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ABSTRACT

The fungal pathogen Fusarium graminearum causes Fusarium head
blight (FHB) on wheat, barley, and other grains. FHB results in yield
reductions and contaminates grain with trichothecene mycotoxins, which
threaten food safety and food security. Innovative mechanisms for
controlling FHB are urgently needed. We have previously shown that
transgenic tobacco and citrus plants expressing a modified thionin
(Mthionin) exhibited enhanced resistance toward several bacterial
pathogens. The aim of this study was to investigate whether over-
expression of Mthionin could be similarly efficacious against F.
graminearum, and whether transgenic expression of Mthionin impacts the
plant microbiome. Transgenic Arabidopsis plants expressing Mthionin
were generated and confirmed. When challenged with F. graminearum,
Mthionin-expressing plants showed less disease and fungal biomass in
both leaves and inflorescences compared with control plants. When
infiltrated into leaves, macroconidia of F. graminearum germinated at

lower rates and produced less hyphal growth in Arabidopsis leaves
expressing Mthionin. Moreover, marker genes related to defense signal-
ing pathways were expressed at significantly higher levels after
F. graminearum infection in Mthionin transgenic Arabidopsis plants.
However, Mthionin expression did not appreciably alter the overall
microbiome associated with transgenic plants grown under controlled
conditions; across leaves and roots of Mthionin-expressing and control
transgenic plants, only a few bacterial and fungal taxa differed, and
differences between Mthionin transformants were of similar magnitude
compared with control plants. In sum, our data indicate that Mthionin is a
promising candidate to produce transgenic crops for reducing FHB
severity and ultimately mycotoxin contamination.
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Plants are under attack continually by various pathogens and
pests. To defend against pathogen invasion, plants produce a variety
of antimicrobial proteins (AMPs) such as lipid transfer proteins,
plant defensins, and thionins (Castro and Fontes 2005; Pelegrini and
Franco 2005). Antimicrobial proteins and peptides have been
isolated and synthesized for disease control. Typically, AMPs are
short peptides with fewer than 50 amino acid residues that have
broad-spectrum antimicrobial activities against various pathogens
(Montesinos 2007). Most AMPs are cationic and able to bind to the
surface of microbes, allowing them to directly interact with and
disrupt the membrane of the pathogen by forming carpet-like
clusters and increasingmembrane permeabilization (Jung andKang
2014). In order to increase the activity against pathogens,
chimerical constructions, such as a cecropin-melittin chimeric
gene, andmodified sequences have been designed to increase target
specificity and reduce toxicity to mammalian and animal cells
(Montesinos 2007). Expression ofAMPs in transgenic plant species

has provided different degrees of protection against some fungal
and bacterial pathogens (Montesinos 2007). For instance, the
expression of naturally occurring peptides and their synthetic
analogs conferred resistance to pathogens in transgenic plants
including Arabidopsis, tobacco, Chinese cabbage, rice, cotton,
tomato, potato, pear, banana, and hybrid poplar (Montesinos 2007).
In addition, overexpression of some AMPs leads to disease
resistance against a broad range of bacterial and fungal pathogens
(Ali et al. 2018). For example, transgenic tobacco plants expressing
Rs-AFP2 showed enhanced resistance toward the phytopathogenic
fungus Alternaria longipes (Lacerda et al. 2014). Moreover,
transgenic apple, tomato, and rice plants expressing the Rs-AFP2
showed resistance to several phytopathogenic fungi, including
Fusarium culmorum, F. solani, F. oxysporum, Phytophthora
infestans, Rhizoctonia solani, and Magnaporthe oryzae (Lacerda
et al. 2014).
Thionins have a broad range of antibacterial, antifungal, and

cytotoxic activities (Guzmán-Rodrı́guez et al. 2015). The expres-
sion of many thionins is highly induced during incompatible
interactions; whereas in compatible interactions, lower thionin
expression is detected. For example, the induction of Asthi2.4
expression was higher in a resistant Arabidopsis ecotype compared
with a susceptible ecotype (Epple et al. 1995). Purified thionins
from barley and wheat seed increase permeabilization in fungal
hyphae within minutes of exposure (Thevissen et al. 1996).
Furthermore, overexpression of plant thionins in transgenic plants
exhibits enhanced resistance against a broad range of bacterial and
fungal diseases (Chan et al. 2005; Epple et al. 1997; Iwai et al. 2002;
Muramoto et al. 2012).
Themature thionins from plants such aswheat and barley contain

44 to 47 amino acids, including six to eight conserved cysteine
residues (Pelegrini and Franco 2005). Thionins induce the opening
of pores on cell membranes, disrupt potassium and calcium ion
balance, and result in leakage of proteins, nucleotides, and other cell
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components from cells (Pelegrini and Franco 2005). a-Hordothionin
from barley also causes increased potassium efflux and alkalization
of the medium, leading to rupture of the membrane lipid bilayers
(Oard 2011). The pyrularia thionin is toxic to insects and mammals
when injected into body fluids, but nontoxic when taken orally
(Vernon 1992). To reduce off-target toxicity and to increase efficacy,
a modified thionin (Mthionin) was previously designed and
synthesized, which differs from the native citrus thionins by
modified amino acid compositions and the addition of five extra
amino acids at the C-terminus (Hao et al. 2016a). We demonstrated
that transgenic citrus expressing this Mthionin showed markedly
enhanced disease resistance towardPseudomonas tabaci,Xanthomonas
citri, and ‘Candidatus Liberibacter asiaticus’ (Hao et al. 2016a;
Stover et al. 2017).
In relation to Fusarium head blight, thionin accumulation has

been shown to increase significantly in infected cell walls of the
wheat lemma, ovary, and rachis after F. culmorum inoculation,
compared with levels in healthy tissues (Kang and Buchenauer
2003). This study suggests that the accumulation of thionins in
infected wheat cell walls may be associated with defense responses
against F. culmorum or F. graminearum (Kang and Buchenauer
2003). The secreted antifungal thionin Asthi2.4 has been shown
to suppress the toxicity of a fungal fruit body lectin from
F. graminearum and overexpression of the Asthi2.4 in transgenic
Arabidopsis increases resistance toward F. graminearum (Asano
et al. 2013). The pathosystem of Arabidopsis and F. graminearum
resembles wheat_Fusarium interactions (Urban et al. 2002), though
mycotoxins play a minor role during Arabidopsis infection (Cuzick
et al. 2008). Due to the long cycle of wheat growth and the difficulty
of achieving wheat transformation, Arabidopsis transformation
provides an advantage for investigation of the efficacy with which
AMPs inhibit F. graminearum.
In this study, we introduced the Mthionin into Arabidopsis and

generated transgenic plants.We assessedwhether overexpression of
the Mthionin in transgenic Arabidopsis can increase resistance to
F. graminearum. We further determined the effect of Mthionin
expression on plant salicylic acid (SA), jasmonic acid and the
ethylene (JA/ET) marker genes after F. graminearum infection. To
investigate whether the expression of Mthionin affects the micro-
biome of the plant, we profiled bacterial and fungal communities
associated with transgenic Arabidopsis expressing Mthionin
or GUS.

MATERIALS AND METHODS

Generation of transgenic Arabidopsis. The pBinARS/plus
vector carryingMthionin driven by a double 35S (D35S) promoter
(Hao et al. 2016a), was used for Arabidopsis transformation. The
kanamycin resistance gene (nptII) served as a selection marker for
transformants. Arabidopsis (Arabidopsis thaliana) wild-type (Co-
lumbia ecotype Col-0) plants were transformed using the floral dip
method. Similarly, the pBinARS/plus vector containing GUS was
used to generate transgenic Arabidopsis plants as controls. Trans-
genic plants were selected on MS media containing kanamycin at
50 mg/liter. The seedlings were grown in a growth chamber at 22�C
in a 16/8 h light/dark cycle. Plant genomic DNAwas isolated with
the Qiagen plant kit (Qiagen, Valencia, CA). The primers D35S-F
and Nos-R were used for screening transformants by PCR as
described (Supplementary Table S1). To obtain homozygotes for
further experiments, T2 seeds were sown on a medium containing
kanamycin (50 mg/liter) for a progeny test; the transgenic lines for
which T2 seedlings showed no segregation were considered as
homozygotes. Homozygous T3 lines were used for estimating
Mthionin copy number by quantitative PCR (qPCR). The
Arabidopsis gene 4-hydroxyphenypyruvate dioxygenase (4HPPD),
which is a single copy gene, was used as the endogenous reference
gene (Garcia et al. 1999). Primer efficiency for Mthionin and
4HPPD was determined using a standard curve consisting of a

dilution series for each primer pair. The qPCR amplification
efficiency was calculated according to the following equation:
efficiency = 10(–1/slope) _ 1. The ratio of the copy number of
Mthionin was calculated using the following equation: ratio = 1 +
efficiency(CtMthionin)/1 + efficiency(Ct4HPPD). The qPCR reactions
were set up in triplicate and repeated three times. Data were shown
as means ± SD of three replicates.

RNA isolation and reverse transcription qPCR (RT-
qPCR). RNA was extracted from leaves of T0 transgenic
Arabidopsis plant using Trizol reagent (Sigma-Aldrich, St. Louis,
MO) as described elsewhere (Hao et al. 2016b). Total RNA was
quantified with a spectrophotometer (Nanodrop; Thermo Fisher
Scientific, Waltham,MA) and treated with RQ1 RNase-free DNase
(Promega Corp., Madison, WI). The first-strand cDNA was
synthesized using DNase-treated RNA (;1.5 µg), 0.5 µg of oligo
(dT) primer, and 1 µl of SuperScript III reverse transcription
(Invitrogen, Carlsbad, CA) in a 20 µl reaction. The absence of
genomic DNA contamination was verified. RT-qPCR was
performed using primers Mthionin-RT-59, located in the modified
gene, and Mthionin-RT-39, located in the Nos region (Supplemen-
tary Table S1). The Arabidopsis gene elongation factor 1-alpha
(EF1a) was used to normalize the values as an internal control.
Gene expression level was calculated with the 2_DDCt method,
relative to the transgenic plant having the lowest expression level,
which was set as 1. The qPCR reactions were set up in triplicate and
repeated twice with similar results.

Virulence assays. F. graminearum strain PH-1 was used for
virulence assays. Conidial inoculum was prepared in mung bean
liquid medium as described (Hao et al. 2019). Briefly, two plugs
from a V8 plate were grown in mung bean liquid medium with
shaking at 28�C for 4 days. The culturewas filtered through a 40 µm
cell strainer (Biologix, Jinan, Shandong, China) and centrifuged for
10 min at 3,000 × g, and conidia were resuspended in water, and the
concentration was adjusted to 5 × 105 conidia/ml.
A detached leaf assay (Chen et al. 2006; Makandar et al. 2006)

was used, with some modifications. Briefly, leaves from homozy-
gous transgenic Arabidopsis (T3) and control plants were wounded
with a needle. In total, 16 leaves from four plants of each genotype
(GUS and Mthionin plants) were infiltrated. Four leaves were
infiltrated with water as mock controls, while 12 leaves were
infiltrated with F. graminearum. Leaves were pricked on each side
of the midvein with a needle and infiltrated from the abaxial leaf
surface with a 1 ml needleless syringe. The infiltrated leaves were
maintained on 1% agar plates with high humidity. The plates were
inoculated under dark. The disease progress was monitored every
day and imaged at 4 days, at which time the leaves were collected
for biomass evaluation. DNA was isolated from infiltrated leaves.
Relative biomass of F. graminearum in the infected tissue was
quantified by qPCR.TheCt value for theF. graminearum geneTRI6
was calculated relative to the corresponding Ct values for the
Arabidopsis EF1a gene using the 2_DDCt method (Livak and
Schmittgen 2001). Three biological replicates were used for qPCR,
with two technical replicates each. Means from three replicates
were compared using one-way analysis of variance (ANOVA) and
Tukey’s honestly significant difference (HSD) post hoc test.
For inoculation of florets, young plants with open flowers and a

few siliques were sprayed with 5 × 105 F. graminearum conidia/ml
in 0.02% Tween 20. Twelve to sixteen T3 homozygous transgenic
plants from each transgenic line were inoculated. Four plants from
each genotype were sprayed with 0.02% Tween 20 as controls. To
create the high humidity conditions that promote successful
infection, the inoculated plants were covered by a transparent
plastic dome for 4 days. After this, the humidity was maintained at
80%. Disease was assessed at 8 days using a modified Fusarium_

Arabidopsis disease (FAD) value (Nalam et al. 2015). Briefly, the
rating scale was as follows: 0, healthy flower or silique with no
disease; level 1, flower (F) or new silique (NS) coved with aerial
mycelium; level 3, flower or silique dried with disease; and level 5,
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dead branches due to disease progressing into the stem. FAD = F
score + NS score. The FAD data were obtained for each plant by
averaging scored flowers and siliques, because each genotype had
varying numbers of pots with varying numbers of plants within a
pot. Levene’s homogeneity of variance test was conducted to
determine whether FAD data needed a transformation before
analysis of variance could be conducted. A mixed model single
factor ANOVAwas performed to compare FADbetween genotypes.
If a significant genotype effect was found, differences of least
squares means with a Tukey adjustment were used to examine
pairwise differences in FAD between genotypes. To investigate
fungal growth, genomicDNAwas isolated from infected florets and
siliques. Relative biomass of F. graminearum in the infected tissue
was quantified by qPCR, as described above. Three biological
replicates were analyzed, with two technical replicates each.Means
from three replicates were compared using one-way ANOVA and
Tukey’s HSD post hoc test.

Macroscopic examination of infection. A strain of
F. graminearum expressing green fluorescent protein, kindly
provided by R. Proctor, USDA-ARS, Peoria, IL, was used for
study of fungal hyphal growth and spore germination in transgenic
plant expressing Mthionin and GUS. Leaves from intact transgenic
plantswere infiltrated as described above. In total, eight leaves from
three plants of each genotype were infiltrated and examined.
Infiltrated leaveswere examined under amicroscope at 1 and 2 days
after infiltration. The fields of view were close to infiltration holes
but away from areas pressed with syringe. Conidial germination
rates were averaged across at least 10 different fields of view to
permit counting of approximately 100 spores. Photographs were
taken under ultraviolet light with a fluorescence microscope and
Axio Imager A1 software. The length of geminated spores was
calculated from at least 10 images (20 to 40 spores) using Image J
software. The experiments were repeated three times with similar
results. One-way ANOVA and Tukey’s HSD post hoc test were
performed for statistical analysis.

Analysis of defense response genes. In addition to direct
toxicity on fungal spore germination and hyphal growth, we
investigated whetherMthionin expression influenced plant defense
response signaling. Transgenic plants expressing GUS orMthionin
(A24 andA52)were used for gene expression analysis. The seeds of
homozygous T3 (third generation) transgenic plants were germi-
nated on MS medium containing kanamycin. After 10 days, eight
plants from each transgenic line were transferred to potting soil.
Three- to four-week-old plants were used for inoculation. Three
leaves from four plants of each genotype were infiltrated with 2 ×
105 F. graminearum conidia/ml. Mock infiltration with water
served as controls in parallel. Leaf samples were collected at 24 and
48 h postinoculation (hpi). Leaf samples from each treatment were
pooled for RNA isolation and cDNA synthesis, as described above.
Defense response genes PR1 (At2g14610), PR4 (At3g04720),

and PDF1.2 (At5g44420) were selected. PR1 is a key marker gene
during salicylate signaling, PDF1.2 and PR4 act as markers during
jasmonate/ethylene signaling. The Arabidopsis gene EF1a was
used to normalize the values as an internal control. Primers were
designed and listed (Supplementary Table S1). qPCR was
performed as above, and gene expression level was calculated with
the 2_DDCt method. Three-way ANOVAwas used to compare means
values between genotype (GUS, A24, and A52) × treatments (water
and F. graminearum) at each time points (24 and 48 hpi). Letters
indicate significantly different using the SLICE option in SAS (P <
0.0001) based on differences of least square means at P £ 0.05.

Microbiome profiling. We investigated the impacts of
Mthionin expression on microbiomes associated with Arabidopsis,
using transgenic plants expressing GUS orMthionin (A24 or A52).
The seeds of homozygous T3 (third generation transgenic) plants
were germinated on MS medium containing kanamycin. After
10 days, five plants from each transgenic line were transferred to
potting soil and inoculated with a diverse microbiota by irrigation

with a suspension of field soil (Peoria, IL). The seedlings were
grown in a growth chamber at 22�C in a 16/8 h light/dark cycle. At
the onset of inflorescence formation, leaves and roots were
harvested for DNA extraction from five transgenic plants of each
transgenic line (GUS, Mthionin A24, or Mthionin A52). Leaves
were clipped individually, wiped briefly with a tissue moistened
with 70% ethanol, and frozen. Roots were washed with sterile tap
water, dipped in 70% ethanol, rinsed again in sterile water, and
frozen. Tissuewas lyophilized and then pulverized by bead-beating,
using a single 3-mm tungsten-carbide bead in a 2-ml XXTuff
Microvial (BioSpec Products) and a Precellys 24 homogenizer
(Bertin Technologies) set to 4,200 rpm for 30 s DNAwas extracted
from pulverized tissue using the PureLink Plant kit (Thermo Fisher
Scientific), according to the manufacturer’s directions.
Microbiome profiling was accomplished via amplicon sequenc-

ing, using primers 515F and 806R (Caporaso et al. 2011) to amplify
the v4 region of bacterial 16S rRNA genes, and primers internal
transcribed spacer (ITS)3_KYO2 and ITS4_KYO3 (Toju et al.
2012) to amplify the second internal transcribed spacer (ITS2)
region of fungal rRNA genes. Primers were modified with 59
overhangs for compatibility with theMiSeq workflow and to create
a frameshifted mixture of oligos to provide signal diversity when
sequencing through the primer regions.
Each PCR reaction mix consisted of 0.5 U of Phusion High-

Fidelity DNA polymerase with associated Phusion Green HF
reaction buffer (Thermo Fisher), dNTPs at 200 µM final
concentration, forward and reverse primers at 0.5 µM each, peptide
nucleic acid blockers at 1 µM (bacterial 16S rRNA gene samples
only, to prevent amplification of plastid and mitochondrial
templates; PNA Bio Inc.), 1 µl of template DNA, and nuclease
freewater to a total volume of 25 µl per reaction. Thermocycling for
bacterial 16S rRNA amplification consisted of 98�C for 60 s, 25
cycles (98�C for 10 s, 75�C for 10 s, 57�C for 20 s, and 72�C for 15
s), and final extension at 72�C for 5 min. Thermocycling for fungal
ITS amplification consisted of 98�C for 60 s, 25 cycles (98�C for
10 s, 57�C for 20 s, and 72�C for 15 s), and final extension at 72�C
for 5 min. PCR products were cleaned using the SequalPrep
Normalization Plate Kit (Thermo Fisher). An eight cycle second
round PCR was used to add sample-specific barcode indices, using
the Nextera XT Index Kit (Illumina). The manufacturer’s protocol
was followed, except that we substituted Phusion High-Fidelity
DNA polymerase for the suggested polymerase.
Sequencing libraries also included negative control samples

(i.e., DNA extractions performed without any plant tissue, and
PCRs run without any template DNA), and mock community
control samples of known composition. The mock bacterial
community was product MSA-1003 from the American Type
Culture Collection, while the mock fungal communities were from
Bakker (2018).
Indexed amplicons were cleaned and normalized with the

SequalPrep kit ahead of sample pooling. Library quality and
concentration were assessed with the TapeStation instrument
(Agilent) and with the Library Quantification Kit for Illumina
Platforms (Kapa Biosystems). Sequencing was performed with a
MiSeq instrument (Illumina), using a version 2 (500 cycle)
sequencing kit for bacterial 16S rRNA amplicons, and a version 3
(600 cycle) sequencing kit for fungal ITS2 amplicons. Raw
sequence data are available in the NCBI Sequence Read Archive
(BioProject PRJNA520912).
Amplicon sequences were processed with the DADA2 pipeline

(Callahan et al. 2016a) in R v.3.5 (R Core Team 2018). A complete
record of commands issued during amplicon sequence processing is
provided. Briefly, reads containing Ns were filtered out, and primer
sequences were located and trimmed using the tool Cutadapt
(Martin 2011). Reads were trimmed (15 bases from 39 end for R1,
40 bases from 39 end for R2) and filtered to permit a maximum of
two expected errors (Edgar and Flyvbjerg 2015). True sequence
variants were inferred from the observed sequences with the
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DADA2 algorithm (Callahan et al. 2016b). Forward and reverse
reads were merged, permitting one mismatch in the overlapping
region. Chimeras were detected and removed using the DADA2
method. The ITS dataset was processed through ITSx v.1.1.1
(Bengtsson-Palme et al. 2013) to trim off conserved regions
flanking ITS2, and to identify reads of likely nonfungal origin,
which were culled. Sequence variants were assigned to taxonomic
bins using a naı̈ve Bayesian classifier (Wang et al. 2007), with the
Silva reference alignment v. 132 (Quast et al. 2013) for the bacterial
dataset and the UNITE database v. 7.2 (Kõljalg et al. 2013) for the
fungal dataset. Reads were culled from the bacterial dataset if they
could not be classified below the rank of domain, or were classified
as chloroplast or mitochondria, and from the fungal dataset if
they were classified as nonfungal in origin (e.g., Rhizaria). For
assessment of phylogenetic diversity and distance measures, a
phylogenetic treewas constructed (bacterial dataset only, due to the
impossibility of aligning fungal ITS2 sequences) using the package
phangorn (Schliep 2011), with a neighbor-joining tree as the
starting point for a maximum likelihood tree (generalized time-
reversible with Gamma rate variation). Further manipulations,
visualization, and analyses used the package phyloseq (McMurdie
and Holmes 2013).
In processing taxon abundance tables from amplicon sequencing

(one for bacteria, one for fungi), observations from the negative
controls were evaluated manually to determinewhether component
taxa likely represented reagent contamination or sample cross
contamination. Mock community controls were processed along
with the biological samples. Differential abundance of taxa among
Arabidopsis transformants was tested using the DESeq2 package
for R (Love et al. 2014), with taxon counts modeled on tissue +
genotype (bacterial dataset) or on genotype alone (fungal dataset).
Processed taxon abundance tables are provided as Supplementary
Tables.

RESULTS

Generation of transgenic Arabidopsis carryingMthionin. The
binary vector pBinARS/plus carrying the Mthionin gene driven by
a double 35S promoter was used for Arabidopsis transforma-
tion (Supplementary Fig. S1). A total of 80 putative transgenic
Arabidopsis plants (T0 generation) were generated on kanamycin-
containing selection medium. PCR amplification confirmed 64
transformants to be carrying theMthionin gene. The PCR results of
representative independent transgenic plants carrying theMthionin
gene are shown in Supplementary Figure S1, including the positive
and negative control samples. The T2 seeds collected from the T1
transgenic plants were examined on kanamycin-containing selec-
tion medium. The transgenic lines displaying no segregation
were considered as homozygous plants. Quantitative real-time
PCR technique was used to determine the copy number of
Mthionin in T3 homozygous transgenic Arabidopsis plants. For
the endogenous reference control, we utilized the Arabidopsis
gene 4-hydroxyphenypyruvate dioxygenase (4HPPD). The
amplification efficiency of the target gene Mthionin and the
Arabidopsis 4HPPD was 96.8 and 101.9%, respectively. Using
the ratio formula calculation, we estimated one Mthionin
insertion present in the selected Arabidopsis transgenic lines
(Supplementary Table S2).

Mthionin expression in transgenic Arabidopsis. Mthionin
expression in eight selected transgenic plants was determined by
reverse transcription quantitative PCR (RT-qPCR). The relative
RNA abundance showed that Mthionin transgenic plants, Mthionin
A24 and A52, displayed higher expression levels, whereas A5
exhibited the lowest expression level (Fig. 1). No abnormal growth
or phenotype was observed among transgenic plants. Compared
with wild type and GUS transgenic Arabidopsis plants, Mthionin
transgenic plants displayed similarity in the leaf number and size,
flowering time, and plant height (Supplementary Table S3). These

results indicate that transgenic expression of Mthionin in Arabi-
dopsis has no significant effect on plant morphology.

Mthionin-enhanced resistance toward F. graminearum.
F. graminearum can cause water-soaked spots, chlorosis, and
lesions when infiltrated into Arabidopsis leaves. Detached leaf
assays were performed to screen plants for resistance toward
F. graminearum. The majority of transgenic plants displayed less
disease symptoms compared with the transgenic plants expressing
GUS and wild type controls. Four days after infiltration, water-
soaking and lesions were observed in the infiltrated area of GUS
transgenic plant and wild type controls (Fig. 2A). In contrast, the
transgenic plants Mthionin A24 and A52 exhibited few water-
soaking and lesion symptoms (Fig. 2A). Fungal biomass was
determined by qPCR. Our results showed that fungal biomass
reduced significantly in Mthionin transgenic leaves compared with
GUS transgenic leaves (Fig. 2B).
To evaluate if Mthionin expression increases floral disease

resistance in transgenic Arabidopsis plants, we introduced
F. graminearum by spray inoculation. Plants containing open
flowers were sprayed with a concentration of 5 × 105 conidia/ml in
0.02%Tween 20.GUS andMthionin transgenic plants sprayedwith
0.02% Tween 20 solution did not show any symptoms. Compared
with GUS control plants, which developed severe symptoms
including dry flowers, dry mycelium covered siliques, and dead
branches, the transgenic plants expressing Mthionin showed
reduced symptoms; mycelium was evident on some siliques, but
many flowers did not show symptoms (Fig. 3A). The mean FAD
value was significantly higher for GUS plants than for Mthionin
plants (Fig. 3B). Furthermore, F. graminearum biomass in floral
tissues was significantly reduced in transgenic plant expressing
Mthionin (A24 and A52) compared with GUS transgenic plants
(Fig. 3C). Markedly, there was no successful formation of siliques
in the first experiment and only a few health siliques formed in the
second and third experiment in GUS transgenic plants, whereas
many healthy siliques formed in Mthionin transgenic plants in all
experiments (data not shown). Taken together, these data indicate
that transgenic Arabidopsis plants expressing Mthionin show
enhanced resistance toward F. graminearum.

Mthionin inhibition of F. graminearum spore germina-
tion and growth in planta. To determine the potential
mechanisms by which Mthionin may reduce infection following
F. graminearum inoculation, leaves expressing Mthionin or GUS
were infiltrated with an F. graminearum strain expressing a green
fluorescent protein. Fluorescence microscopy demonstrated that
the conidia of F. graminearum effectively germinated (95%) on
leaves of Arabidopsis expressing GUS and developed a dense

Fig. 1. Mthionin transgene expression in transgenic Arabidopsis plants (T0
generation). The expression of the Mthionin was normalized to the expression
of the Arabidopsis elongation factor 1-alpha (EF1a). The relative gene ex-
pression is calculated from the 2

_DDC values of a sample versus Arabidopsis
Mthionin A5, which had the lowest 2

_DC among the tested samples. The
experiments were set up in triplicate, and repeated twice.
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network of hyphae at 24 h postinoculation (hpi). In contrast, on
Arabidopsis leaves expressing Mthionin, the majority of
F. graminearum conidia were restricted to the infiltration area
without germination (Fig. 4A). The germination rate reached about
10% in A24 transgenic plants and 25% in A52 transgenic plants.
Statistical analysis confirmed a significant germination reduction in
Mthionin transgenic plants compared with GUS controls (Fig. 4B).
Moreover, the conidia of F. graminearum on the GUS transgenic
leaves often germinated atmore than one sitewith normal long germ
tube growth, septation and hyphal branching, and the hyphal growth
was rapid and dense. In contrast, fewer conidia germinated
normally on Mthionin-expressing leaves and the majority of them
displayed rarely branched, short, bulbous and slightly curved
abnormal germ tubes, and some hyphae exhibited enlarged
vacuoles (Fig. 5A). Additionally, total hyphal length was
significantly reduced in transgenic plants A24 and A52 compared
with GUS plants (Fig. 5B). Taken together, these observations
indicate that Mthionin may inhibit F. graminearum spore
germination and hyphal growth.

Defense responses triggered by F. graminearum in
transgenic Arabidopsis. Studies have shown that SA is critical
for defense responses against F. graminearum, whereas the role of
JA/ET pathway is inconclusive during Fusarium and Arabidopsis
interactions (Brewer and Hammond-Kosack 2015). Therefore, we
examined whether the increased resistance to F. graminearum in

transgenic Arabidopsis plants expressing Mthionin is associated
with phytohormone defense signaling. Two defense marker
genes, PR1 and PR4, were reduced or unchanged at 24 hpi in
Mthionin transgenic plants infiltrated with F. graminearum
compared with GUS transgenic plants or Mthionin plants
infiltrated with water; whereas PDF1.2 was upregulated
significantly in Mthionin transgenic plants infiltrated with
F. graminearum compared with control plants infiltrated with
water. However, PDF1.2 displayed the highest expression in
water infiltrated GUS plants (Fig. 6A to C). Furthermore, all
three marker genes exhibited a significant induction at 48 hpi
in F. graminearum infiltrated Mthionin plants compared with
a water infiltrated control or with GUS transgenic plants
infiltrated with either F. graminearum or water. Compared with
the water infiltrated control, the expression of these three genes
was significantly up-regulated in GUS and Mthionin plants
following F. graminearum inoculation (Fig. 6D to F). Our
results indicate that plant defense responses are enhanced in
Mthionin transgenic plants after F. graminearum infection.

Impacts of Mthionin expression on the microbiome.
Since transgenic plants expressing Mthionin have displayed a
broad-spectrum resistance against bacteria in citrus roots and fungal
pathogens in tobacco and Arabidopsis leaves, we characterized and
compared the microbial populations associated with leaves and
roots of transgenic Arabidopsis expressing either Mthionin or

Fig. 2. Transgenic Arabidopsis plants expressing the Mthionin show reduced infection on leaves inoculated with Fusarium graminearum. Detached leaves were
inoculated with 5 × 105 macroconidia/ml and evaluated at 4 days after infiltration. A, Disease symptoms: wild-type Arabidopsis (Col-0) control; Col-0 expressing
GUS; and Col-0 expressing a modified thionin (Mthionin) (A24 and A52, respectively). The photographs were taken at 4 days after infiltration. B, Comparison of
biomass by qPCR. F. graminearum TRI6 gene copy number was determined relative to the Arabidopsis EF1a copy number. A total of 12 leaves from four
transgenic plants of each transgenic line were used. The experiments were repeated three times with similar results. * indicates a significant difference compared
with the GUS transformant, by one-way analysis of variance and Tukey’s post hoc test.
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Fig. 4. Inhibition of Fusarium graminearum spore germination in transgenic Arabidopsis plants expressingMthionin. Leaves of intact Arabidopsis expressing GUS
orMthionin were infiltrated with an F. graminearum strain expressing green fluorescent protein (GFP). A, Representative fields of view from infiltrated zones. The
pictures were merged from a GFP filter showing F. graminearum and a red filter showing Arabidopsis chloroplast autofluorescence. Scale bar, 20 µm. B,
Germination rate. Spore germination rate was averaged from at least 10 different fields of view, 24 h postinfiltration. A total of eight leaves from three plants were
infiltrated and examined. Approximately 100 spores were scored. * indicates a significant difference compared with the GUS control, by one-way analysis of
variance and Tukey’s post hoc test. Experiments were repeated at least three times with similar results.

Fig. 3. Transgenic Arabidopsis expressing Mthionin show reduced disease. Plants including flowers were inoculated by spraying 5 × 105 macroconidia/ml. A,
Disease symptoms. The photographs were taken at 8 days after inoculation. Control is a representative pathogen-free plant. Scale, 10 mm. B, Disease evaluation by
a numerical FAD score. A mixed model single factor analysis of variance (ANOVA) was performed for statistical analysis. Different letters indicate significant
difference. C, Fungal biomass was determined by qPCR. Fusarium graminearum TRI6 gene copy number was expressed relative to the Arabidopsis EF1a copy
number. Eight transgenic plants from each transgenic line (GUS, Mthionin A24, Mthionin A48, or Mthionin A52) were inoculated and analyzed. * indicates a
significant difference compared with the GUS control, by one-way ANOVA and Tukey’s post hoc test.
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GUS. Amplicon sequencing of bacterial marker genes captured
approximately 1,000 different marker gene sequence variants and
yielded a range of 1,924 to 33,105 sequences observed per sample.
Among leaf tissue samples, fungal ITS2 amplicon sequencing
produced predominantly observations of off-target taxa (e.g.,
algae), perhaps due to low input DNA concentrations, and these
samples are not discussed further. Among root tissue samples, we

detected 191 unique fungal ITS2 sequence variants, and obtained a
range of 734 to 13,229 observations per sample.
As anticipated, bacterial communities differed strongly in

association with Arabidopsis leaves versus roots (Fig. 7A). The
relative abundances of many individual bacterial taxa (281 of the
observed sequence variants) differed significantly between roots
and leaves (Supplementary Figs. S2 and S3). Attempts to profile

Fig. 5. Abnormal hyphal growth of Fusarium graminearum on Mthionin-expressing leaves. A, Germinated conidia were viewed at 24 and 48 h postinfiltration
(hpi). Healthy hyphae were observed on GUS transgenic leaves at 24 hpi (A) and 48 hpi (D). Short, vacuolated abnormal hyphae were observed on Mthionin
transgenic leaves (A24 and A52) at 24 hpi (B and E), and 48 hpi (C and F). Arrows indicate enlarge vacuoles, and arrowheads indicate curved germ tubes. Scale,
20 µm. B, Comparison of hyphal length at 24 and 48 hpi. The length of hyphae was measured using Image J software. * indicates a significant difference compared
with the GUS control, by one-way analysis of variance and Tukey’s post hoc test. Experiments were repeated at least twice with similar results.
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fungal communities associated with Arabidopsis leaves yielded
primarily off-target ITS2 sequences (data not shown).
Against this background of broad-scale community change

among plant tissues, impacts of plant genotype were very modest.
Nevertheless, among bacteria, 12 sequence variants were more
abundant in association with GUS transformants than with
Mthionin A24 transformants, while eight sequence variants were
more abundant in association with Mthionin A24 transformants
than with GUS transformants (Fig. 8A). Similarly, 12 bacterial
sequence variants were more abundant in association with GUS
transformants thanMthionin A52 transformants, while four bacterial
sequence variants were more abundant in association with Mthionin
A52 transformants than GUS transformants (Fig. 8B). However, a
similar number of sequence variants were found to differ in
abundance between A24 versus A52 transformants (Fig. 8C).
Arabidopsis lines transformed with GUS or with Mthionin

harbored very similar fungal communities in association with roots
(Fig. 7B and Supplementary Fig. S4). However, several individual
fungal taxa were found to be differentially abundant in association
with roots of GUS transformants compared with root of Mthionin
transformantsA24 andA52. Specifically, one fungal ITS2 sequence
variant from Fusariumwasmore abundant in association with GUS
plants than with Mthionin A24 plants, while six fungal sequence
variants were less abundant in association with GUS plants thanwith
Mthionin A24 plants (Fig. 9A). Three fungal sequence variants were
less abundant in association with GUS plants than with A52 plants
(Fig. 9B).Again, a similar number of sequencevariantswere found to
differ in abundance betweenA24versusA52 transformants (Fig. 9C).
Tissue type (leaves versus roots) was a significant factor in

explaining various measures of bacterial diversity (ANOVA; P <
0.01) (Supplementary Fig. S5). However, plant genotype had no
significant impact on either bacterial or fungal diversity (ANOVA;
P > 0.1, Supplementary Figs. S6 and S7).

DISCUSSION

Weshowed that expression ofMthionin in transgenicArabidopsis
plants enhanced resistance toward F. graminearum. We determined

that the disease reduction in Mthionin transgenic Arabidopsis may
be due to inhibition of F. graminearum spore germination and
hyphal growth. In addition, we determined that plant defense genes
involved in phytohormone signaling contribute to resistance toward
F. graminearum in transgenic plants expressing Mthionin after
F. graminearum inoculation. At the same time, microbiomes
associated with these plants were similar in transgenic plants
expressingMthionin or GUS. Our results suggest that overexpression

Fig. 7. Principal coordinate ordinations on A, bacterial or B, fungal commu-
nity profiles. Input data are pairwise dissimilarities among samples, using the
Bray-Curtis index. Samples originated from five transgenic plants of each line
(GUS, Mthionin A24, or Mthionin A52).

Fig. 6. Induction of defense genes in transgenic Arabidopsis plants expressing GUS (control) or Mthionin after being infiltrated with Fusarium graminearum PH-1
or mock inoculated with water. Leaf samples were collected at 24 and 48 h after infiltration. The relative gene expression is calculated from the 2

_DDC values of leaf
samples versus GUS-expressing leaf infiltrated with water. Expression of defense related genes A and D, PR1, B and E, PR4, and C and F, PDF1.2 was examined
by qPCR. Data are means from three independent experiments with standard deviation. Three-way analysis of variance was performed for statistics analysis.
Different letters indicate statistically significant differences.
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of Mthionin in transgenic plants can provide resistance to fungal
disease without substantial effect on broader microbial populations.
Transgenic Arabidopsis plants expressing Mthionin exhibited

less fungal growth and produced more healthy siliques. The
Mthionin transgenic plants displayed significantly less fungal
biomass in infiltrated leaves or sprayed flowerswithF. graminearum.
This suggests Mthionin is effective against F. graminearum via
inhibition of fungal spore germination and hyphal growth and
enhanced plant defense responses (Figs. 4, 5, and 6). Overexpression
of the thionin Thi2.4 in Arabidopsis inhibited F. graminearum by
interaction with fungal fruit body lectin (Asano et al. 2013). Prior
studies also demonstrated that thionin production increased re-
sistance toavarietyofplant diseases. For example, the expressionof a
thionin protein in transgenic rice resulted in its accumulation in cell
walls and stopped the invasion of Burkholderia plantarii at the
surface of stomata (Iwai et al. 2002). Transgenic citrus expressing
Mthionin showed reduced canker lesions and X. citri growth.
Additionally, a significantly lower ‘Ca. Liberibacter asiaticus’ titer
was observed in Mthionin transgenic citrus compared with controls
(Hao et al. 2016a). Most thionins are toxic to microbes by disrupting
cell membrane function (Bohlmann et al. 1988). Regarding of the
potential toxicity ofMthionin in transgenic plants, wemade efforts to
reduce natural thionin toxicity by amino acid substitution and
addition of additional amino acids atC-terminus (Hao et al. 2016a). It
has been demonstrated that the substitution of Arg with Phe at the C-
terminus can reduce thionin toxicity (Pelegrini and Franco 2005). It

will be necessary to determine potential Mthionin toxicity in
transgenic grain or fruit. Alternatively, tissue specific or pathogen
induced gene promoters will be a better choice to drive Mthionin
expressing in transgenic plants.
Gene expression study revealed varying levels of Mthionin

expression in the different Arabidopsis transgenic plants. Gene
expression was higher in the transgenic plants Mthionin-A24 and
A52 compared with transgenic lines A5 (Fig. 1). Gene expression
level can be affected by the location of gene insert and gene silence,
which can be induced by homologs when foreign genes are highly
expressed (Rajeevkumar et al. 2015). Studies showed some degree
of correlation between the level of transgene expression and disease
resistance (Lu et al. 2013). Our results showed that high transgene
expression in Mthionin A24 and A52 provided effective inhibition
of fungal growth inArabidopsis floral and leaf tissue (Figs. 2 and 3).
However, fungal growth inhibition is not consistent in transgenic
line A48 that had medium level gene expression. A better correlation
has been shown between the levels of lactoferrin protein expression
in transgenic wheat lines and the level of resistance against
F. graminearum (Han et al. 2012).We speculate thatMthionin peptide
levels will be correlated with the ability of fungal inhibition. Further
investigations are needed to produce Mthionin monoclonal antibodies
and use Western blots to quantify levels of the Mthionin peptide.
In general, SA pathway activates resistance to biotrophic

pathogens, whereas JA/ET pathways mediate resistance to necrotro-
phic pathogens as well as to herbivorous pests (Glazebrook 2005).
F. graminearum is considered as a hemibiotrophic pathogens, both SA
and JA/ET pathways are involved in FHB resistance during

Fig. 8. Summary of bacterial taxa that differed significantly in abundance
among Arabidopsis transformants. A, GUS versus A24; B, GUS versus A52;
and C, A24 versus A52. Normalized taxon counts were modeled as responsive
to plant tissue + genotype. Positive fold change values indicate greater
abundance in association with GUS transformants (A and B) or with A24 (C),
with the opposite for negative fold change values. Points outlined in black
represent taxa that responded consistently and significantly to both trans-
formed plant lines. NA indicates sequence variants that could not be confi-
dently classified to the rank of genus. Data analysis were performed with five
biological replicates.

Fig. 9. Summary of fungal taxa that differed significantly in abundance among
Arabidopsis transformants. A, GUS versus A24; B, GUS versus A52; and C,
A24 versus A52. Normalized taxon counts were modeled as responsive to
plant genotype. Positive fold change values indicate greater abundance in
association with GUS transformants (A and B) or with A24 (C), with the
opposite for negative fold change values. Points outlined in black represent
taxa that responded consistently and significantly to both transformed plant
lines. NA indicates sequence variants that could not be confidently classified
to the rank of genus. Data analysis were performed with five replicates.
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F. graminearum infection of Arabidopsis and wheat (Brewer and
Hammond-Kosack 2015). Mthionin transgenic Arabidopsis displayed
significant induction of SA, JA/ETmarker genes compared with GUS
plants at 48hpi afterF.graminearum inoculation.This finding suggests
that Mthionin, as a plant defense peptide, may elevate plant
phytohormonesignalingpathwaysagainstF.graminearum.Aprevious
study showed that transgenic Arabidopsis overexpressing an endog-
enous peptide AtPep1 precursor induced expression of PDF1.2
(Huffaker et al. 2006). It is worth noting that the induction of defense
marker genes was also observed in GUS transgenic Arabidopsis after
F. graminearum inoculation compared with mock control (Fig. 6).
Similarly, expression of thePR1 andPDF1.2 genes inArabidopsis has
been shown after F. graminearum inoculation (Nishiuchi et al. 2006).
These results agree with previous studies and show that both SA and
JA/ET pathway are involved during F. graminearum and plant
interactions. Our results also indicate that Mthionin may boost plant
defense responses via uplifting of plant hormone signaling. Further
investigations are needed to determine how Mthionin interacts with
these defense pathways. It will be interesting to determine whether
phytohormone-signaling pathways play a similar role in Mthionin
transgenic plants against other diseases.
Most plant thionins display antibacterial or antifungal activity,

although only a few showed activities against both bacterial and
fungal pathogens (Sathoff and Samac 2019). For example, Pth-St1,
a thionin frompotato (Solanum tuberosum) tubers, displayed broad-
spectrum activity against fungi and bacteria (Moreno et al. 1994).
MtDef5, isolated from the model legume Medicago truncatula,
displayed both antibacterial and antifungal activity (Islam et al.
2017; Velivelli et al. 2018). In addition to a prior report on enhanced
resistance against several bacterial diseases (Hao et al. 2016a), this
study showed that transgenic Arabidopsis expressing Mthionin
increased resistance toward fungal pathogen F. graminearum.
Taken together, these results indicate that Mthionin has antifungal
and antibacterial activity.
Since the Mthionin showed activity against bacterial and fungal

pathogens, we investigated the overall microbial populations
associated with Mthionin-expressing plants. Studies have demon-
strated that theGUS gene driven by a 35S promoterwas expressed at
a similar level in leaves and roots of transgenic citrus (Dutt et al.
2016). Mthionin expression had only modest impacts on overall
bacterial and fungal communities in leaves and roots. This result
is consistentwith studies showing that transgenicplantsoverexpressing
a T4-lysoenzyme, Bacillus thuringiensis (Bt) genes or plant transcrip-
tion factors did not significantly affect the diversity and population of
microbial communities in transgenic potato, maize, and poplar (Heuer
and Smalla 1999; Silva et al. 2014; Wang et al. 2019). However, in our
study, several individual taxawere found todiffer significantly in relative
abundance among transformants expressing GUS versus Mthionin. In
many cases, these taxawere not found consistently even in the treatment
for which their abundance was elevated. For instance, a fungal ITS2
sequencevariant belonging toFusariumwas found to bemore abundant
in association with roots of Mthionin-producing A52 transformants
compared with roots of GUS transformants (Fig. 8B). However, this
sequencevariantwas only observed in one in fiveA52 transformant root
samples compared with zero in five GUS transformant root samples.
Furthermore, it is worth highlighting that microbiome rearrangements
in GUS versus Mthionin transformants were equivalent in magnitude
to the contrast between two different Mthionin transformants (i.e.,
A24 versusA52). This suggests that the observed changes in the relative
abundance of a small number of taxa are in line with what would be
expected due to minor environmental or technical variation.
While there may seem to be a contradiction in finding effective

control of pathogens without corresponding effects on the wider
microbiome, this difference may be attributed to the intimacy of
interaction. For instance, we directly infiltrated F. graminearum
spores into leaves, while most of the bacteria we observed by
microbiome profiling may have been epiphytic and thus less
exposed to the Mthionin (although leaves were wiped briefly, we

certainly did not remove all surface bacteria). Our microbiome
profiles may also have detected nonviable organisms (including
some thatmay have been killed byMthionin)whoseDNA remained
available for amplification. In addition, the effect of Mthionin on
transgenic plants may be too subtle to be detected in a short period,
because the plantswere exposed tomicrobial populations from field
soil for only 1 month. It would be valuable to assess the impacts of
Mthionin expression on plant-associated microbiomes under more
realistic field conditions, as the use of potting soil and incubator
conditions likely impactedmicrobiome dynamics. For instance, our
ITS2 amplicon sequence data suggest that therewere very few fungi
associated with Arabidopsis leaves in our experiment, which is
unlikely to be the case under field conditions.

Conclusions. In summary, expression of Mthionin provides
resistance toward the fungal pathogen F. graminearum. We
demonstrate that transgenic Arabidopsis plants expressing Mthio-
nin showed reduced fungal development by inhibiting fungal
spore germination and hyphal growth. Our data demonstrated
that Mthionin may enhance SA/JA-mediated defense against
F. graminearum infection. The Mthionin transgenic crops may
provide broad-spectrum disease resistance and ultimately reduce
associated mycotoxin contamination. There does not appear to be
cause for concern about the effects of Mthionin expression on the
wider plant-associated microbiome.
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