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ABSTRACT

Keywords:

Zhi?nif‘ bial ” Plants express various antimicrobial peptides including thionins to protect themselves against pathogens. It was

Antgﬁcroila peptide recently found that, in addition to four thionin genes, Arabidopsis contains 67 thionin-like (Thil) genes in-
rabldopsis

cluding six pseudogenes. It is known that thionins have antimicrobial activity and are part of the plant defense
system, however, nothing is known about ThiL genes.

In this study, we present a bioinformatic analysis of the (ThiL) gene family in Arabidopsis. We identified 15
different motifs which positioned the Thil. peptides in four groups. A comparison of amino acid sequences
showed that the ThiL peptides are actually more similar to the acidic domain of thionin proproteins than to the
thionin domain.

We selected 10 ThiL genes to study the expression and possible function in the Arabidopsis plant. RT-PCR and
promoter:GUS fusions showed that most genes were expressed at a very low level but in several organs and at
different developmental stages. Some genes were also expressed in syncytia induced by the beet cyst nematode
Heterodera schachti in roots while others were downregulated in syncytia. Some overexpression lines supported
lower number of nematodes that developed on the roots after inoculation. Two of the genes resulted in a strong
hypersensitive response when infiltrated into leaves of Nicotiana benthamiana. These results indicate that ThiL
genes might be involved in the response to biotic stress. ThiL. genes have been expanded in the Brassicales and
specifically the Brassicaceae. The most extreme example is the CRP2460 subfamily that contains 28 very closely
related genes from Arabidopsis which are mostly the result of tandem duplications.

Heterodera schachtii
Plant defense

cysteine residues, and viscotoxins from mistletoes with six cysteine
residues, were among the first antimicrobial peptides that were char-
acterized in detail and shown to have antimicrobial and toxic activities

1. Introduction

Plants use different mechanisms to defend themselves against pa-

thogens. One of the important defensive strategies employed by plants
to restrict the invasion and establishment of pathogens is the use of
antimicrobial peptides (AMPs) such as plant-defensins, thionins, cy-
clotides, lipid transfer-proteins and snakins (Broekaert et al., 1997). For
various AMPs from plants and animals, an in vitro antimicrobial activity
has been demonstrated (Bohlmann, 1994; Bohlmann et al., 1988;
Broekaert et al., 1995, 1997; Epple et al., 1997; Garcia-Olmedo et al.,
1998; Holtorf et al., 1998). Thionins from wheat endosperm with eight

(Bohlmann, 1994; Bohlmann and Apel, 1991). All thionins are char-
acterized by two consecutive cysteines at position three and four. They
have been isolated as 5 kD peptides from different plant species but are
produced as preproproteins. These consist of a signal peptide, the ma-
ture thionin and a so-called acidic domain (Bohlmann and Apel, 1991).

To date, there is no experimental information available about pos-
sible functions of the acidic domain. But it is clearly not dispensable as
shown by the high conservation of the cysteine residues, even in the
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case of viscotoxin precursors which have several deletions in the acidic
domain (Schrader and Apel, 1991). Furthermore, Florack et al. (1994)
found that expression of a-hordothionin in transgenic tobacco plants
without the acidic domain resulted in significantly lower levels of the
mature thionin. One possible function might be that the acidic domain
contains information to guide the thionin through the secretory
pathway to its final destination, i.e. vacuoles, cell walls, and protein
bodies. Such a function has been demonstrated for the pro region of
human defensins (Liu and Ganz, 1995). Furthermore, the acidic domain
might function as an intramolecular chaperone to assist in the folding of
the thionin. We recently found that the proprotein is processed to
produce the mature thionin by a subtilase in barley which degraded the
acidic domain (Plattner et al., 2014, 2015). This explains why a protein
corresponding to the acidic domain has never been isolated from plants.

Thionins are found in various plant species, for instance cereals,
mistletoes and plants of the family Brassicaceae, including Arabidopsis
thaliana. Inspection of the Arabidopsis genome sequence revealed that
in addition to four thionin genes, it contains a large number of so-called
thionin-like (ThiL) genes. Related genes are also found in other plant
species. They are included in the CRP2200-CRP2610 groups of cysteine
rich peptides as defined by Silverstein et al. (2007). Most of these genes
had not been annotated before in the Arabidopsis genome due to their
small size. Similarly, most of them are also not included on the Affy-
metric GeneChip. Therefore, not much is known about the expression of
these genes. Their function has also not been explored earlier.

Here we have done a bioinformatic analysis of the Arabidopsis ThiL
genes. Our analysis showed that the ThiL peptides are more similar to
the acidic-domain of the thionin precursor than to the thionin domain.
We selected 10 genes from different CRP groups to study their ex-
pression in Arabidopsis and a possible biological function. We have
concentrated on the interaction of these ThiL genes with Heterodera
schachtii, the beet cyst nematode.

2. Materials and methods

2.1. Sequence retrieval and in silico characterization of Thil genes and
proteins

Arabidopsis Thil. genes were originally identified by Silverstein
et al. (2007). Accordingly, genomic DNA, coding (CDS) and amino acid
sequences of all Arabidopsis thionin and ThiL. genes were retrieved in
FASTA format from TAIR (https://www.arabidopsis.org/). Thil. genes
and proteins were characterized on the basis of different properties such
as amino acid length, CDs length, genomic DNA length, number of
exons and start as well as end position of the gene on the corresponding
chromosome. To predict the signal peptide cleavage site present in the
polypeptide sequences of ThiL proteins, the online SignalP 4.1 Server
(Petersen et al., 2011) (http://www.cbs.dtu.dk/services/SignalP/) was
used. Similarly, isoelectric points of ThiL proproteins (with signal
peptides) and mature peptides (without signal peptides) were calcu-
lated through the online tool from ExPASy (Gasteiger et al., 2003)
available at https://web.expasy.org/compute_pi/. Likewise, to compute
the grand average of hydropathy (GRAVY), the Sequence Manipulation
Suite (SMS) (Stothard, 2000), was accessed at http://www.
bioinformatics.org/sms2/proteingravy.html.

To position the thionin family genes on their respective chromo-
somes, MapChart (Voorrips, 2002) was used under default parameters.
The assessment of sequence similarity patterns among mature Thil
peptides was accomplished with the help of Uni-Pro U-Gene by using
ClustalW algorithm with default parameters. After that, different parts
of sequences were labeled to show the resemblance among the proteins
under study. Phylogenetic analysis of thionin and thionin-like protein
sequences was performed by MEGA v. 7.0 (Kumar et al., 2016). For this
purpose, amino acid sequences from ThiL and Thionin proproteins were
aligned using ClustalW followed by the development of phylogenetic
tree based on neighbor-joining method under default parameters. The
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tree was further validated with different models of Maximum Like-
lihood Methods as well (data not shown). Conserved motifs among the
proproteins were discovered through the online MEME SUITE tool
(Bailey et al., 2009). ThilL proteins were assigned different CRP families
defined by Silverstein et al. (2007) and labeled with different colors.
Gene structure analysis on the basis of position, numbers and length of
untranslated regions (UTRs), exons and introns was performed with the
help of Gene Structure Display Server 2.0 (Hu et al., 2015) available at
http://gsds.cbi.pku.edu.cn/.

2.2. Cloning of binary vectors

We used the vector pPZP3425 (Szakasits et al., 2007) for promoter
analysis and overexpression studies. The plasmid contains a double
enhanced 35S promoter and TMV omega element driving an intron
containing GUS gene. For cloning of the overexpression vectors, coding
sequences were amplified from genomic DNA by PCR using primers
(Table S3a) containing the restrictions sites Ncol and BamHI. The am-
plicons were digested with Ncol and BamHI and ligated into the vector
pPZP3425 digested with the same enzymes. The final constructs were
confirmed by sequencing. The promoter regions were amplified by PCR
using Arabidopsis genomic DNA as template. PCR primers (Table S3b)
included restriction sites for Kpnl and Ncol. After digestion the PCR
fragment was ligated to the large vector fragment of pPZP3425 digested
with the same enzymes, thus replacing the 35S promoter by the dif-
ferent ThiL. promoters. All constructs were verified by sequencing.

For transient expression ThiL. coding sequences were cloned into the
pPZPTRBO vector (Shah et al., 2013). Therefore, the coding sequences
were first cloned in an intermediate cloning vector (pUC-HB3) using
Ncol and BamHI sites contained in the forward and reverse primer,
respectively. They were then isolated as NotI-Pacl fragments and li-
gated to the vector pPZPTRBO cut with the same restriction enzymes.

2.3. Plant material and growth conditions

Arabidopsis seeds (ecotype Columbia) were surface sterilized for
20min in 6% (w/v) sodium hypochlorite and subsequently washed
three times with sterile water and grown on Murashige and Skoog (MS)
medium or Knop medium (Sijmons et al., 1991). Plants were grown on
soil in a growth chamber at 25 °C in a 16 h light and 8 h dark cycle for
seed production.

2.4. Arabidopsis transformation

Binary vectors were introduced into Agrobacterium tumefaciens
GV3101 by a freeze-thaw method (Holsters et al., 1978) for transfor-
mation of Arabidopsis plants by a modified floral dip method (Logemann
et al., 2006). Transformed seedlings were selected on MS medium with
50 ug/ml kanamycin and 250 pug/ml timentin at 22 °C with a photo-
period of 16 h light and 8h dark until kanamycin-resistant seedlings
could be clearly identified. Seedlings that were resistant to kanamycin
were transferred to soil for seed production.

For each promoter:GUS construct, 10-12 independent transgenic
plants were generated and tested for GUS activity to choose a re-
presentative line, which were grown further to produce homozygous
seeds. For overexpression lines, 12 independent transgenic T2 lines
were generated and applied to RT-PCR using the primers described in
Table S3d to select the best expressing lines. These were then made
homozygous to be used in the nematode resistance tests.

2.5. Resistance tests

Heterodera schachtii was cultured in vitro on mustard (Sinapis alba cv.
Albatros) roots growing on 0.2 concentrated Knop medium supple-
mented with 2% sucrose (Sijmons et al., 1991). Hatching of J2 larvae
from the cysts, collected from the mustard stock cultures, was
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stimulated by soaking in 3 mM ZnCl,. Larvae were washed three times
in sterile water and the J2 were resuspended in 0.5% (w/v) gelrite
(Duchefa, Haarlem, The Netherlands) for infection of Arabidopsis roots.
Roots of 12 days old Arabidopsis seedlings on Knop medium were in-
oculated with approximately 50-60 J2 larvae per plant. Three in-
dependent experiments were performed, each had five Petri dishes and
one Petri dish contained approximately 10 seedlings. At 14 dpi female
and male nematodes were counted and the number of males and fe-
males per cm of root length was calculated. The data regarding the
number of nematodes were analysed using single factor ANOVA
(P < 0.05, P < 0.01) while the means were compared using least
significant difference (LSD) test at 95% level of confidence.

2.6. GUS reporter analysis

Histochemical detection of GUS activity was performed according to
Jefferson (1989) as described by Ali et al. (2013).

2.7. Semi-quantitative RT-PCR

Total RNA was purified from all independent plant lines using the
“NucleoSpin° RNA Plant” from Macherey-Nagel. 2 uL of eluted RNA
was used for photometric measurement of RNA concentration
(NanoDrop, 2000; Thermo Scientific). Semi-quantitative RT-PCR was
done with a “One-step Master Mix RT-PCR Kit” (Affymetrix) according
to the manufacturer's instructions. Primers are listed in Table S3c.
Three primer pairs could also amplify other closely related genes as
indicated.

2.8. Transient expression

Agrobacteria (GV3101) were grown overnight in YEB liquid
medium with appropriate antibiotics (25 pg/ml gentamycin and 35 pg/
ml rifampicin for Agrobacteria and 200 ug/ml spectinomycin for
pPZPTRBO (Shah et al., 2013) containing ThiL genes to ODgoo 0.8 in an
incubator/shaker at 28 °C. The bacteria were harvested by centrifuga-
tion at 5000 rpm for 6 min in a Heraeus Megafuge 16 R refrigerated
table top centrifuge (Thermo Scientific) at room temperature (RT). The
pellet was resuspended in infiltration buffer (10 mM MES pH 5.6,
10 mM MgCl2, 100 uM acetosyringone). The Agrobacteria were diluted
in the infiltration buffer to ODgo of 0.4. After incubation for 2—4 h at
RT, the Agrobacteria were infiltrated in the abaxial side of the leaves of
five weeks old N. benthamiana plants by using a 1 ml syringe without
needle. Infiltrated plants were kept in a plant growth chamber at
25 + 1°C temperature with 65 * 2% humidity.

3. Results
3.1. Positioning of different ThiL genes on arabidopsis chromosomes

Arabidopsis has 67 ThiL genes (including six pseudogenes) in ad-
dition to the four thionin genes. We used MapChart to locate the four
thionin genes and 67 ThiL genes on their corresponding chromosomes.
Different chromosomes contain a different number of Thil. genes
(Fig. 1). Out of total 71 genes, 40 ThiL genes as well as Thi2.1 and
Thi2.4 were positioned on chromosome 1. Members of the CRP2460
family are mostly (i.e. 23 out of 28 genes) located on chromosome 1.
Chromosomes 2, 3, 4 and 5 contain eight, five, one and 14 ThilL genes,
respectively, including two thionin genes (Thi2.3 on chromosome 2 and
Thi2.2 on chromosome 5).

3.2. Phylogenetic analysis and conserved motifs analysis of the Thil. family
The results of protein based phylogenetic and conserved motif

analysis were described simultaneously for comparison of similarities
and differences among Thil. genes. Phylogenetic analysis divided the
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ThiL peptides into four main groups (Fig. 2). Using maximum likelihood
tools (Schwarz and Dayhoff, 1979; Zuckerkandl and Pauling, 1965)
resulted in very similar trees which are included in the supplement
(Figs. 1A and B). The largest group of these was group 1, which con-
tained 28 proteins including all members of CRP2460. The first 13
members of group 1 from At1g21835 to At1g34830 showed maximum
similarity in terms of motif type and their position in the polypeptide
sequences. All of these members exhibited seven different motifs (motif
1 to 7) with nearly the same place of occurrence in the sequences
(Fig. 2). Furthermore, in this group, motifs 1 and 3 are repeated twice
(except At1g21835). The rest of the CRP2460 family includes several
pairs of closely related peptides. Many of them have the new motif 10 in
addition to a number of other motifs. Group 1 also includes one peptide
(At1g12665) from CRP2310 with a new motif 8, repeated twice.

Group 2 includes nine members from four different cysteine-rich
peptide families (CRP2550, CRP2310, CRP2360 and CRP2480). In all of
these nine peptides, motif 8 was conserved in all members except
Atlgl1572. Moreover, motif 8 was displayed four and three times in
the amino acid sequences of At5g63063 and At3g4820, respectively.
Motif 1, 2, 5, 11 and 14 were also presented by some members of this
family but not in a persistent way.

Group 3 was the second largest group with 18 members belonging
to five different CRP families, i.e. CRP2465, CRP2490, CRP2530,
CRP2610 and CRP2200 including four thionin proproteins. Two
members (At1g30972 and At1g30974) of the CRP2610 family were
found in the form of a pair, exhibiting motifs 1, 8 and 11 at the same
position. The four thionin members appeared in the form of a group
with unique motifs 11 and 13 in addition to motif 8. Motif 2 was ad-
ditionally present in Atlg72260. Atlg25275, the only member of
CRP2490, appeared with motifs 2, 5 and 8 and was followed in the
phylogenetic tree by Atlg77682 (only member of CRP2465) that
showed only motif 1. Group 3 also included nine of the 11 members of
CRP2530. The first three members (At5g26717, At5g26692 and
At5g26673) are characterized by motif 7 and a duplicated motif 8 while
At3g44718 exhibited motifs 2 and 14 and duplicated motif 1. The re-
maining members presented several conserved motifs (1, 8, 11 and 14),
but were characterized by motif 12 which was only found in this family.
Motif 8 was one of the most prevalent motifs in this group.

Group 4 was the smallest group with only seven members from
CRP2480, CRP2420, CRP2530 and CRP2310. Both, At1g53285 and
At1g53282 (CRP2480) displayed motifs 2 and 8, whereas At5g64816
(CRP2420) showed only motif 1 and At5g58412 (CRP2530) exhibited
motifs 1 and 8. At1g12660 and At1g12663 (CRP2310) appeared with a
three times repetition of motif 8. Among all 65 members, there were
three ThiL proteins (Atlg12665, At3g48208 and At5g35698) which
represented outgroups. Of them, At1g12665 and At3g48208 had only
motif 8, whereas At5g35698 showed motifs 1, 8 and 11. Among all 15
discovered motifs, the most abundant one was motif number 8 with
three cysteine residues.

3.3. Gene structure analysis of Thil. genes

Gene structure analysis of 61 ThiL. genes and four thionin genes was
carried out to compare the patterns of introns and exons in the genomic
DNA. Exon-intron patterns were also conserved in different clusters of
the phylogenetic tree and various CRP families (Fig. 3). Members of
group 1 showed only one exon of similar size and at the same position
in their DNA sequence; however, some members exhibited untranslated
regions in addition to an exon. Within group 3, genes belonging to the
thionin family (CRP2200), appeared with a precise gene structure of
three exons and two introns followed by the UTRs. A similar gene
structure with three exons and two introns was only found in two other
genes. These were the only gene from CRP2490 (At1g25275) which
clustered together with the thionin genes and gene At1g12672 from
CRP2310 which was found in group 4. All other members of group 3 did
not show a considerable degree of similarity in terms of gene structure.
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Fig. 1. Chromosomal positioning of 67 ThiL genes, including six pseudogenes, and four thionins. Scale on the left side shows chromosomal length in mega base
pairs (Mbp). Four yellow shaded genes belong to the thionin family, whereas all other ThiL genes are labeled by colored dots. These colors are according to their CRP

families (according to Silverstein et al. (2007)). Colors provided at the bottom of the Figure. .

reader is referred to the Web version of this article.)

3.4. Evolution of the ThiL genes

The availability of genome sequences from different plant species
allows to identify the occurrence of homologs of the Arabidopsis ThiL
genes in other plants. We used PLAZA (Van Bel et al., 2018) to identify
gene families corresponding to the 10 ThiL CRP families defined by
Silverstein et al. (2007). The single Arabidopsis genes in CRP2420
(At5g64816) and CRP2490 (At1g25275) correspond to PLAZA gene fa-
milies HOM04D004102 and HOMO04D008388, respectively. These fa-
milies include 84 genes in Viridiplantae and 26 genes in Eudicotyledons,
respectively (Fig. S2). For most CRP groups ThilL genes are restricted to
Brassicales or even Brassicaceae. The single Arabidopsis gene from
CRP2465 (At1g77682) has only one homologous gene in A. lyrata (Fig.
S2). CRP2460, corresponding to the PLAZA gene family
HOMO04D006842 with 59 genes, includes 28 genes from Arabidopsis
and 11 from A. lyrata, indicating a strong expansion in Arabidopsis.
Many of the CRP2460 genes are tandem duplicates, which can also be
seen in Fig. 2. Tandem duplicates are also found in other CRP groups,
for instance At1g53282 and At1g53285 from CRP2480. The majority of
the CRP2460 genes are located on chromosome 1 with a cluster of 13
genes (from At1g34792 to At1g35035) within a DNA sequence of 45 kb.
They are interspersed with eight copies of pseudogenes of At1g34790
(Transparent Testa 1). This cluster is flanked by several transposable
elements (Fig. S9). If these elements were involved in duplication of
these ThiL genes and Transparent Testa 1 pseudogenes is not known.

3.5. Thil genes encode peptides with similarity to the thionin acidic domain

All ThiL genes encode peptides that are preceded by a signal peptide
except At5g64816 as seen in Table S1. The exception is the only gene of
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(For interpretation of the references to color in this figure legend, the

CRP2420 (At5g64816) where SignalP does not predict a signal peptide.
The majority of the peptides are basic and they have a conserved cy-
steine pattern. Alignment of the sequences of thionin proproteins and
ThiL. peptides showed that a small part of the ThiL peptides aligned
with the last part of the thionin domain whereas the larger part aligned
with the acidic domain (Fig. 4). The ThiL peptides also miss the char-
acteristic double cysteine motif at position three and four that is
characteristic for thionins. In a strict sense we would rather have to call
them “acidic-domain-like peptides”. While the 3D structures of a large
number of thionins have been determined experimentally (Mendez
et al., 1990; Ohtani et al., 1977; Stec, 2006) nothing is known about the
3D structure of the acidic domain. We run the sequences of the 10
peptides that we selected for further study on Phyre 2 (Kelley et al.,
2015). However, the program could not predict a structure with strong
confidence (Table S2 and Fig. S3).

Thionin proproteins are further processed to produce the mature
thionin which has repeatedly been isolated from different plant species.
If the ThiL peptides are also processed is not known but maybe unlikely
as there is not the typical thionin proprotein structure.

3.6. Expression analysis

RT-PCR was used to determine the expression of 10 ThiL genes in
different organs and growth stages of Arabidopsis plants (Fig. 5). In
general, expression was low and expression was mostly found in sili-
ques and stems. In case of At1g12665, a clear signal was only obtained
for siliques. The strongest expression was found for At1g25275.
At5g64816 showed a similar expression as At1g25275 but at a lower
level. Some of the genes are represented on the Arabidopsis GeneChip.
These are At1g25275, At5g36720, and At5g64816 (Fig. S4) which
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Fig. 2. Phylogenetic and conserved
motif analyses of 61 ThiL genes and
four thionins. Motif numbers assigned
by MEME suite tool are mentioned on
each motif. Motifs heights depict the
significance of the match as taller are
more significantly conserved than
lower motifs. Sequence logos of all
motifs are provided at the bottom.
Members of different groups clustered
by phylogenetic analysis are shaded by
different colors based on their CRP fa-
mily according to Silverstein et al.
(2007). Colored scheme of all 11 CRP
families is given at the bottom. . (For
interpretation of the references to color
in this figure legend, the reader is re-
ferred to the Web version of this ar-
ticle.)

g - - a ---.
2200 2310 2460

confirm our results. In addition to the GeneChip data, RNAseq data are
available (Fig. S5) for these genes. They confirm the expression of
Atl1g25275 at a high level and of At5g64816 at a lower level while
expression of the other genes was found at a very low level. For

R‘sﬁi

V.Qv..

At1g12665 the RNAseq data show no expression in all tissues except
very low expression in receptacles.

For some of the genes the primers could also amplify closely related
genes as indicated in Table S3D. Therefore, and in order to study the
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Fig. 3. Phylogenetic analysis in line with exon-intron structure analysis of 61 ThiL genes and four thionins. Members of the same CRP family are shaded with

the same color. Scale below the Figure compares the length of gene in base pairs (bp). Golden, blue and thin grey colored lines show positions of exons, UTRs and
introns, respectively. . (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Multiple sequence alignment of 61 ThiL genes with four thionins. First four members are thionins which belong to the CRP2200 family. The position and
length of mature peptide and acidic domain of thionins have been labeled with blue and red colored boxes, respectively. Members of different CRP families are
highlighted along with the name of their CRP family. . (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)
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Fig. 5. RT-PCR expression analysis in different Arabidopsis tissues and
developmental stages. Total RNA was transcribed using oligo-dT and ampli-
fied using primers described in Table S3c. Expression was analysed in different
organs and developmental stages of wild-type Columbia: five days old seedlings
(S5), 14 days old seedlings (S14), five days old roots (R5), 14 days old roots
(R14), five weeks old rosette leaves (RL), cauline leaves (CL), stems (St), flowers
(Flo) and silliques (Sil).

tissue-specific expression in more detail, we produced promoter:GUS
lines for all genes that were tested with RT-PCR using the vector
pPZP3425 (Szakasits et al., 2007). For each gene approximately 10
independent lines were obtained and a representative homozygous line
was used for a detailed analysis using X-gluc staining (Fig. 6). None of
the GUS lines that we obtained for At1g12665 showed any GUS ex-
pression. The GUS expression was also not observed in siliques although
we had obtained a signal in RT-PCR (Fig. 5). At1g34860:GUS was ex-
pressed only in some spots at the edge of older leaves and cauline
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leaves. In case of the other genes, GUS expression was found in most
organs.

Expression of all genes was also tested after infection of the
promoter:GUS lines with H. schachtii at 5 and 15 dpi (Fig. 7). No ex-
pression was found for At1g12665, At1g21835, At1g21866, At1g34860,
and At5g63087, which showed also a very low expression in roots.
Expression of the lines containing promoter:GUS constructs for
At1g35035 and At5g38378 was downregulated in syncytia. At5836720
showed expression in syncytia but not in roots. A more detailed analysis
was done for At1g25275, which indicated that the expression was
downregulated in syncytia from 7 dpi on and for At5g64816 which
showed a weak expression in syncytia up to 10 dpi but not in 15 dpi
syncytia (Fig. 8).

3.7. Functional analysis

We selected 10 genes for transient expression in Nicotiana ben-
thamiana. The coding regions (including intron) of these genes were
cloned in the vector pPZPTRBO (Shah et al., 2013). These constructs
were transformed into Agrobacteria for infiltration into leaves of six
weeks old N. benthamiana plants. Expression was confirmed by RT-PCR
(Fig. S8). Infiltration of the empty vector resulted in chlorotic spots at
the point of infiltration. In case of At1g21835 and At1g35035, we ob-
served a strong hypersensitive response (HR) which was clearly visible
at 3 dpi and onward and which eventually covered almost the whole
leaf (Fig. 9). For the At1g34860 expression construct we found some
small necrotic spots at 5 and 7 dpi. For all other genes we did not ob-
serve any visible reaction (data not shown).

Overexpression constructs containing the coding regions (including
intron) for transformation in Arabidopsis were produced using the
vector pPZP3425 (Szakasits et al., 2007) which includes the 35S pro-
moter with doubled enhancer and an omega translational enhancer. We
selected eight homozygous lines for each construct and tested the ex-
pression of the transgene with RT-PCR (Fig. S7). For each gene we se-
lected one line with a good expression level. None of these showed any
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Fig. 6. GUS expression of thionin like genes in Arabidopsis organs. Shown is the expression in germinated seeds, seven days old sedlings, three weeks old rosette
leaves, stem sections with cauline leaves, flowers, five weeks old rosette leaves and siliques. For some lines enlarged pictures of seeds are shown together with the
siliques.
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Fig. 7. GUS expression of ThiL genes in 5 and 15 dpi syncytia and corresponding uninfected control roots. Syncytia of promoter:GUS lines are shown at 5 and
15 dpi together with roots from uninfected plants of the same age. Bar = 500 pm.

obvious phenotype (Fig. S8). These overexpression lines were infected
with 2nd stage juveniles of the beet cyst nematode H. schachtii. For
At1g12665 and Atl1g25275 the number of females and males was sig-
nificantly reduced on the overexpression lines as compared to wildtype
plants. For At1g35035 and At5864816 we found a reduction of the
number of females but not of males. In all other cases there was no
significant reduction of females or males as compared to the wildtype
(Fig. 10).

4. Discussion
4.1. In silico characterization of the Thil, gene family in arabidopsis

Thionin genes are known for quite some time in different plant fa-
milies and four genes are found in the Arabidopsis genome. In their
search for CRPs in the Arabidopsis genome, Silverstein et al. (2007)
defined a group of so-called ThilL peptides. They found that Arabidopsis
contains 67 ThiL genes of which 6 are pseudogenes.

About 94% of all CRP genes from Arabidopsis either lack introns or
contain a single intron which is usually located between the exons
encoding the signal peptide and mature peptide (Silverstein et al.,
2007). Gene structure analysis of ThiL genes revealed that introns were
present in 17 out of 61 genes studied here. Thionin genes from different
plant families were found to have two small introns within the acidic
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domain (Bohlmann et al., 1988). This pattern is also found in the
Arabidopsis thionin genes. In addition to these, there are only two ThiL
genes with two introns. Similarly, the pattern of intron-exon structure
was partially conserved in different groups and subgroups of the ThiL
genes.

We performed different in silico analyses to characterize the ThiL
peptides. The results obtained by these analyses indicated various
analogies to the previously reported Thil peptides from other plant
species. Our results predicted ThiL. peptides with a length between 66
and 135amino acid residues. Thionin-like peptides 1 and 2 from
Capsicum annuum have 66 and 59 amino acids residues, respectively
(Taveira et al., 2014). Similarly, another peptide that is described as
thionin-like from Triticum aestivum (UniprotKB ID: Q5BQ30) exhibits
89 amino acids length. Isoelectric point of most ThiL peptides was in the
basic range, but some had an acidic pl, down to approximately five. The
known AMPs are usually basic peptides but it is currently not known if
the pI of the ThiL peptides is related to a possible antimicrobial activity.

A comparison of the ThiL. peptides with the four thionins through
multiple sequence alignment showed that Thil. peptides are actually
more similar to the acidic domain of the thionin proproteins but have
little similarity with the thionin domain. The acidic domains of thionin
proproteins have a characteristic three + three cysteine pattern which
is also found in many of the ThiL. peptides. If these cysteines form a
cystine knot as in knottins (Postic et al., 2018) is not known. The
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Fig. 8. GUS expression of two ThiL genes in syncytia. GUS staining was
performed for 3, 5, 10, 12, and 15 dpi syncytia. N = nematode, S = syncytia
and bar = 100 pum.

characteristic two introns found in the acidic domain of thionin genes
are, however, found in only two ThiL genes (Fig. 3). The alignment with
the acidic domain also explains why the Phyre program could not
predict a 3D structure for the ThiL peptides with high level of con-
fidence. While 3D structures have been obtained for many thionin
peptides with different methods, no structure is known for an acidic
domain.

4.2. Expression analyses of ThiL genes

Expression analysis from various developmental stages demon-
strated that most of the genes were ubiquitously expressed in most plant
parts through various developmental stages. However, the expression
level as shown by RT-PCR and supported by publicly available RNAseq
data is mostly very low, including all six of the CRP2460 genes that we
have studied. An exception is At1g25275 and with lower levels
At5g64816, both of which are expressed in most of the plant organs at
higher levels. The very low expression levels raise the question if these
genes have a function. Of course, it cannot be excluded that these genes
are expressed after encounter of specific biotic or abiotic stresses.
Indeed, a transcriptome analysis of Arabidopsis pistils showed that
several ThiL. genes were upregulated in interspecific pollination with
pollen from other Arabidopsis species (Mondragon-Palomino et al.,
2017). Among the genes studied here, they include At1g21866,
At5g836720, and At5g38378. Moreover, At5836720 is reported to be
specifically expressed in pollen tubes but not in pollen grains and it
requires MYB transcription factors i.e., MYB97, MYB101, and MYB120
for its expression in the pollen tube (Leydon et al., 2013). This further
supports the evidence provided by Mondragon-Palomino and collea-
gues that this gene could be involved in pollen tube burst (Leydon et al.,

64

Plant Physiology and Biochemistry 140 (2019) 55-67

2013; Mondragon-Palomino et al., 2017). On the other hand,
Karunanandaa et al. (1994) characterized a pistil expressed plant de-
fensin from Petunia inflata and suggested that this peptide might be
involved in defending the pistil against pathogen infection. Thus, ex-
pression of ThiL genes in the pistil might also be part of the defense
against microorganisms. Our study revealed that At5836720 was not
expressed in roots but expressed in syncytia induced by H. schachtii in
roots which suggests its involvement in plant-nematode interactions.
However, expression of most of the ThiL. genes studied here was sup-
pressed in response to nematode infection. This confirms our previous
hypothesis that H. schachtii is able to suppress the expression of defense
related genes (Ali, 2012; Ali et al., 2017). Our results exhibited
downregulation of At1g35035 and At5g38378 from early time points
post inoculation while At1g25275 was downregulated in syncytia from
7 dpi on. Conversely, gene At1g25275 is induced in response to karrikin
(Nelson et al., 2010) but it is not known if it has any function in that
interaction.

4.3. Function of ThiL peptides

Thionins are an important part of the plant defense to cope with
invading pathogens and have in vitro antimicrobial activity against
various plant pathogens (Epple et al., 1995, 1998, 1997). Thionin
preproproteins comprise a signal peptide, mature thionin and an acidic
domain (Bohlmann and Apel, 1991). The mature thionin is the part that
has antimicrobial activity while the proper function of the acidic do-
main is not yet known (Plattner et al., 2015).

With one exception, all ThiL genes encode preproteins containing a
signal peptide according to SignalP (Petersen et al., 2011). If the mature
peptides end up in the vacuole or in the apoplast is not known. For a
plant defensin from A. halleri, it was shown that, although there was a
signal peptide, the mature peptide was found in intracellular com-
partments (Oomen et al., 2011).

Our results of the nematode infection tests showed that two genes,
At1g12665 and At1g25275, supported significantly less numbers of fe-
male and male nematodes in the overexpression lines as compared to
the wild type. Overexpression lines for At1g35035 and At5g64816, on
the other hand, only showed a significant reduction of the number of
females but not males. The motif analysis revealed that motif 8 rich in
cysteine residues was present twice in Atlgl2665 and Atl1g25275
peptides but not in At1g35035 and At5g64816 peptides. One might
therefore speculate that this motif, which contained two lysine residues
in addition to three cysteines, may be important for reducing nematode
numbers in addition to rendering the stability to the peptide through
disulfide bridges. The only member from CRP2420 family, At5g64816
was expressed in syncytia up to 10 dpi. The At5g64816 peptide contains
10 cysteine residues and a typical serine rich C-terminal motif (SSSS-
SSSRYS). However, it is not known if this motif is involved in the re-
sistance against H. schachtii.

While we found that overexpression of At1g25275 resulted in de-
creased susceptibility against the beet cyst nematode, another pub-
lication has recently reported that overexpression of At1g25275 in-
creased susceptibility (Dobon et al., 2015). The authors identified genes
that were upregulated in four transcription factor mutants, resulting in
increased susceptibility to the necrotrophic plant pathogenic fungi Bo-
trytis cinerea and Plectosphaerella cucumerina. PROVIR2 (At1g25275) was
induced by inoculation with P. cucumerina but downregulated by
Pseudomonas syringae DC3000 (AvrRpm1). The authors claimed that
overexpression of PROVIR2 (At1g25275) conferred enhanced suscept-
ibility to P. cucumerina. However, this result has to be treated with
caution because all PROVIR proteins were expressed as fusion with GFP
which might render the proteins inoperable. The expression of the
At1g25275:GFP fusion might then lead to co-suppression of the en-
dogenous At1g25275 gene which could explain the observed suscept-
ibility.

Transient expression of two Thil. genes i.e. At1g21835 and
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Fig. 9. Transient expression in Nicotiana benthamiana. Agrobacteria containing expression constructs for three different Thil. genes were infiltrated into leaves.
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At1g35035 gave a strong HR as early as 3 dpi in N. benthamiana. This ones with a low expression level which would not show an HR. While
suggests a possible role of these Thil. genes in HR-mediated defense the overexpression line of At1g21835 was not different from wild type
responses, possibly through the induction of ROS and programmed cell in respect to nematode numbers, oxerexpression of At1g35035 resulted
death. Recently, a ThiL peptide, CaThi, from C. annuum has been re- in a lower number of female nematodes (but not male nematodes).
ported to cause programmed cell death through activation of caspases At1g21835 was not expressed in roots and in syncytia induced by H.
and extracellular H* flux (Taveira et al., 2018). However, in the Ara- schachtii while expression of At1g35035 was downregulated in syncytia.
bidopsis overexpression lines of both these genes we did not see any Up to date, very few thionin-like genes have been characterized.
sign of HR. There are two possible explanations for this. On one hand, it One of the best studied Thil. genes is CaThi from C. annuum, which
might be possible that these genes have a different effect in N. ben- showed a strong antimicrobial activity against different species of
thamiana and Arabidopsis. On the other hand, if strong expression of Candida genus which are opportunistic human parasites and cause
these genes would lead to an HR in Arabidopsis, we would not be able gastrointestinal and mouth candidiasis (Taveira et al., 2016). This ThiL
to isolate overexpression lines with a strong expression level but only peptide also showed antimicrobial activity against Fusarium solani,
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probably through apoptosis (Taveira et al., 2017). These reports and
our results suggest that ThiL. peptides might have anti-nematodal ac-
tivity or they could be involved in HR and/or programmed cell death to
enhance nematode resistance in Arabidopsis.

4.4. Evolution of Thil genes

With a few exceptions, most of the Arabidopsis ThiL. genes have no
homologs outside the Brassicaceae or the Brassicales and have thus been
expanded in the order Brassicales. The most extreme example is
CRP2460 which contains 28 genes from Arabidopsis. Many of these
genes are the result of tandem duplications, partly together with
pseudogenes of At1g34790 (Transparent Testa 1). This demonstrates that
the ThiL family is specifically conserved in the Brassicaceae family of
angiosperms. They do not include orphan genes in the strict sense,
however, it has been shown that most orphan genes code for proteins
that have the size of peptides (Arendsee et al., 2014). The Arabidopsis
QQS orphan gene was for instance found to be a regulator of carbon and
nitrogen allocation (Li et al., 2009). The function of most of the Ara-
bidopsis ThiL genes is not known but the large number of recent tandem
duplications indicates that many of these genes may still be in search of
a function.

5. Conclusions

The Arabidopsis genome contains several gene families that code for
thionin-like peptides. Many of these genes are tandem duplicates. The
Thil. peptides are actually more related to the acidic domain of thionin
proproteins than to the mature thionins. At least part of these could be
involved in plant defense, although other functions cannot be excluded
at the moment.
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