=ggExtra
https://doi.org/10.1038/ja.2005.1
https://doi.org/10.2174/1568026611313070005
https://doi.org/10.1093/molbev/msab293
https://doi.org/10.1099/00221287-148-9-2675
https://doi.org/10.1007/s00425-004-1459-3
https://doi.org/10.2174/1389203717666151201192348
https://doi.org/10.1371/journal.pcbi.1002195
https://doi.org/10.1101/2021.06.20.449169
https://doi.org/10.1101/2021.06.20.449169
https://doi.org/10.1099/ijs.0.63785-0
https://doi.org/10.1128/MMBR.05011-11
https://doi.org/10.1073/pnas.0934731100
https://doi.org/10.1038/nrd4510
https://doi.org/10.3390/microorganisms9112297
https://doi.org/10.1101/gr.092759.109
https://doi.org/10.1093/nar/gkm160
https://doi.org/10.1099/ijsem.0.000760
https://doi.org/10.1186/1756-0500-4-78
https://doi.org/10.1101/gr.1224503
https://doi.org/10.1101/gr.1224503
https://doi.org/10.1093/molbev/msab199
https://doi.org/10.1186/1471-2105-14-60
https://doi.org/10.1093/nar/gkab902
https://doi.org/10.1007/s00299-011-1217-5
https://doi.org/10.1021/np0103362
https://doi.org/10.3390/microorganisms9091802
https://doi.org/10.1016/j.drudis.2015.01.009
https://doi.org/10.1021/acs.jcim.1c00251
https://doi.org/10.1093/nar/gkaa991
https://doi.org/10.3389/fpls.2023.1250906
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Jeon et al.

Porter, N. (1985). Physicochemical and biophysical panel symposium biologically
active secondary metabolites. Pestic. Sci. 16, 422-427. doi: 10.1002/ps.2780160419

Qi, J., Wang, B., and Hao, B. 1. (2004). Whole proteome prokaryote phylogeny
without sequence alignment: A K-string composition approach. J. Mol. Evol. 58 (1), 1-
11. doi: 10.1007/500239-003-2493-7

Qutb, A. M., Wei, F., and Dong, W. (2020). Prediction and characterization of
cationic arginine-rich plant antimicrobial peptide SM-985 from teosinte (Zea mays ssp.
mexicana). Front. Microbiol. 11, 1353. doi: 10.3389/fmicb.2020.01353

R Core Team. (2021). R: A Language and Environment for Statistical Computing
(Vienna, Austria: R Foundation for Statistical Computing). Available at: https://www.
R-project.org/.

Radek, K., and Gallo, R. (2007). Antimicrobial peptides: Natural effectors of the

innate immune system. Semin. Immunopathol. 29, 27-43. doi: 10.1007/s00281-007-
0064-5

Rex, J. H. (2008). Reference method for broth dilution antifungal susceptibility testing
of filamentous fungi: Approved Standard. Clinical and Laboratory Standards Institute,
Wayne PA.

Scott, M. G., Yan, H., and Hancock, R. E. (1999). Biological properties of structurally
related a-helical cationic antimicrobial peptides. Infect. Immun. 67 (4), 2005-2009. doi:
10.1128/IA1.67.4.2005-2009.1999

Seemann, T. (2014). Prokka: rapid prokaryotic genome annotation. Bioinformatics
30 (14), 2068-2069. doi: 10.1093/bioinformatics/btul53

Skerlavaj, B., Benincasa, M., Risso, A., Zanetti, M., and Gennaro, R. (1999). SMAP-
29: a potent antibacterial and antifungal peptide from sheep leukocytes. FEBS Lett. 463
(1-2), 58-62. doi: 10.1016/S0014-5793(99)01600-2

Timsit, Y., Sergeant-Perthuis, G., and Bennequin, D. (2021). Evolution of ribosomal
protein network architectures. Sci. Rep. 11 (1), 625. doi: 10.1038/s41598-020-80194-4

Tornero, P., and Dangl, J. L. (2001). A high-throughput method for quantifying
growth of phytopathogenic bacteria in Arabidopsis thaliana. Plant J. 28 (4), 475-481.
doi: 10.1046/j.1365-313x.2001.01136.x

Turner, J., Cho, Y., Dinh, N.-N., Waring, A. J., and Lehrer, R. I. (1998). Activities of
LL-37, a cathelin-associated antimicrobial peptide of human neutrophils. Antimicrob.
Agents Chemother. 42 (9), 2206-2214. doi: 10.1128/AAC.42.9.2206

van Bergeijk, D. A., Terlouw, B. R,, Medema, M. H., and van Wezel, G. P. (2020).
Ecology and genomics of Actinobacteria: new concepts for natural product discovery.
Nat. Rev. Microbiol. 18 (10), 546-558. doi: 10.1038/s41579-020-0379-y

Vasilchenko, A. S., Julian, W. T., Lapchinskaya, O. A., Katrukha, G. S., Sadykova, V.
S., and Rogozhin, E. A. (2020). A novel peptide antibiotic produced by Streptomyces

Frontiers in Plant Science

10

10.3389/fpls.2023.1250906

roseoflavus strain INA-Ac-5812 with directed activity against Gram-positive bacteria.
Front. Microbiol. 11, 556063. doi: 10.3389/fmicb.2020.556063

Veltri, D., Kamath, U., and Shehu, A. (2018). Deep learning improves antimicrobial
peptide recognition. Bioinformatics 34 (16), 2740-2747. doi: 10.1093/bioinformatics/
bty179

Walker, B. J., Abeel, T., Shea, T., Priest, M., Abouelliel, A., Sakthikumar, S., et al.
(2014). Pilon: an integrated tool for comprehensive microbial variant detection and
genome assembly improvement. PLoS One 9 (11), €112963. doi: 10.1371/
journal.pone.0112963

Wang, G, Li, X,, and Wang, Z. (2016). APD3: the antimicrobial peptide database as a
tool for research and education. Nucleic Acids Res. 44 (D1), D1087-D1093.
doi: 10.1093/nar/gkv1278

Wang, J., Youkharibache, P., Zhang, D., Lanczycki, C. J., Geer, R. C., Madej, T., et al.
(2020). iCn3D, a web-based 3D viewer for sharing 1D/2D/3D representations of
biomolecular structures. Bioinformatics 36 (1), 131-135. doi: 10.1093/bioinformatics/
btz502

Waterhouse, A., Bertoni, M., Bienert, S., Studer, G., Tauriello, G., Gumienny, R,, et al.
(2018). SWISS-MODEL: homology modelling of protein structures and complexes.
Nucleic Acids Res. 46 (W1), W296-W303. doi: 10.1093/nar/gky427

Wheeler, T. J., and Eddy, S. R. (2013). nhmmer: DNA homology search with profile
HMMs. Bioinformatics 29 (19), 2487-2489. doi: 10.1093/bioinformatics/btt403

Wickham, H. (2016). ggplot2: Elegant Graphics for Data Analysis (Verlag New York:
Springer).

Xu, X, Jin, F, Yu, X,, Ji, S., Wang, J., Cheng, H., et al. (2007). Expression and
purification of a recombinant antibacterial peptide, cecropin, from Escherichia coli.
Protein Expr. Purif. 53 (2), 293-301. doi: 10.1016/j.pep.2006.12.020

Yoon, S. H,, Ha, S. M., Kwon, S., Lim, J., Kim, Y., Seo, H., et al. (2017). Introducing
EzBioCloud: a taxonomically united database of 16S rRNA gene sequences and whole-
genome assemblies. Int. J. Syst. Evol. Microbiol. 67 (5), 1613-1617. doi: 10.1099/
ijsem.0.001755

Zhang, D,, Lu, Y., Chen, H., Wu, C,, Zhang, H., Chen, L., et al. (2020). Antifungal
peptides produced by actinomycetes and their biological activities against plant
diseases. J. Antibiot. 73 (5), 265-282. doi: 10.1038/s41429-020-0287-4

Zhou, Z., Gu, J,, Li, Y. Q,, and Wang, Y. (2012). Genome plasticity and systems
evolution in Streptomyces. BMC Bioinformatics 13 (Suppl 10), S8. doi: 10.1186/1471-
2105-13-5S10-S8

Zuo, G., Xu, Z., Yu, H,, and Hao, B. (2010). Jackknife and bootstrap tests of the
composition vector trees. Genom. Proteomics Bioinformatics 8 (4), 262-267.
doi: 10.1016/51672-0229(10)60028-9

frontiersin.org


https://doi.org/10.1002/ps.2780160419
https://doi.org/10.1007/s00239-003-2493-7
https://doi.org/10.3389/fmicb.2020.01353
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1007/s00281-007-0064-5
https://doi.org/10.1007/s00281-007-0064-5
https://doi.org/10.1128/IAI.67.4.2005-2009.1999
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1016/S0014-5793(99)01600-2
https://doi.org/10.1038/s41598-020-80194-4
https://doi.org/10.1046/j.1365-313x.2001.01136.x
https://doi.org/10.1128/AAC.42.9.2206
https://doi.org/10.1038/s41579-020-0379-y
https://doi.org/10.3389/fmicb.2020.556063
https://doi.org/10.1093/bioinformatics/bty179
https://doi.org/10.1093/bioinformatics/bty179
https://doi.org/10.1371/journal.pone.0112963
https://doi.org/10.1371/journal.pone.0112963
https://doi.org/10.1093/nar/gkv1278
https://doi.org/10.1093/bioinformatics/btz502
https://doi.org/10.1093/bioinformatics/btz502
https://doi.org/10.1093/nar/gky427
https://doi.org/10.1093/bioinformatics/btt403
https://doi.org/10.1016/j.pep.2006.12.020
https://doi.org/10.1099/ijsem.0.001755
https://doi.org/10.1099/ijsem.0.001755
https://doi.org/10.1038/s41429-020-0287-4
https://doi.org/10.1186/1471-2105-13-S10-S8
https://doi.org/10.1186/1471-2105-13-S10-S8
https://doi.org/10.1016/S1672-0229(10)60028-9
https://doi.org/10.3389/fpls.2023.1250906
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	A peptide encoded by a highly conserved gene belonging to the genus Streptomyces shows antimicrobial activity against plant pathogens
	1 Introduction
	2 Materials and methods
	2.1 Identification of pipeline for scanning potential AMPs from highly conserved proteins in the genus Streptomyces
	2.2 Genome assembly, gene prediction, and functional annotation
	2.3 Species identification
	2.4 Expression and purification of peptide SHC-AMP
	2.5 Homology modeling of peptide SHC-AMP
	2.6 Determination of the minimum inhibitory concentration (MIC) of SHC-AMP for various plant pathogens
	2.7 Bacterial growth suppression assay in A. thaliana

	3 Results
	3.1 Identification and distribution of highly conserved proteins in the genus Streptomyces
	3.2 Species identification and genome summary for the strain KPP03845
	3.3 Production and purification of peptide SHC-AMP
	3.4 Antimicrobial activity of the synthesized peptide SHC-AMP on various plant pathogens
	3.5 Growth suppression against Pseudomonas syringae pv. tomato DC3000

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


