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Abstract
Main conclusion The recombinant EcgDf1 defensin has an antimicrobial effect against both plant and human pathogens. In silico analyses predict that EcgDf1 is prone to form dimers capable of interacting with the membranes of
microorganisms.
Abstract Plant defensins comprise a large family of antimicrobial peptides (AMP) with a wide range of biological functions. They are cysteine-rich molecules, highly sequence diverse but with a conserved and stable structure. In this work, a
defensin gene (EcgDf1) was isolated from Erythrina crista-galli, a legume tree native from South America. The predicted
peptide presents eight cysteines, with a γ-core motif GXCX3-9C and six cysteines distributed like the typical defensin αβ
motif. The mature EcgDf1 coding sequence was heterologously expressed in Escherichia coli strains and purified by affinity
chromatography. Possible dimer and oligomers of EcgDf1 were visible in SDS electrophoresis. Moreover, its 3D structure,
determined by homology modeling, docking, and molecular dynamics simulations, was found to be compatible with the
formation of homodimers between the β3 and β1-loop-α1, leaving the β2-loop-β3 free to interact with lipid membranes. The
purified recombinant peptide inhibited the growth of several critical plant and human pathogens, like the opportunistic fungi
Candida albicans and Aspergillus niger and the plant pathogens Clavibacter michiganensis ssp. michiganensis, Penicillium
expansum, Botrytis cinerea, and Alternaria alternata. EcgDf1 is a promising candidate for the development of antimicrobial
products for use in agriculture and medicine.
Keywords Antimicrobial peptides · Dimerization · Docking · Erythrina crista-galli · Heterologous expression · Molecular
dynamics simulation
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IC50	Peptide concentration at which 50% inhibitions
was reached
Trx	Thioredoxin

Introduction
The production of antimicrobial peptides (AMPs) is an
important mechanism of eukaryotic innate immunity.
Among these peptides, defensins seem to be the only class
that is conserved between plants, invertebrates, and vertebrates (Thomma et al. 2002). They belong to the PR-12
(pathogenesis-related) class (Sels et al. 2008) and, like other
AMPs, they are small (~ 5 kDa), basic, cysteine rich and
exhibit an amphipathic structure (Brogden 2005). Their
three-dimensional structure presents one α-helix and three
antiparallel β-sheets that are stabilized by four intramolecular disulfide bonds formed by eight highly conserved
cysteine residues (Lay and Anderson 2005; Carvalho and
Gomes 2009). This compacted structure gives them resistance to extreme temperatures and degradation mediated by
proteases (Hegedüs and Marx 2013). Despite the similarity
and conservation of their three-dimensional structures, plant
defensins have surprisingly significant amino acid sequence
variability (Lay and Anderson 2005). The primary structure
of these peptides generally consists of a signal peptide at
the amino terminal that targets the peptide to the extracellular space, and a basic, cysteine-rich mature peptide (45–54
amino acids). However, defensins with alternative structures
have been reported (De Coninck et al. 2013).
Initially isolated from seeds, studies of protein localization and gene expression show that plant defensins can be
found in all plant organs, including fruits, flowers, pollen,
leaves, cotyledons, roots, and tubers (Carvalho and Gomes
2009). Some defensins are expressed exclusively in particular parts of a given organ, while others are constitutively
expressed in a wide range of tissues (De Coninck et al.
2013). The constitutive expression of defensin genes constitutes a primary defense of the plant against pathogen attack
(Broekaert et al. 1995), but the production of these molecules can also be induced by a wide range of biotic stresses
(Lay and Anderson 2005). In addition to their function as
defense molecules, defensins perform other roles related to
plant physiology including growth regulation, development,
fertilization (Hegedüs and Marx 2013), and resistance to
different types of abiotic stresses such as cold (Koike et al.
2002), salinity, and drought (Do et al. 2004).
Most plant defensins exhibit in vitro activity against a range
of microorganisms, especially filamentous fungi and yeasts
(Carvalho and Gomes 2009). The overexpression of defensins
in transgenic plants increased resistance against various fungal
diseases (Gao et al. 2000; Portieles et al. 2010). Such previous evidence, as well as their induction under biotic stress,
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supports the theory that these peptides play a role in plant
defense response against pathogen attack. These biological
properties turn defensins to promising molecules for the development of therapeutic agents, not only in agriculture but also
in medicine since these peptides display antimicrobial activity
also against human fungal pathogens such as Candida spp.
and Aspergillus spp. (Thevissen et al. 2007). It has also been
reported that plant defensins can inhibit certain types of cancer
(Hegedüs and Marx 2013).
The high potential of defensins as antimicrobials has
encouraged research initiatives for the development of novel
products with biotechnological applications, resulting in a
significant number of new defensin sequences available in
databases. Strategies of gene isolation along with recombinant
production have been increasingly used for the characterization
of defensin peptides, replacing the laborious and low-yield
classic strategy of purification of endogenous plant defensins
plants (Osborn et al. 1995; Games et al. 2008; Slavokhotova
et al. 2011). There are several examples of defensin production
in bacterial and yeast systems (e.g., Kant et al. 2009; Kovalskaya and Hammond 2009; Portieles et al. 2010; de Beer and
Vivier 2011; Kovaleva et al. 2011; Mello et al. 2014; Shenkarev et al. 2014; Ferreira Lacerda et al. 2016; Guillen-Chable
et al. 2017). In all of them, recombinant defensins with antimicrobial activity were obtained.
Erythrina crista-galli is a legume tree belonging to the
Papilionoideae subfamily. Most of Erythrina L. members are
trees or shrubs and are distributed throughout the tropics and
subtropics. Particularly, E. crista-galli forms extensive populations along the estuary of the Rio de La Plata in extra-tropical
South America (Neill 1988). It has been used in traditional
medicine as an antimicrobial for the treatment of infections,
wound healing, and throat infections. Also, hydromethanolic
extracts of E. crista-galli were reported to exhibit antiviral
activity (Simoes et al. 1999). In this work, we describe the
successful isolation of a plant defensin gene from this South
American legume and its heterologous expression in Escherichia coli. The purified recombinant peptide was biologically
active against a set of microorganisms, including plant pathogens and opportunistic human fungi such as Candida albicans and Aspergillus niger. The structure of the new defensin,
determined by homology modeling, docking, and molecular
dynamics simulation, was found to be compatible with the
formation of homodimers that could interact directly with the
anionic head groups of PIP2 molecules present in lipid membranes (Poon et al. 2014).
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Materials and methods
Biological material
Erythrina crista-galli seeds and leaves were obtained from
Facultad de Agronomía Garden (Montevideo, Uruguay).
Surface-sterilized seeds were germinated on Whatman
paper soaked with distilled water in Petri dishes at 28 °C.
Leaves and 4 days old seedlings were frozen in liquid
nitrogen and stored at − 70 °C until further usage.
Bacteria and fungi strains used for bioactivity assays
were obtained from the Laboratory of Microbiología Facultad de Química collection. Fungal cultures (C. albicans
CCMG13, A. niger CCMG17, Botrytis cinerea CCMG14g,
Alternaria alternata CBS916.96, Penicillium expansum
CCMG14s) were grown on potato dextrose agar (PDA)
at 28 °C. Clavibacter michiganensis ssp. michiganensis
MAI1008, and Xanthomonas versicatoria MAI2020 were
grown on Nutrient Agar at 28 °C.
Escherichia coli TOP10 (Invitrogen, Carlsbad, CA,
USA), BL21(DE3) (New England Biolabs, Ipswich, MA,
USA) and Rosetta-gami(DE3)pLysS (Novagen, Madison, WI, USA) were used as cloning or expression hosts,
respectively, and were grown on Luria–Bertani.

Isolation of E. crista‑galli DNA and RNA
Genomic DNA was extracted from fresh leaves using
the standard cetyl-trimethylammonium bromide (CTAB)
method (Doyle 1991). Total RNA was extracted using Qiagen RNeasy Plant Mini Kit (Qiagen, Hilden, Germany)
and treated with RNase-free DNase (Invitrogen) to eliminate any residual DNA. Genomic and plasmid DNA were
visualized under UV illumination after electrophoresis on
agarose gels in 1× TBE buffer, stained with GoodView
(Ecoli s.r.o., Bratislava, Slovak Republic).

EcgDf1 gene isolation and cloning
EcgDf1 gene was amplified, from E. crista-galli genomic
DNA by using primers designed by Padovan et al. (2010)
for another legume, Vigna unguiculata (Suppl. Table S1).
The PCR reaction was performed in a 20 μl reaction containing: 1 × buffer with 2 mM M gCl 2, 0.2 mM dNTPs,
2 μM of each primer, 50 ng template DNA, and 0.5 U Taq
DNA polymerase (Invitrogen). The PCR program was as
follows: 94 °C for 3 min; followed by 30 cycles of 94 °C
for 30 s, 57 °C for 40 s, and 72 °C for 40 s. PCR products were purified and cloned into a pGEM-T easy vector (Promega Corporation, Madison, WI, USA). EcgDf1

gene sequence was confirmed by sequencing four clones at
Macrogen Inc. (Seoul, Korea) and analyzed using BLAST
(http://blast.ncbi.nlm.nih.gov/Blast.cgi).
EcgDf1 coding sequence corresponding to the mature
peptide was verified by the synthesis of 3′ cDNA region from
total RNA extracted from E. crista-galli seedlings. The 3′
region was obtained by 3′-RACE according to Frohman et al.
(1988) using the same forward oligonucleotide mentioned
above. PCR products were cloned in the pGEM-T easy
vector (Promega Corporation) and sequenced. The resulting plasmid (pG-EcgDf1c) contains the complete coding
sequence of the mature peptide. The cDNA sequence was
deposited in GenBank with accession number MK783134.

E. crista‑galli genome size by flow cytometry
Genome size estimation was performed in the Flow Cytometer Facility of the Plant Biology Department, Facultad
de Agronomía, Universidad de la República. For estimation of the nuclear DNA, content samples were prepared
as described by Loureiro et al. (2007) using WPB buffer.
Briefly, a suspension of nuclei extracted from young leaves
from the sample and Glycine max (2C = 2.55 pg, used as
internal control) were chopped with a razor blade in 1 ml
of WPB buffer and filtered through a 30 µm mesh nylon
membrane into a cytometry tube. After addition of 1 ml of
propidium iodide (50 µg/ml), samples were immediately
analyzed by flow cytometry. DNA content analysis was
carried out in a Partec CyFlow SL cytometer and Flomax
software (Partec). Three DNA content estimations were carried out for the sample and nuclear DNA content (2C) was
calculated as: (Sample peak mean/standard peak mean) × 2C
DNA content of standard (pg).

Sequence analysis
The deduced amino acid sequence of EcgDf1 was analyzed
with the Expasy-ProtParam tool (http://web.expasy.org/
protparam/) to obtain the different peptide parameters. The
presence of a signal peptide sequence was evaluated with
SignalP 7.0.5 (http://www.cbs.dtu.dk/servic es/Signal P). The
deduced amino acid sequence encoding for the mature E.
crista-galli peptide was aligned against a set of 46 mature
plant defensins (Suppl. Table S2) taken from the manually
annotated and reviewed UniProt database (http://www.unipr
ot.org/). Alignment was performed in ClustalW from the
BioEdit program (Hall 1999). An unrooted tree was generated using the neighbor-joining method of the MEGA package version 10.0.4 (Tamura et al. 2011), with 5000 bootstrap
replicates. To predict which amino acids within EcgDf1 are
involved in their antimicrobial capacity, AMPA (Torrent
et al. 2012) and CAMPR3 (Waghu et al. 2016) computational tools were used. For CAMPR3 database, the support
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vector machine, random forest, artificial neural network, and
discriminant analysis algorithms were selected.

as a standard. The recombinant peptide was lyophilized and
stored at − 20 °C for further usage.

Recombinant production of EcgDf1 in E. coli

Identification of recombinant EcgDf1 peptide

Escherichia coli Rosetta-gami(DE3) and BL21(DE3) strains
and pET102/D-TOPO (Invitrogen) were used as a host/vector system for expression of the EcgDf1 gene. The expression plasmid was constructed using a restriction-free cloning strategy (Van Den Ent and Löwe 2006). The mature
coding sequence of EcgDf1 was PCR amplified from pGEcgDf1c using the primers EcgDf1_pEF and EcgDf1_pER
(Suppl. Table S1). Blunt-end PCR products were cloned in
pET102/D using a Phusion High-Fidelity DNA Polymerase (Thermo-Scientific, Waltham, MA, USA). pET102/D
without EcgDf1 sequence (pE_Trx) was constructed previously (Rodríguez-Decuadro et al. 2018) as a control. The
transformation of E. coli TOP10 was performed according
to the manufacturer’s instructions. The resulting plasmid
pE_EcgDf1 was verified by DNA sequencing. pE_EcgDf1
and pE_Trx (control) were introduced into E. coli Rosettagami (DE3)pLysS and BL21(DE3) strains. Cells were grown
and harvested as described previously (Rodríguez-Decuadro
et al. 2018) with varying post-induction times (4 and 24 h
post-induction, hpi) and temperatures (20, 28 °C), being
stored at − 70 °C until protein extraction.

Fractions containing lyophilized recombinant peptide were
resuspended in H
 2O. The molecular mass of recombinant
peptide was determined by MALDI-TOF mass spectrometry
on a 4800 MALDI TOF/TOF Analyzer (Abi Sciex). Mass
spectrometry analysis was performed in a positive linear
mode using a solution of -cyano-4-hydroxycinnamic acid
in 60% acetonitrile, 0.1% TFA as a matrix. For external calibration, a standard of cytochrome C was used (Abi Sciex).
The peptide sequence was confirmed by peptide mass fingerprinting and subsequent fragmentation of selected peptides (MS/MS). Disulfide bonds were reduced by incubation
with dithiothreitol (100 mM) for 1 h at 56 °C, and Cys was
alkylated with iodoacetamide (300 mM). Tryptic digestion
was performed overnight at 37 °C using sequencing-grade
trypsin (Promega). Peptide mixtures were mixed with matrix
solution cyano-4-hydroxycinnamic acid in 60% acetonitrile
and 0.1% TFA directly onto the sample plate. Spectra were
acquired in positive reflector mode and were externally calibrated using a standard mixture of peptides (Applied Biosystems). Peptide sequences were assigned using an in-house
Mascot v.2.3 version (Matrix Science) for searching a local
database that included the sequence of EcgDf1. The following parameters were used with variable modifications:
oxidation (M), carbamidomethyl (C), ammonia loss (N-term
C); mass values: monoisotopic; peptide mass tolerance:
± 0.05 Da; fragment mass tolerance: ± 0.45 Da. Selected
m/z values were further fragmented, and the assignment
to EcgDf1 amino acid sequence was validated by manual
inspection of MS/MS spectra.

Purification of recombinant EcgDf1
The cell pellet was resuspended in 2 ml of ice-cold lysis
buffer (50 mM potassium phosphate buffer, pH 7.5, 500 mM
NaCl, 10% glycerol, 10 mM imidazole). The cells were lysed
by sonication 4 × pulse at 4 °C (30% amplitude; 6 cycles
of: 6 s pulse-on, 9 s pulse-off; 15 s) (Cole-Parmer, Vernon
Hills, IL, USA). The lysate was centrifuged 15 min at 4 °C
and 8000g, and the supernatant was filtered through a 0.22μm filter (Millipore). Aliquots of the crude extract or culture supernatant were analyzed by 15% SDS-PAGE using
Tris–glycine buffer. Supernatant from the expression culture
was applied to a PD10 Chelating Sepharose Fast Flow column (GE Healthcare Little Chalfont, UK) loaded with Cu2+
and equilibrated with lysis buffer. The soluble fraction was
left on the column for 1 h in batch at 4 °C. Unbound proteins
were eluted by adding 20 and 30 mM imidazole in the lysis
buffer, while 300 mM imidazole was used to elute the bound
proteins. To remove the thioredoxin fusion fragment, the
Trx-EcgDf1 protein was subjected to EkMax Enterokinase
(Invitrogen) digestion for 15 and 120 h at room temperature.
Eluted fractions were analyzed by 15% SDS-PAGE using
Tris–tricine buffer (Schägger and von Jagow 1987). Fractions containing recombinant peptide were pooled and dialyzed against distilled water. The protein concentration was
estimated by Bradford assay), using bovine serum albumin
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3D structure determination of monomers
and homodimers
A protein–protein BLAST analysis was achieved against
the Protein Data Bank (PDB), finding 81% identity of the
EcgDf1 sequence with the defensin of Medicago truncatula,
which was determined by solution NMR (PDB id: 2LR3).
The program Modeller 9.20 (with default options) was used
to build ten minimized homology structures using the first
structure deposited under PDB id 2LR3 as a template (Webb
and Sali 2014). The two most distinct structures obtained
with Modeller were simulated at physiological conditions
by means of short, unbiased molecular dynamics simulations. Note that the Maestro software predicted all histidines,
including those in the extra tail, to be protonated at pH 6.5.
The models were minimized in vacuo, neutralized with 16
Cl−, solvated (with explicit water and 0.15 M of K+Cl−),
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and minimized in solution with positional restraints on the
peptide using our well-established multi-step protocol (Dans
et al. 2016). To produce the final models, the minimized
structures were thermalized to 298 °C at NVT, and then
simulated during 100 ns using molecular dynamics simulations at NPT (P = 1 atm). The last structure of both simulations (monomer 1 and 2), were used to predict possible
homodimers using the Haddock program 2.2 (van Zunder
et al. 2016). We generated 1000 structures using a rigid body
approximation, from which 200 were refined by means of
semi-flexible docking and kept for further analysis. A total
of six different docking combinations were performed: (1)
monomer 1 vs. monomer 1; (2) monomer 1 vs. 2; (3) monomer 2 vs. 2, including all the amino acids in the active docking region, or removing the histidine tail. In this way, we
produced 1200 different dimers that were clustered according to their pairwise RMSD. The lowest energy structure
from the four most distinct clusters that did not involve a
protein–protein interaction through the HIS tail was kept and
subject to microsecond MD simulations (following the same
protocol used for monomers but with extended simulations).
The peptides were represented as described previously
(Rodríguez-Decuadro et al. 2018). Briefly, we used the stateof-the-art ff14SB force field, surrounded (10 Å) by a truncated octahedral box of TIP3P water molecules, and Dang
parameters for ions. Ions were initially placed randomly, at
a minimum distance of 5 Å from the solute and 3.5 Å from
one another. All systems were simulated using the Berendsen algorithm to control the temperature and the pressure,
with a coupling constant of 5 ps. Center of mass motion
was removed every 10 ps to limit the buildup of the translational kinetic energy of the solute. SHAKE was used to keep
all bonds involving hydrogen at their equilibrium values,
allowing the use of a 2 fs step for the integration of Newton
equations of motion. Long-range electrostatic interactions
were accounted for by using the Particle mesh Ewald method
with standard defaults and a real-space cutoff of 9 Å. All
simulations were carried out using the PMEMD CUDA code
module of AMBER 16 and were analyzed with CPPTRAJ.
Structures and MD trajectories were visually analyzed using
VMD 1.9.

Antimicrobial activity assay
Antimicrobial activity was estimated microspectrophotometrically (Broekaert et al. 1990), determining the IC50
value (peptide concentration at which 50% inhibitions was
reached). Fungal spore suspension (1 × 104 spores/ml) or
bacterial suspension (1 × 105 bacteria/ml) was cultivated in
100 μl reaction, containing potato dextrose broth (for fungus), nutrient broth or tryptone soy broth (for bacteria) and
serial dilutions of recombinant EcgDf1. The maximum peptide concentration used in all assays was 1.5 µM. Control

wells contained no peptide. The microbial growth was
measured in a 96-well microtiter plate under 595 nm, after
48–72 h (appropriate for each microorganism) of incubation in the dark. The antimicrobial activity of EcgDf1 was
expressed as a percentage of growth inhibition. All experiments were performed in three replicates. The results were
expressed as the mean ± standard deviation.
After 15 days of incubation in the dark, the growth of C.
albicans was further observed in comparison with the growth
control under a stereomicroscope (Nikon SMZ 1270). Photographs were at 5 ×, 20 ×, and 80 × magnifications.

Results
Isolation and sequence analysis of EcgDf1
The EcgDf1 genomic sequence, 886 nt from the ATG start
codon to stop codon (Fig. 1), was isolated by PCR based
methodology using primers designed for the legume V.
unguiculata (Suppl. Table S1; Padovan et al. 2010). The
coding EcgDf1 sequence, isolated from seedlings cDNA,
allowed the confirmation of the open reading frame (ORF)
sequence and localization of a single intron (649 nt).
The deduced amino acid sequence (78 residues) showed
a signal peptide sequence of 31 amino acids, followed by
a mature peptide of 47 residues, containing eight cysteine
residues. The mature peptide had a theoretical mass of
5427.19 Da and basic isoelectric point (pI) of 9.37, with
an αβ motif C
 X5CXXXCX7C6CXC and a γ-core motif
GXCX6C (where X = any amino acid; Fig. 2). Evaluation
of EcgDf1 antimicrobial regions with both CAMPR3 and
AMPA algorithms helped to spot the last 20 amino acids
(RFTGGHCRGFRRRCFCTKHC), which include CSαβ and
γ-core motifs, as the region within EcgDf1 with the highest
predicted antimicrobial activity.
EcgDf1 BLAST search showed high similarity to defensin-like peptides, with 78% sequence identity to a defensin
from V. unguiculata reported by Padovan et al. (2010). A
neighbor-joining tree (Fig. 2) was built from the alignment
analysis of EcgDf1 mature sequence and a set of plantcurated full-length defensins from the UniProt database
(Suppl. Table S2). This tree clearly shows two large groups,
1 and 2, although few bootstrap values are higher than 80%,
indicating significant similarity. Sequences from group 2
have eight residues between the cysteine 4 and the glycine
of the γ-core motif, unlike the group 1 that presents seven
residues, except for three defensins (Zea mays, Sorghum
bicolor, and Arabidopsis thaliana). EcgDf1 showed greater
similarity with members of group 1. Within this group, it
was located between class I defensins and separated from
class II defensins, which were located in a separate branch.
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Fig. 1  Nucleotide and amino acid sequences of EcgDf1. The lowercase letters indicate the intron and 3′ UTR regions. Amino acid sequence of
EcgDf1 mature peptide indicated by gray shade is preceded by a signal peptide sequence predicted using the SignalP tool

Expression and purification of recombinant EcgDf1
in E. coli
The mature EcgDf1 peptide was produced in BL21(DE3)
and Rosetta-gami(DE3)pLysS strains of E. coli. To reach
the highest yield of the soluble Trx-EcgDf1 fusion protein, its expression was tested by two temperatures (28 and
20 °C) and incubation times post-induction (4 and 24 h).
E. coli strains were transformed with pE-EcgDf1 and pETrx (control without EcgDf1). The SDS-PAGE analysis of
total lysates from induced cells revealed the presence of
recombinant proteins Trx (control) and Trx-EcgDf1 with
the expected molecular weights, ~ 17 kDa (Fig. 3a, b, lanes
Trx I) and ~ 19.5 kDa, respectively (Fig. 3a, b, lanes TrxEcgDf1 ni). No significant peptide bands, corresponding
to the recombinant protein, were observed in non-induced
cultures (Fig. 3a, b, lanes 3–4) except for Rosetta-gami at
24 hpi. The higher yield was obtained with Rosetta-gami at
28 °C and after 24 h of induction. Considering BL21(DE3)
strain, we found a slightly lower percentage of recombinant
protein in the soluble fraction (better observed at 4 hpi; see
Fig. 3a, b, Trx-EcgDf1 I). The recovery of the 19.5 kDa band
at the end of the purification by Ni-affinity chromatography
confirmed that this band contains the recombinant peptide
(Fig. 3c).
For practical reasons, on-column thioredoxin cleavage
was conducted before peptide elution. A previous pilot test,
carried out with several enterokinase concentrations, showed
that 2.5 µg of the fusion protein was entirely digested with
one unit of the enzyme, overnight at room temperature
(data not shown). The Trx fusion fragment was removed
with 30 mM imidazole (Fig. 4a, lane Trx). Several bands
were observed when the proteins bound to the column were
eluted with 300 mM imidazole (Fig. 4a, lanes EcgDf1). To
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rule out partial digestion, a second in-batch digestion was
conducted for 120 h at room temperature (Fig. 4b). Several bands remained at these conditions, including the one
of ~ 20 kDa, which seems to correspond to Trx-EcgDf1.
MALDI-TOF mass analysis of EcgDf1 peptide fractions
after digestion for 120 h at room temperature is presented
in Fig. 4c. The mass spectrum had one major peak at an
m/z value of 6698.5, consistent with the molecular mass
calculated from the amino acid sequence of the recombinant EcgDf1 forming six disulfide bonds (6697.55 Da). The
results obtained by the peptide mass fingerprinting (Fig. 4d)
confirm that the recombinant peptide exhibits the expected
amino acid composition. No other significant peaks were
observed, indicating that the purification was effective. The
lack of a peak at 19,500 Da, indicated total or nearly total
digestion.

3D structure determination: from monomers
to homodimers
Using the recently determined nuclear magnetic resonance
(NMR) structure of a M. truncatula defensin (id 2L3R),
we built by means of homology modeling the 3D structure
of the native EcgDf1 peptide in its monomeric form. The
high sequence identity of EcgDf1 with M. truncatula defensin determined that our native peptide belongs to the cysdefensin superfamily (Shafee et al. 2017). This implies a
given secondary structure orientation, cysteine motifs, and
disulfide bond connectivity. The structure is composed of
three antiparallel β-sheets and one α-helix (α1), which is
connected by two disulfide bonds to the β2-sheet (Fig. 5a).
This conformation, also shared by other defensins (Sagaram et al. 2013), is thought to be stabilized by four disulfide

Planta

bonds due to the lack of a stabilizing hydrophobic core. In
addition, our peptide contains a histidine tail at the C-terminal, composed of ten extra amino acids (six histidine residues). The MD simulations of the two most distinct conformations obtained through the homology modeling gave rise
to two very different orientations of the extra tail (Fig. 5a).
In one case, the tail interacts with α1, while in the other, the
histidine tail interacts with β1. In both cases, the cysteinestabilized α/β (CSα/β) motif stayed completely stable along
the simulation with an averaged root mean square displacements (RMDS) of the Cα atoms below 1.2 Å from the starting structure (without considering the extra tail). Using a
semi-rigid docking approach (see “Materials and methods”),
we produced 1200 different dimers that were clustered
according to their structural similarities. The lowest energy
structure from the four most distinct clusters that did not
involve a protein–protein interaction through the HIS tail
were simulated in the sub-microsecond timescale (Fig. 5b,
c) to predict the possible structure of EcgDf1 homodimers.
The four initial dimers chosen converged to a stable conformation after 500 ns of MD simulations (Fig. 5c). Using the
atomic charges and van der Waals parameters coming from
the force field used for the MD simulations, we computed
using a linear approximation to the Poisson–Boltzmann
equation the electrostatic potential which was then mapped
onto the Connolly surface. This was done to highlight electrophile/nucleophile regions of the most probable predicted
dimer, as the electrophile region of the two β2-loop-β3 structural elements which are exposed to the same side of the
dimer (Fig. 5c).

Antimicrobial activity of the recombinant peptide
EcgDf1
The antimicrobial activity of the recombinant EcgDf1
was tested in vitro against the bacterial and fungal species
detailed in “Materials and methods”. The purified recombinant EcgDf1 has in vitro antimicrobial, especially antifungal activity (Fig. 6). The variation among technical replicates was lower than 12%. To the maximum concentration
(1.5 μM; ~ 10 µg/ml) of EcgDf1 tested, we found substantial
inhibition of growth for the fungi A. niger, C. albicans, B.
cinerea, P. expansum, and A. alternata, reaching between
96 and 99%. The IC50 values of recombinant EcgDf1 were
estimated and found as 0.14, 0.16, 0.38, 0.62 and 0.64 μM,
respectively. It is interesting to note that EcgDf1 presented
activity against two human opportunistic pathogens: A. niger
and C. albicans (Fig. 7). For the yeast C. albicans, we further observe their growth in the presence of EcgDf1, after
15 days of incubation, by a stereomicroscope. After that
time, no growth was observed with the maximum concentration of EcgDf1 (1.5 µM), while with the first two serial
dilutions the growth was less than in the growth control

(Fig. 7b). Thus, EcgDf1 seems to have a fungicidal effect
on C. albicans, since 15 days after inoculation, no growth
of the yeast was observed.
No activity was observed for the Gram-negative X.
versicatoria at the maximum concentration tested. For
the Gram-positive C. michiganensis ssp. michiganensis,
92% activity was reached at the maximum concentration
(IC50 = 0.96 µM). This activity decayed rapidly, and after
the third dilution it was no longer detected (Fig. 6).

Discussion
In this work, a new defensin gene from E. crista-galli was
isolated and expressed in a procaryotic system for its production. The defensin peptide, named EcgDf1, was structural
and functionally characterized. EcgDf1 gene structure is
similar to that of other reported defensins, with two exons
and one intron where the mature peptide is entirely encoded
in the second exon. The intron size is quite larger than
those found in A. thaliana defensins, where more than 300
defensin-like genes have introns that range between 75 and
275 bp in size (Silverstein et al. 2005). This larger intronic
size could be related to the genome size of E. crista-galli
(1C = 0.92 pg), sixfold larger than the A. thaliana genome
(1C = 0.16 pg). In a similar genome to that of E. cristagalli (Solanum lycopersicum, 1C = 0.98 pg), the tomato
defensin TGAS118 gamma-thionin (Gene ID: 543741,
updated on 14-Feb-2019) has an intron size of 636 bp. The
deduced peptide has several characteristics in common
with defensins considering three-dimensional structural
information, with six cysteines distributed like the αβ motif
(CXnCX3CXnCXnCXC where C = Cys, X = any amino acid,
and n indicates a non-conserved number of amino acids;
Silverstein et al. 2005)) and with a γ-core motif GXCX3-9C
(Yount and Yeaman 2004).
After comparing EcgDf1 against UniProt curated defensin peptides, sequences were grouped into two large groups,
1 and 2, with EcgDf1 showing greater similarity with members of group 1. Group 1 comprised representatives of 10
out of 12 plant families included in this analysis and group
2 included only 6 families. Species within families such
as Fabaceae and Brassicaceae have been much intensively
studied and are therefore more likely to present sequence
diversity. This may also explain why these plant families are
found in both groups. For example, more than 300 defensins
have been found in the A. thaliana genome (only three were
included in our analysis as representative of different subgroups) divided into 46 subgroups (Silverstein et al. 2005).
On the other hand, defensins of Aesculus hippocastanum
(Sapindaceae), Clitoria ternatea (Fabaceae), Dahlia merckii (Asteraceae), and Heuchera sanguinea (Saxifragaceae),
belonging to four different families (Osborn et al. 1995), are
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◂Fig. 2  Sequence alignments and distance matrix of the EcgDf1 pep-

tide and members of the plant defensin protein family. The deduced
amino acid sequence of the newly isolated gene (EcgDf1) was aligned
with a set of 46 mature plant defensins. Sequences used were taken
from the manually annotated and reviewed UniProt database. Each
sequence was named according to its UniProt Entry identifier, followed by a mnemonic identifier of a UniProtKB entry. An unrooted
tree was generated using the neighbor-joining method. Values in the
nodes regard bootstrap values (5000 replicates). In gray, class I and
class II Solanaceae defensins

all in group 2. In these defensins, sequence similarity seems
to be related to the protein extraction method, which could
restrict the recovered repertoire. In solanaceous species,
defensins can be divided into two classes according to the
structure of the precursor proteins. The first (class I) is the
largest group, composed of a signal directed to the endoplasmic reticulum (ER) and a mature defensin domain entering
the secretory pathway. The second class (class II) includes
members produced as larger precursors with an additional
C-terminal prodomain (Lay and Anderson 2005). In our
work, the neighbor-joining tree (Fig. 2) exhibited class I
and II defensins, both within group 1 but class II was located
in a branch separated from the rest of the group 1 defensins.
The division into two large groups in our analysis
does not present good bootstrap support. Similarly, when
Thomma et al. (2002) constructed a molecular phylogeny
tree with over 80 defensin sequences from different plant
species, separation into two main groups was not obvious
since the bootstrap values establish that only a few small
subgroups can be separated. These authors discussed that
the resolving power of molecular defensin phylogeny is poor
because sequences are small and share only a few conserved
residues, having accumulated multiple substitutions at the
same site.
The mature EcgDf1 peptide was heterologously produced in E. coli. We chose recombinant DNA expression
(using a bacterial host) to obtain our peptide as an easy-tohandle and fast alternative to complex extraction procedure
from their natural source or their costly chemical synthesis. Owing to the codon bias and the inability of E. coli to
form disulfide bridges within its cytoplasm, we decided to
contrast Rosetta-gami pLysS and Bl21(DE3) strains. Unlike
BL21(DE3), Rosetta-gami strain allows for the expression
of eukaryotic proteins that contain codons rarely used in E.
coli, while enhancing disulfide bond formation. To increase
the solubility and to avoid toxicity for the host cells, a nontoxic polypeptide fusion partner such as the hydrophilic tag
thioredoxin (Trx) was used. The peptide was expressed as
a Trx-EcgDf1-6HIS fusion protein using pET102/D which
included a protease recognition site for cleavage of the
fusion Trx from the recombinant peptide EcgDf1. The higher
yield was obtained with Rosetta-gami at 28 °C and after
24 h of induction with a higher percentage of recombinant

protein in the soluble fraction than with BL21(DE3) strain.
Some background has shown that both the use of E. coli
for the production of plant defensins yielded inactive protein aggregates which needed to be denatured and refolded
for gaining activity in the systems BL21(DE3)/pET26b
(Kovalskaya and Hammond 2009) and Origami (DE3)/
pQE30 (Guillen-Chable et al. 2017). Other works obtained
a soluble defensin that was biologically active using E. coli
BL21(DE3)/pET42a (Kovaleva et al. 2011) and Rosettagami 2 (DE3)pLysS)/pET-32 EK/LIC systems (Mello et al.
2014). In the last mentioned cases, the peptide was fused
to glutathione S-transferase or thioredoxin, respectively. In
our assay, the peptide obtained in a soluble and active form
was sufficient for the studies carried out without resorting
to solubilization–refolding.
The mass spectrum and peptide mass fingerprinting after
digestion and purification of soluble fractions were consistent with the presence of EcgDf1, indicating that both
processes were effective. One possibility for the presence
of multiple bands observed (Fig. 4b) is the formation of
SDS-resistant oligomers. It has been detected that some
proteins are resistant to SDS-induced denaturation. These
stable proteins are characterized not only by SDS resistance,
but also by stability against proteases and an increased biological half-life, with most of them being oligomeric β-sheet
proteins (Gentile et al. 2002; Manning and Colón 2004).
Defensins could be an example of this kind of protein, since
they have a compact structure that confers resistance to
extreme temperatures and degradation mediated by proteases
(Hegedüs and Marx 2013). In addition, X-ray crystallography indicates that some defensins form dimers, enhancing
their antifungal activity (Song et al. 2011; Lay et al. 2012).
In fact, defensin oligomers have been reported on Tris–tricine SDS-PAGE gels (de Beer and Vivier 2011; GuillenChable et al. 2017). On the other hand, no band matched
the expected ~ 6000 Da, possibly due to an abnormal
migration. Migration on SDS-PAGE that does not correlate
with expected molecular weight (so-called “gel shifting”)
is sometimes observed with cationic peptides (Shi et al.
2012; Herbel et al. 2015). Moreover, increased SDS-PAGE
migration rates were traceable to a compact S–S bridged
conformation in proteins with disulfide bonds (Rath et al.
2009). Previous work analyzing a scorpion neurotoxin with
four disulfide bridges has demonstrated that close folded
isoforms (different in cysteine pairing of disulfides) are present in recombinant peptides purified from inclusion bodies
(Estrada et al. 2007). We think that multiple bands observed
in SDS-PAGE could be, on the one hand, due to the formation of EcgDf1 oligomers and, on the other, to different conformations given by the number of disulfide bridges formed.
The flexibility of the extra tail is critical to explain the
observed formation of EcgDf1 homodimers, since to date
for the experimentally determined dimers of plant defensins
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Fig. 3  Heterologous expression of Trx-EcgDf1 fusion protein. Tris–
glycine SDS-PAGE (15%) analysis of protein fractions from E. coli
a BL21(DE3) and b Rosetta-gami (DE3) cells transformed with pETrx expression plasmid (Trx I; control induced), pE-EcgDf1 expression plasmid incubated in the absence (Trx-EcgDf1 ni) or presence
of IPTG (Trx-EcgDf1 I). Lanes: e, crude extracts; S, soluble fractions. 4/24 hpi: 4 h/24 h post-induction. Temperature post-induction:
28 °C. c Affinity purification of the recombinant Trx-EcgDf1-6HIS

protein produced in Rosetta-gami. Soluble fraction (S); unbound proteins removed by the first washing step in which the fusion protein
is bound to the column (W); elution steps, where the purified TrxEcgDf1 is released from the Ni-affinity column (E1–E2); M, PageRuler Low Range Unstained Protein Ladder (Thermo Fisher). Arrows
indicate expression of Trx protein (control) and Trx-EcgDf1 fusion
protein

both monomers interact either in a head-to-tail manner
through antiparallel β1–β1 interactions (as in NaD1; Lay
et al. 2012), or in a head-to-head through α1–β1 (as in
SPE10; Song et al. 2011). Moreover, considerable diversity and even some controversy were raised analyzing in
more detail the homodimers present in the literature in light
of the most common target for defensins, which are lipid
membranes (Shafee et al. 2017). For example, the crystal
forms of NaD1 show two very distinct homodimers within

the same experiment (Lay et al. 2012), and only one of them
is compatible with the way NaD1 is supposed to interact
with lipid membranes (Shafee et al. 2017). In this sense,
the homodimer determined by ultrahigh X-ray for SPE10
which exposes the loop between β2 and β3 toward the
same side is also compatible with direct interaction with
phospholipid negative heads, but resembles the 3D spatial arrangement found between monomer I and III of the
complexes formed by NaD1 and membranes (Poon et al.
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Fig. 4  Affinity purification and MALDI-TOF mass spectra of the
recombinant EcgDf1 peptide. a Tris–tricine SDS-PAGE (15%)
analysis of the purification steps of the EcgDf1 peptide after 15 h
enterokinase (Ek) digestion. Protein-soluble fraction from E. coli
Rosetta-gami (DE3) cells transformed with pE-EcgDf1 expression
plasmid incubated in the presence of IPTG (lane S); unbound proteins
removed by the first washing step in which EcgDf1 is bound to the
column (lane W); Trx protein after cleavage with enterokinase (lane
Trx); elution of EcgDf1 peptide after 15 h digestion (lane EcgDf1).

b Tris–tricine SDS-PAGE (15%) analysis of the purification steps
of the EcgDf1 peptide after 120 h Ek digestion. Elution of EcgDf1
peptide after 120 h digestion (lane EcgDf1); soluble protein fraction
from E. coli Rosetta-gami (DE3) cells transformed with pE-EcgDf1
expression plasmid incubated in the presence of IPTG (lane S). Lane
M, PageRuler Low Range Unstained Protein Ladder (Thermo Fisher).
c MALDI-TOF mass spectra of EcgDf1 after Trx cleavage with Ek
(120 h digestion). d EcgDf1 sequence confirmed by mass fingerprinting (shown in red)

2014; p. 7, Fig. 3b). These points are crucial to enable to
discern between the homodimers of EcgDf1 generated by
our docking strategy (see “Materials and methods”) starting from several combinations of the two monomers built
by homology modeling (Fig. 5b). Based on the latter, and

although the four initial dimers chosen converged to stable structures (Fig. 5c), two of them have easily been discarded due to the loss of their internal structure, either losing
one α-helix or one β-strand (dimers in green and blue in
Fig. 5b, respectively). The other two homodimers retained
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Fig. 5  Structure and electrostatic potential of EcgDf1 dimers. a
Structural prediction of the native EcgDf1 peptide exhibiting one
α-helix and three β-sheets fixed by four disulfide bonds obtained
using as template the solved NMR structure with PDB id 2L3R. The
final structure (after a 100 ns run) of the two simulated models are
shown. b Representative structures (taken after convergence) of the
four EcgDf1 dimers analyzed in this contribution. The colors of the

dimers are the same used in the RMSD plot. c Root mean squared
deviation of all the heavy atoms with respect to the initial structure
determined by Haddock. The structure of the best dimer candidate is
shown, highlighting (in the orange square) the electrophile regions
(blue) of the β2-loop-β3 that point out to the same side. The electrostatic potential was determined with a linear version of the Poisson–
Boltzmann equation and depicted over the Connolly surface

Fig. 6  In vitro antimicrobial
activity of EcgDf1. Dosedependent growth inhibition
curves of the following bacterial
and fungal pathogens: A. niger
(diamonds), C. albicans (open
circles), P. expansum (triangles), B. cinerea (crosses), A.
alternata (squares), C. michiganensis ssp. michiganensis
(black circles). The inhibition
was determined by measuring
the cultures at OD595 in the
presence of different amounts of
recombinant EcgDf1. The data
are mean ± SD (n = 3)

the internal structure of each monomer, but gave rise to
two very distinct dimers: (1) in one case (red structure in
Fig. 5b) the monomer–monomer interface involves β2–β3
and the loop between them, corresponding to the last 20
amino acids (RFTGGHCRGFRRRCFCTKHC) which are
thought to be the “reactive” region of the peptide toward
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membranes, according to CAMPR3 and AMPA predictors;
(2) in the other case (black structure in Fig. 5b), both monomers adopt a conformation similar to the one observed for
SPE10 (but stabilized through hydrogen bonds and salt
bridges between β3 and the β1-loop-α1) that is compatible
with the interaction found between NaD1 and phospholipids.
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Fig. 7  EcgDf1 inhibits A. niger and C. albicans growth in vitro. Purified EcgDf1 was evaluated in a 96-well microtiter plate for in vitro
antimicrobial activity against a A. niger after 72 h of incubation and

b C. albicans after 15 days of incubation followed by a stereomicroscope image. Serial dilutions of recombinant EcgDf1 were used, with
a maximum of 1.5 µM. Bars = 1 mm

Indeed, the two monomers face head to head, exposing the
β2-loop-β3 region to the same side (Fig. 5c), where highly
positive (electrophile) loops are free to interact with the
negative heads of membrane phospholipids (orange square
in Fig. 5c). Although our in silico approach is not able to
propose without ambiguities the correct dimer that could be
formed by EcgDf1 monomers (that could only be confirmed
by performing X-ray or NMR experiments), the features of
the dimer shown in Fig. 5c allow us to consider it as a good
candidate.
EcgDf1 has in vitro antimicrobial, especially antifungal
activity. Substantial growth inhibition, 96–99%, for the fungi
A. niger, C. albicans, B. cinerea, P. expansum, and A. altenata, was reached using 1.5 μM (~ 10 µg/ml) of EcgDf1
(Fig. 6). These results are consistent with those found for
other reported plant defensins, for which several in vitro
biological activities have been recognized, but the bestattributed activity is their ability to inhibit the growth of a
broad range of filamentous fungi and yeasts (Carvalho and
Gomes 2009; Kant et al. 2009; Kovaleva et al. 2011; Ferreira
Lacerda et al. 2016), being also known for their antimicrobial activity at low micromolar concentrations (Shafee et al.
2017). Other plant defensins have inhibition values similar to
those found for EcgDf1 (IC50 between 0.14 and 0.64 μM).
For example, for B. cinerea, the IC50 for a potato defensin

(StPTH1) was 1 μM (Berrocal-Lobo et al. 2002). Like
floral defensins from Petunia hybrida (PhD1, PhD2) and
Nicotiana alata (NaD1) (Lay et al. 2003), EcgDf1 almost
completely inhibited the growth of B. cinerea at ~ 10 µg/
ml concentration. Interestingly, for the yeast C. albicans,
EcgDf1 shows high inhibition (99%) with a concentration
ten times lower than that required for the defensin PvD1
from Phaseolus vulgaris, to inhibit the growth of this microorganism by 90% (Mello et al. 2014). According to Carvalho and Gomes (2011), the concentrations required for
defensin inhibitory activity depend on the tested fungus,
confirming the variations observed when we tested EcgDf1
with different microorganisms. In addition, concentrations
necessary for inhibition will depend on the plant defensin
analyzed. These authors propose that this phenomenon may
be explained by the fact that a plant expresses a set of AMPs
cooperatively (of the same or different families) with overlapping spectra of antimicrobial activities, but with specificity against particular pathogen groups. Despite the fact that
plant defensins have been considered to have activity principally against fungi (Carvalho and Gomes 2009), Sathoff
and Samac (2019) highlight their less studied antibacterial
activity. In our experiments, for the Gram-positive C. michiganensis ssp. michiganensis, 92% activity was reached at the
maximum concentration (IC50 = 0.96 µM), but no activity

13

Planta

was observed for the Gram-negative X. versicatoria at the
maximum concentration tested, so for the latter higher concentrations could be needed for inhibition.
It is interesting to note that EcgDf1 presented activity
against the human opportunistic pathogens A. niger and C.
albicans. EcgDf1 seems to have a fungicidal effect on C.
albicans, since 15 days after inoculation, no growth of the
yeast was observed. The interaction between C. albicans
and another defensin, NaD1, involves yeast killing induced
by oxidative damage (Hayes et al. 2013). Future studies on
the effect of EcgDf1 on the permeabilization of membranes
and their subcellular localization (to see if it internalizes or
remains at membrane level) are necessary to characterize the
mode of action of EcgDf1 further, taking into account that
not all defensins have the same mode of action (Parisi et al.
2018) and even, for the same defensin, antifungal mechanisms can differ depending on the pathogen (El-Mounadi
et al. 2016).
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Conclusions
In the current study, a new defensin gene EcgDf1 was isolated from a native Fabaceae plant, and the antimicrobial
activity of the peptide was characterized. EcgDf1 has several
characteristics common to most of the reported defensins
such as gene structure, size, charge, cysteine motif, and a 3D
structure with one α-helix and three β-sheets that could form
dimers. Considering in silico analysis, EcgDf1 is predicted
to interact with lipid membranes. Using a bacterial expression system, we obtained a purified recombinant EcgDf1
and presented evidence that this recombinant peptide could
form stable oligomers under denaturant and reducing tricine
SDS-PAGE. The purified peptide was active against a set of
microorganisms, including plant pathogens such as C. michiganensis ssp. michiganensis, P. expansum, B. cinerea, and A.
alternata and also against some opportunistic human pathogens as C. albicans and A. niger. We highlight the activity
found for P. expansum, since we did not find other reports
of defensins with activity against such a broad host range
of pathogens that cause the most economically damaging
post-harvest diseases. EcgDf1 could then be an attractive
molecule, for the development of antimicrobial agents for
use in plant protection both in the field and in post-harvest,
as an alternative to the use of agrochemicals, and also since
EcgDf1 displays antimicrobial activity against human fungal
pathogens. If, in the future, it is proven that EcgDf1 does
not show toxicity, it could be a substitute or a coadjutant for
classic antibiotics.
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