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Drosomycin-type antifungal peptides (DTAFPs) are natural eﬀectors of the innate immune system, which are
restrictedly distributed in plants and ecdysozoans. Mehamycin is a bi-domain DTAFP (abbreviated as bDTAFP)
ﬁrstly found in the Northern root-knot nematode Meloidogyne hapla. Here, we report its structural and functional
features and the evolution of bDTAFPs in nematodes. Diﬀerent from classical DTAFPs, mehamycin contains an
insertion, called single Disulﬁde Bridge-linked Domain (abbreviated as sDBD), located in a loop region of the
drosomycin scaﬀold. Despite this, recombinant mehamycin likely adopts a similar fold to drosomycin, as revealed by the circular dichroism spectral analysis. Functionally, it showed some weak activity against three
species of fungi but relatively stronger activity against seven species of Gram-positive bacteria, indicative of
functional diversiﬁcation between mehamycin and classical DTAFPs. By computational data mining of the nematode databases, we identiﬁed polymorphic genes encoding mehamycin and a new multigene family of
bDTAFPs (named roremycins) from Rotylenchulus reniformis. A combination of data suggests that the origination
of sDBDs from M. hapla and R. reniformis is a consequence of convergent evolution, in which some probably
suﬀered positive selection during evolution. Our study may be valuable in understanding the role of these unique
antimicrobial peptides in the innate immunity of nematodes.

1. Introduction
As eﬀector molecules of the innate immune system of multicellular
organisms, antimicrobial peptides (AMPs) play a vital role in eliminating infections caused by various pathogenic bacteria, fungi, viruses
and protozoa via acting as pore-formers or metabolic inhibitors
(Brogden, 2005; Bulet et al., 2004; Nguyen et al., 2011; Zasloﬀ, 2002).
Drosomycin is the ﬁrst inducible antifungal peptide initially isolated
from haemolymph of immune-challenged Drosophila melanogaster, with
strict activity against ﬁlamentous fungi (Fehlbaum et al., 1994; Gao and
Zhu, 2008). Drosomycin comprises 44 residues with a typical cysteinestabilized α-helical and β-sheet (CSαβ) fold composed of an α-helix and
a three-stranded antiparallel β-sheet (Landon et al., 1997). This peptide
contains eight cysteines that form four disulﬁde bridges, rendering it a
compact structure with high stability and resistance to heat and proteases (Zhang and Zhu, 2009).
Drosomycin-type antifungal peptides (DTAFPs) are widely distributed in nearly all species of plants (i.e. plant defensins) and a clade
of moulting animals, Ecdysozoa, including Arthropoda, Nematoda and
Tardigrada, but absent in fungi and protozoans (Carvalho Ade and
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Gomes, 2011; Zhu and Gao, 2014). Such a patchy distribution supports
an event of the plant-to-ecdysozoan horizontal gene transfer (Zhu and
Gao, 2014). Heliomicin, an insect antifungal defensin from lepidopteran Heliothis virescens, shares approximately 50% sequence similarity to drosomycin. It contains six cysteines engaged in three disulﬁde
bridges and also adopts a CSαβ fold (Lamberty et al., 1999, 2001). Due
to the sequence, structural and functional similarities, heliomicins are
classiﬁed as a subfamily within DTAFPs (Zhu and Gao, 2014).
Nematodes, one of the most successful groups of animals, have
adapted to a broad range of ecological niches from free living to symbiotic and parasitic lifestyles. Many nematode species confront microbe-rich environments during at least part of their life cycle, thus
requiring the innate immune system to ﬁght against potential pathogenic microorganisms. Zhu and Gao (2014) identiﬁed a minor multiple
gene family of DTAFPs, comprising of 15 members (termed cremycin-1
to cremycin-15), in the fruit nematode Caenorhabditis remanei. Of the 15
genes, 10 were found to be transcriptionally active and six were upregulated after fungal challenge, implying a potential role in host defense
against fungi. In vitro functional assays conﬁrmed the strict fungicidal
activity of cremycin-5 against ﬁlamentous fungi and several clinical
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water. Data were collected at 1 nm intervals with a scan rate of 60 nm/
min.

isolates of Candida albicans. In addition to these typical DTAFPs, a
unique DTAFP named mehamycin was recognized in the Northern rootknot nematode Meloidogyne hapla, which has an insertion of 18 amino
acids located in a loop region of its drosomycin scaﬀold. This kind of
DTAFPs are considered as bi-domain DTAFPs (bDTAFPs).
Here, we report for the ﬁrst time the structural and functional
characterization of a recombinant mehamycin, especially its antifungal
and antibacterial activities and the structural feature of the insertion.
For clariﬁcation purposes, we called this recombinant peptide with an
amino-terminal Met extension rMehamycin. Data mining for nematode
genomes led to the discovery of new bDTAFPs in Rotylenchulus reniformis, allowing us to investigate their evolutionary relationships in
the context of sequences and structures.

2.4. Disulﬁde bridge determination
For liquid chromatography-tandem mass spectrometry (LC-MS/MS)
analysis, rMehamycin in 100 mM NH4HCO3 (pH 8.0) was digested by
chymotrypsin (50:1) at 37 °C for 16 h. The digested product was desalted and separated by capillary high performance liquid chromatography (Column: Dionex C18 PePMap300, particle size 1.9 μm, pore
size 120 Å, ID 150 μm, length 12 cm; mobile phase: Solvent A, water
containing 0.1% formic acid; Solvent B, 80% acetonitrile and 20%
water containing 0.1% formic acid; ﬂow velocity: 0.6 μl/min; eluent: 0
min 5% B; 8 min 8% B; 24 min 13% B; 60 min 28% B; 79 min 40% B; 80
min 95% B; 85 min 95% B; 86 min 6% B; 90 min 6% B) and then
analyzed by the Q Exactive mass spectrometer (QE-MS, Thermo
Scientiﬁc). Spray voltage was 1.90 KV. Capillary temperature was set at
320 °C. Mass-to-charge ratio (m/z) of peptide fragments were detected
by a scan range of 300–1400 m/z.

2. Materials and methods
2.1. Recombinant expression vector construction
The gene encoding mature mehamycin was synthesized by BGI-Tech
(Beijing, China) with three Escherichia coli rare codons optimized to
improve its expression. The synthesized gene was inserted into pET-28a
at Nco I and Sal I restriction sites to obtain a recombinant product with
only one extra methionine at the N-terminus. RCR primers used in this
study were shown in Table S3.

2.5. Antimicrobial assays
Lethal concentration (CL) of a peptide was determined by inhibition
zone assay performed according to the method previously reported
(Ekengren and Hultmark, 1999; Hultmark, 1998). Brieﬂy, ﬁlamentous
fungi were incubated on potato dextrose agar (PDA) (20% potato, 2%
glucose, 1.5% agar) plate at 30 °C for 1 week. Spores were harvested
and suspended in sterile water with an OD595 of 0.5. Six ml of PDA
containing 0.8% agar was mixed with 50 μl spores suspension and
poured into Petri dishes of 9.0 cm diameter, giving an agar depth of
1 mm. Wells with a diameter of 2 mm were punched into the medium,
ﬁlled with 2 μl of samples each well. In this assay, three diﬀerent doses
of peptides were applied to three independent wells in one fungal plate.
After incubation at 30 °C overnight, hyphal inhibition was seen as clear
and circular zones around the wells ﬁlled with peptides. Inhibition
zones were measured and used to calculate CL based on the Hultmark's
method (Hultmark, 1998). Bacteria or C. albicans respectively grown in
LB medium (1% tryptone, 0.5% yeast extract and 0.5% NaCl, pH 7.2) or
potato dextrose broth (PDB) (20% potato, 2% glucose) at an OD600 of
0.5 were used as described above. Temperatures used were 37 °C for
bacteria or 30 °C for C. albicans. The microorganisms used in this assay
were listed in Table S4.

2.2. Protein expression and in vitro folding
The expression, in vitro folding and puriﬁcation of recombinant
mehamycin were performed according to the method previously described (Turkov et al., 1997; Zhu et al., 2013). In brief, pET-28a-mehamycin was transformed into E. coli BL21 (DE3) pLysS cells for protein
expression. The induction of the rMehamycin expression was initiated
by 0.5 mM IPTG at an OD600 of 0.2. E. coli cells were harvested after
induction for 4 h at 37 °C by centrifugation and the pellets were resuspended in resuspension buﬀer (0.1 M Tris-HCl, pH 8.5; 0.1 M NaCl).
Sonication was used to lyse the cells. Recombinant protein accumulated
as inclusion bodies was ﬁrstly washed with isolation solution containing 2 M urea and 2% Triton X-100, and then solubilized in denaturation buﬀer containing 6 M guanidine-HCl, 30 mM β-mercaptoethanol, 1 mM EDTA and 0.1 M Tris–HCl (pH 8.5) for 2 h. In vitro
refolding was performed by 20-fold dilution in refolding buﬀer containing 0.2 M ammonium acetate (pH 9.0) for 48 h at room temperature. Refolded protein was dissolved in water after salting out by 80%
saturation of ammonium sulfate. The recombinant protein was ﬁnally
puriﬁed by reversed-phase high-pressure liquid chromatography (RPHPLC). The Agilent Zorbax 300SB-C18 (4.6 × 150 mm, 5 μm) was
equilibrated with 0.05% TFA in water (v/v) and the recombinant protein was eluted from the column with a linear gradient from 0 to 60%
acetonitrile in 0.05% TFA in water (v/v) within 40 min at a ﬂow rate of
1 ml/min. The UV absorbance trace was followed at a wavelength of
225 nm. The single well-deﬁned peak of recombinant protein was collected and lyophilized by Thermo Scientiﬁc SAVANT SPD1010
SpeedVac Concentrator (USA). The molecular mass was determined by
matrix-assisted laser desorption/ionization time of ﬂight mass spectrometry (MALDI-TOF MS) on Ultraﬂextreme MALDITOF/TOF Mass
Spectrometer (Bruker, Germany). Mass spectra were obtained in the
positive linear mode. CHCA (a-cyano-4-hydroxycinnamic acid) matrix
was prepared by dissolving 5 mg in 1 mL of 50:50 acetonitrile/water
containing 0.1% TFA.

2.6. Database search
To ﬁnd new bDTAFPs, the amino-acid sequences of drosomycin and
nematode DTAFPs including cremycins and mehamycin were used as
queries to perform TBLASTN search of nematode genomic databases in
GenBank (http://www.ncbi.nlm.nih.gov/) under default parameters.
The databases include 93 species of Nematoda with one genome completed and others from whole genome shotgun. New hits were also
taken as queries until no hits appeared. The program GeneRunner
(http://www.generunner.net/) was employed to predict complete open
reading frames from selected nucleotide sequences. All retrieved sequences were submitted to SignaIP 4.1 Server (http://www.cbs.dtu.dk/
services/SignalP/) to predict their signal peptides. We also undertook
other databases search in GenBank, which include the EST database,
the nucleotide collection (nr/nt) database and the reference genomic
sequences (refseq_genomic) database.

2.3. Circular dichroism (CD) analysis

2.7. Multiple sequence alignment and phylogenetic tree construction

CD spectra of rMehamycin were recorded on ChirascanTM-plus CD
spectrometer (Applied Photophysics Ltd, United Kingdom) at room
temperature from 180 to 260 nm with a quartz cell of 1.0 mm thickness.
Spectra were measured at a peptide concentration of 0.1 mg/ml in

Multiple sequence alignment of DTAFPs was carried out by Clustal
X2 and further reﬁned by hand with reference to the cysteine residue
position. The full-length peptide sequences aligned by MUSCLE were
employed to construct a phylogenetic neighbor-joining (NJ) tree by
91
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(Fig. 1A), suggesting its potential antifungal activity. Relative to these
two DTAFPs, mehamycin (61 amino-acids) has an insertion of 18 amino
acids preceding its α-helix (Fig. 1A).
To study its structure and function, we prepared recombinant mehamycin with only one extra amino-terminal methionine. The peptide
was expressed as inclusion bodies in E. coli and thus in vitro refolding
was carried out. The refolded peptide was ﬁnally puriﬁed by RP-HPLC
and had a retention time of 24.5 min as a single peak on the C18 column
(Fig. 1B). The expression level was about 400 μg/L bacterial culture.
The experimental average molecular mass was 7191.99 Da determined
by MALDI-TOF (Fig. 1C), about 8 Da less than the theoretical value of
mehamycin with an extra Met (7200.65 Da), indicating that its four
disulﬁde bridges (i.e. three in the drosomycin scaﬀold and one in the
insertion region) have formed.
The CD spectra of rMehamycin showed a typical curve of CSαβ fold
with a positive maximum around 190 nm and a negative minimum at
206 nm (Fig. 2A). In addition to these two typical signals, it had one
negative band around 217–218 nm, a signature previously observed in
several members of the drosomycin family (Gao and Zhu, 2016; Yuan
et al., 2007), suggesting that mehamycin adopts a typical drosomycin
fold that is not perturbed by the insertion. This is consistent with the
observation the several extra N-terminal amino acids of extension do
not destroy the structure and function of drosomycin (Cohen et al.,
2009). To validate the presence of one disulﬁde bridge between Cys18
and Cys23 within the insert, we digested rMehamycin by chymotrypsin
into fragments containing Cys18 or Cys23 (i.e. “GIIPCF” and “VRGCKPKLF”), and their masses were determined by LC-MS/MS. Theoretically, if Cys18 is bonded to Cys23, the two fragments will be connected
and have a monoisotopic mass of 1692.94 Da. As expected, the MS
analysis detected two major peaks (565.32 and 847.47 m/z), corresponding to the trebly and doubly protonated forms of the linked
fragment, respectively (Fig. 2B), and thus corroborated the presence of
the disulﬁde bridge. The structure of mehamycin ab initio modeled by ITASSER (Fig. 2C) is also consistent with the experimental data described above, where the insert forms two small α-helices linked by one
disulﬁde bridge and the scaﬀold adopts a CSαβ fold.
Functionally, rMehamycin showed some weak antifungal activity

MEGA 7.0 (Kumar et al., 2016) with 500 bootstrap replicates, on the
basis of the Jones-Taylor-Thornton substitution model with a gamma
distribution of rates between sites.
2.8. Structural modeling
Protein structures were modeled ab initio by I-TASSAR server
(http://zhanglab.ccmb.med.umich.edu/I-TASSER). The conﬁdence of
each model is quantitatively measured by C-score typically in the range
of (−5, 2). Swiss-PdbViewer (http://spdbv.vital-it.ch/) was used to
connect adjacent unpaired cysteines and to perform ﬁnal energy
minimization. Structures were displayed by MolMol (Koradi et al.,
1996).
2.9. Secondary structure prediction
Protein sequences were submitted to NPS@ server (https://npsaprabi.ibcp.fr/NPSA/npsa_sopma.html) for secondary structure prediction.
2.10. Ka/Ks calculation
Pair-wise synonymous (Ks) and non-synonymous (Ka) substitution
rates and the Ka to Ks ratio were calculated by Codeml in the PAML
package (Yang, 2007) implemented in the PAL2NAL web server
(http://www.bork.embl.de/pal2nal/).
3. Results
3.1. Structural and functional characterization of mehamycin
Mehamycin is transcriptionally active, as identiﬁed by the presence
of transcripts in the expressed sequence tag (EST) database (Table S1).
It shows high sequence similarity to drosomycin and cremycin-5. Of the
eight functional residues of drosomycin implicated in the interaction
with fungi (Zhang and Zhu, 2010; Zhu and Gao, 2014), six are identiﬁed as conserved residues or conservative replacements in mehamycin

Fig. 1. Puriﬁcation and identiﬁcation of recombinant mehamycin. (A)
Multiple sequence alignment (MSA) of
mehamycin, drosomycin and cremycin5. Functional sites of drosomycin are
italicized and underlined. Identical
acidic residues are shadowed in red,
basic in blue, hydrophilic in cyan, hydrophobic or aromatic in green, and
cysteines in yellow. A proposed insertion in mehamycin is boxed in red.
Disulﬁde bridge connectivity pattern
and secondary structure elements (cylinder: α-helix; arrow: β-strand) are
extracted from the structural coordinates of drosomycin (pdb entry
1MNY). The dotted line indicates the
disulﬁde bridge absent in other members. (B) RP-HPLC showing the retention time of rMehamycin, indicated by
an asterisk. (C) MALDI-TOF MS of
HPLC-puriﬁed rMehamycin. (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred
to the Web version of this article.)
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Fig. 2. Structural characterization of mehamycin. (A) CD spectra of rMehamycin. Two
negative bands at 217–218 nm and 206 nm are
indicated by arrows. (B) LC-MS/MS analysis of
rMehamycin digested by chymotrypsin. The two
fragments containing Cys18 or Cys23 are connected by a disulﬁde bridge. The spectrum
shows multiple charged ions corresponding to
the fragment bearing three and two protons. (C)
Ribbon diagrams of mehamycin with disulﬁde
connectivities modeled ab initio by I-TASSER.
The termini are labeled with N-ter and C-ter,
and the cysteine residues are labeled with their
residue numbers. The sDBD is circled in dotted
lines. The structure was generated by MOLMOL.

databases of the Phylum Nematoda in GenBank (December 27, 2017)
and consequently, we retrieved 22 new members that are distributed in
two nematode species: Meloidogyne hapla (Tylenchina: Meloidogynidae)
(named mehamycins) and Rotylenchulus reniformis (Tylenchina:
Hoplolaimidae) (named roremycins) (Table S1, Fig. S1 and S2). Mehamycins show high sequence similarity to drosomycin, but contain an
insertion of 18 residues as mentioned previously (Fig. 3A), whereas
roremycins are more similar to heliomicin that also contain an insertion

against N. crassa, G. candidum and C. albicans, but interestingly it was
able to inhibit the growth of an array of Gram-positive bacteria with CL
ranging from 5.16 to 10.91 μM, indicating its moderate antibacterial
activity (Table 1).

3.2. New bDTAFPs in nematodes
To ﬁnd new bDTAFPs in nematodes, we iteratively searched
93
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residues) (Fig. 3) and secondary structure types according to the
structural prediction (Table 2 and Table S2), implying high tolerance to
insertion in this region. Based on the diﬀerence in secondary structure
types, sDBDs can be further divided into ﬁve classes: 1) Alpha helix
(roremycin-12 and -13); 2) Random coil (roremycin-1, -5, -8 and -9); 3)
Alpha helix/Random coil (mehamycin, -1, roremycin-2 and -6); 4) Extended strand/Random coil (roremycin-3 and -4); 5) Alpha helix/Extended strand/Random coil (roremycin-7, -10 and -11).

Table 1
Lethal concentration of rMehamycin.
Microorganism
Fungi
Neurospora crassa CGMCC 3.1605
Geotrichum candidum CCTCC AY 93038
Candida albicans 2.4116
Gram-positive bacteria
Bacillus megaterium CGMCC 1.0459
Bacillus subtilis CGMCC 1.2428
Micrococcus luteus CGMCC 1.0290
Penicillin-resistant Staphylococcus aureus P1383
Streptococcus mutans ATCC 1.2499
Streptococcus salivarius ATCC 1.2498
Streptococcus sanguinis ATCC 1.2497
Gram-negative bacteria
Escherichia coli ATCC 25922

CL (μM)

26.01
35.05
29.64
8.97
10.91
8.67
8.07
8.45
8.93
5.16

3.4. Positive selection of sDBDs
To investigate whether positive selection has prompted accelerated
evolution of sDBDs following gene duplication in roremycins, we calculated nonsynonymous/synonymous substitution ratios (Ka/Ks),
which could be used as an indicator of selective pressure acting on the
protein-coding gene (Hurst, 2002). We chose nine paralogous gene
pairs for Ka/Ks ratio estimation, sequences of which are located between the ﬁrst and fourth cysteines of the subfamily, including sDBD.
Of them, four pairs (i.e. roremycin-1|roremycin-4, roremycin-2A|roremycin-4, roremycin-2B|roremycin-4 and roremycin-12|roremycin-13)
showed Ka/Ks ratios > 1, and particularly, the radio between roremycin-1 and roremycin-4 was 63.3584, far greater than 1 (Table 3),
indicative of strong positive selection. These observations indicate that
accelerated amino acid replacements driven by positive selection and
insertion/deletion mutations in the sDBDs of roremycins led to sequence and structural variability that is likely associated with functional divergence.

N.A.

Note: N.A., no activity, indicating no inhibition zone observed at 1.0 nmol
peptide per well.

of 10–22 residues (Fig. 3B). We called these insertions single Disulﬁde
Bridge-linked Domain (sDBD) based on the presence of a conserved
disulﬁde bridge (Fig. 2; Fig. 3). Phylogenetic analysis of DTAFPs in
Arthropoda and Nematoda revealed that they respectively cluster together with drosomycins and heliomicins (Fig. 4A). Based on these
observations, we divided them into two subfamilies: the drosomycinand the heliomicin-like subfamily.
Mehamycin-A to -E have identical mature peptides to mehamycin
and diﬀer from this peptide in their signal peptide region; mehamycin-1
diﬀers from mehamycin by one amino acid in the mature peptide.
Similarly, roremycin-2 shows one point mutation compared with roremycin-1 that was retrieved from the EST database, indicating its
transcriptional activity. Intriguingly, bDTAFPs from R. reniformis have
undergone gene duplication to create a multigene family of 15 paralogs.
A comparison of sequences of nucleotides and amino acids revealed that
roremycin-2 and roremycin-5 correspond to two bDTAFPs with identical mature peptide, which are termed as roremycin-2A, -2B and roremycin-5A,-5B respectively. Moreover, roremycin-7 are encoded by
two diﬀerent genes but their amino acids of signal and mature peptides
are identical.
Similar to drosomycin and heliomicin, bDTAFPs all share identical
precursor organization comprising an N-terminal hydrophobic signal
peptide and a C-terminal mature peptide (Fig. S1 and S2). The mature
peptides contain 51-71 residues and always start with an aspartic acid.
Genes encoding bDTAFPs in nematodes exhibit highly conserved exonintron structures (Fig. 3). Similar to cremycins, all of genes except
roremycin-4 and -6 contain two exons and one intron of phase-1 at
positionally conserved glycine. The location of roremycin-4 intron altered accompanying a phase change from 1 to 2. Due to remarkable
sequence similarity of bDTAFPs, the alteration could be a result of intron sliding (Rogozin et al., 2005). In addition, roremycin-6 contains an
additional intron of phase-0 following the α-helix. It has been studied
that the nematode genes show a high incidence of intron gain during
evolution (Coghlan and Wolfe, 2004; Logsdon et al., 1995). The phase-0
intron of roremycin-6 may represent an intron gain occurred after duplication of roremycins. Diﬀerent from drosomycin and heliomicin in
arthropods that lack an intron, nematode DTAFPs share a conserved
phase-1 intron, supporting vertical evolution of this gene in nematodes
and divergence from a common ancestor after speciation. Remarkably,
DTAFPs from M. hapla and R. reniformis have convergently evolved an
insertion domain.

3.5. Evidence for convergent evolution of bDTAFPs
Mehamycins and roremycins both share a conserved gene structure,
as identiﬁed by one phase-1 intron split a conserved Gly codon (Fig. 3),
indicating they originated from a common ancestor. However, we obtained three lines of evidence supporting an opinion of independent
origin of their sDBDs due to evolutionary convergence: (1) M. hapla and
R. reniformis containing these bDTAFPs belong to two distant family of
nematodes (i.e. Meloidogynidae and Hoplolaimidae); (2) A neighborjoining distance tree showed that mehamycins and roremycins are
clearly divided into two distinct subfamilies (Fig. 4A); (3) Despite all
the inserts preceding the α-helix, sDBDs lack any detectable sequence
similarity between the two subfamilies. Mehamycin consists of a core
domain that adopts a drosomycin-like fold and an α-helical sDBD
(Figs. 4B and 2C) whereas the core domain of roremycins resembles
heliomicin and their sDBDs adopt various folds (Table 2; Table S2). For
example, roremycin-1 modeled ab initio by I-TASSER exhibits random
coil connected by one disulﬁde bridge (Fig. 4B and Fig. S3).
4. Discussion
The presence of mehamycin and related sequences were initially
recognized by search of the GenBank database (Tarr, 2012; Zhu and
Gao, 2014) and ﬁrstly named by Zhu and Gao (2014). The work described here represents the ﬁrst structural and functional characterization of this class of unique DTAFPs. Compared with the classical
DTAFPs, mehamycin seems to evolutionarily gain a new α-helical domain stabilized by one disulﬁde bridge, which is accompanied by
functional change from highly potent antifungal activity to weak antifungal but moderate antibacterial activity.
It is known that the evolution of some kinds of AMPs are driven by
positive selection following gene duplication (Bulmer and Crozier,
2004; Gao and Zhu, 2010; Tennessen, 2005; Tian et al., 2010;
Viljakainen and Pamilo, 2008; Yang, 2006). In R. reniformis, bDTAFPs
have undergone gene duplication into a multigene family. We found
that their sDBDs were subjected to accelerated amino acid replacements
and insertion/deletion (indel) mutations, which signiﬁcantly changes
their sequences and structure. Our previous studies have suggested a

3.3. The sequence and structural diversity of sDBDs
Compared with the conserved drosomycin- or heliomicin-like domain, sDBDs show greater diversity in both sequence length (10–22
94
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Fig. 3. bDTAFPs in nematodes. (A, B) MSA of DTAFPs from drosomycin- and heliomicin-like subfamily. “*” represents sequences only retrieved from the EST
database and “ξ” indicates two copies with the identical amino acid sequences. Identical acidic residues are shadowed in red, basic in blue, hydrophilic in cyan,
hydrophobic or aromatic in green, and cysteines in yellow. Disulﬁde bridge connectivity pattern and secondary structure elements (cylinder: α-helix; arrow: β-strand)
were extracted from the structural coordinates of drosomycin (pdb entry 1MNY) and heliomicin (pdb entry 1I2U). The dotted line indicates the disulﬁde bridge
absent in some members. Introns are denoted by boxes (pink: phase-1; black: phase-2) and arrows (phase-0). The proposed insertions of bDTAFPs are boxed in red.
DTAFPs from Arthropoda and Nematoda are indicated by grey and green bars to the left of the alignment, respectively. “+8”, the omitted eight amino acids
(RCKPVTVG). Ribbon representations of drosomycin (pdb entry 1MNY) and heliomicin (pdb entry 1I2U) with disulﬁde connectivities are shown here, which were
generated using MOLMOL. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Convergent evolution of
bDTAFPs. (A) Cladogram of DTAFPs
from drosomycin- and heliomicin-like
subfamily, separated by a green dotted
line. The unrooted neighbor-joining
tree was constructed by MEGA 7.0.
Numbers next to the nodes are bootstrap values and only values ≥ 50% are
shown. The scale bar indicates 0.2
substitutions per site. (B) Precursor organization of mehamycin and roremycin-1. SP indicates signal peptide
and conservative characteristic motifs
of mature peptide are shown. The cylinder and arrow represent α-helix and
β-sheet, respectively. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to
the Web version of this article.)

Table 2
Structural diversity of sDBDs in bDTAFPs.

Table 3
Ka/Ks analysis of sDBDs in bDTAFPs.

Class

DTAFPs

Gene-pairs

Ka

Ks

Ka/Ks

Alpha helix

Roremycin-12
Roremycin-13
Roremycin-1
Roremycin-5
Roremycin-8
Roremycin-9
Mehamycin
Mehamycin-1
Roremycin-2
Roremycin-6
Roremycin-3
Roremycin-4
Roremycin-7
Roremycin-10
Roremycin-11

Roremycin-1 | Roremycin-3
Roremycin-1 | Roremycin-4
Roremycin-3 | Roremycin-4
Roremycin-2A | Roremycin-3
Roremycin-2A | Roremycin-4
Roremycin-2B | Roremycin-3
Roremycin-2B | Roremycin-4
Roremycin-10 | Roremycin-11
Roremycin-12 | Roremycin-13

0.7661
20.4858
0.5786
0.7178
1.9713
0.6638
1.9672
0.1213
0.0866

1.7285
0.3233
2.7348
3.2379
1.2370
1.5747
0.7194
0.3264
0.0490

0.4432
63.3584
0.2116
0.2217
1.5935
0.4216
2.7344
0.3715
1.7691

Random coil

Alpha helix/Random coil

Extended strand/Random coil
Alpha helix/Extended strand/Random coil

Note: DNA sequences between the ﬁrst and fourth cysteines of heliomicin-like
subfamily are used for Ka/Ks analysis.

that the independent gain of sDBDs in two subfamilies of DTAFPs is
likely a consequence of selection by certain common factors that drove
its occurrence. Although the recognition of the role of convergent
evolution in the emergence of a new domain in bDTAFPs from two
distant nematodes, it appears this is not only one example since it also
occurred between two groups of scorpion Na+ channel neurotoxins
(Zhang et al., 2016). Given all the insertions in these peptides located in
a structurally equivalent loop, it appears that this loop is a hot spot for
insertion. Besides, convergent evolution may also take place in some
larger proteins, such as the toxic serine protease from shrew and lizard
venom and interleukin 6 from two diﬀerent lagomorph genera
(Aminetzach et al., 2009; Neves et al., 2014).
In the current database search, we only identiﬁed bDTAFPs in two

key role of indel mutations in functional innovation of proteins. When
the amino-terminal loop of a venomous insect defensin possessing the
“scorpion toxin signature” was deleted, it switched its antibacterial
function to K+ channel blockade through the removal of the steric
hindrance between peptide-channel interaction (Zhu et al. 2014). Further structural and functional analyses of sDBDs in roremycins will help
reveal their real evolutionary implications. For mehamycin, our experimental data has revealed its new functional properties that is presumably achieved through domain insertion. Because in many cases
evolutionary convergence has a role in functional adaptation, we infer
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nematode species (M. hapla and R. reniformis). They are even absent in
several Meloidogyne species with genome information currently available (i.e. M. arenaria, M. ﬂoridensis, M. graminicola, M. incognita and M.
javanica). Such a patch distribution pattern could attribute to gene loss
in other nematode species owing to the absence of a selective force. On
the contrary, as plant-parasite nematodes (Castagnone-Sereno et al.,
2013; Jones et al., 2013), M. hapla and R. reniformis both likely face a
common selective force from the plant-associated fungi that drove the
evolutionary retention of those genes in their genomes. In addition,
incomplete genome assembling may be another factor for the distribution.
Considerable eﬀorts have been made to graft active sites onto the
CSαβ scaﬀold (Drakopoulou et al., 1996; Li et al., 2008; Lin et al., 2007;
Vita et al., 1995, 1998; Zhang et al., 2016). For example, Zhu et al.
identiﬁed a multigene family of sodium channel-targeted α-scorpion
toxins consisting of 13 members (MeuNaTxα-1 to MeuNaTxα-13) from
Mesobuthus eupeus, in which MeuNaTxα-3 possesses an extra eight residues in its J-loop relative to its paralogs (Zhu et al., 2012) that has
been explored as a protein scaﬀold to graft exogenous functional motifs
(Zhang et al., 2016). In this work, we have found an array of bi-domain
DTAFPs with high sequence variability in length and secondary structure types in their sDBDs. These DBDs will be readily substituted by
other variable functional motifs for engineering proteins.
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