Plant Cell Reports (2020) 39:273-288
https://doi.org/10.1007/500299-019-02490-2

ORIGINAL ARTICLE q

Check for
updates

ZmMYC2 exhibits diverse functions and enhances JA signaling
in transgenic Arabidopsis

Jingye Fu' - Lijun Liu' - Qin Liu" - Qingin Shen' - Chang Wang" - Panpan Yang' - Chenying Zhu' - Qiang Wang'

Received: 28 July 2019 / Revised: 23 October 2019 / Accepted: 11 November 2019 / Published online: 18 November 2019
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract

Key message ZmMYC2 was identified as the key regulator of JA signaling in maize and exhibited diverse functions
through binding to many gene promoters as well as enhanced JA signaling in transgenic Arabidopsis.

The plant hormone jasmonate (JA) extensively coordinates plant growth, development and defensive responses. MYC?2 is
the master regulator of JA signaling and has been widely studied in many plant species. However, little is known about this
transcription factor in maize. Here, we identified one maize transcription factor with amino acid identity of 47% to the well-
studied Arabidopsis AtMYC2, named as ZmMYC2. Gene expression analysis demonstrated inducible expression patterns
of ZmMYC?2 in response to multiple plant hormone treatments, as well as biotic and abiotic stresses. The yeast two-hybrid
assay indicated physical interaction among ZmMYC?2 and JA signal repressors ZmJAZ14, ZmJAZ17, AtJAZ1 and AtJAZ9.
ZmMYC2 overexpression in Arabidopsis myc2myc3myc4 restored the sensitivity to JA treatment, resulting in shorter root
growth and inducible anthocyanin accumulation. Furthermore, overexpression of ZmMYC2 in Arabidopsis elevated resist-
ance to Botrytis cinerea. Further ChIP-Seq analysis revealed diverse regulatory roles of ZmMYC?2 in maize, especially in
the signaling crosstalk between JA and auxin. Hence, we identified ZmMYC2 and characterized its roles in regulating JA-
mediated growth, development and defense responses.
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Abbreviations SA Salicylic acid

ABA  Abscisic acid TF Transcription factors
bHLH Basic helix—loop-helix

EP Ethephon

GA  Gibberellin Introduction

JA Jasmonate

JA-Tle Jasmonoyl-L-isoleucine Plants exquisitely balance growth, development and defen-
JAZ JASMONATE ZIM-domain protein sive capacities in response to the constantly changing envi-
MeJA  Methyl jasmonate ronment by orchestrating multiple biological processes to

reach the optimal growing state (Browse 2009; Wasternack
and Hause 2013). Plant hormones are the most critical fac-
tors regulating plant growth and environmental adaptation.
Communicated by Renate Schmidt. Among these hormones, jasmonate (JA) is employed to
mediate both biotic and abiotic stress responses to enhance
plant resistance against various adverse environments, such
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In past decades, the molecular mechanisms of JA signal-
ing and cross-talk with other signaling pathways have been
investigated comprehensively (Santner et al. 2009). The core
component of JA signaling pathway is the Skp-Cullin-F-
box-type E3 ubiquitin ligase complex SCF°!, which con-
sisted of an F-box protein coronatine insensitive 1 (COI1),
Arabidopsis SKP1-like 1 (ASK1), together with a CULLINI
(CULL1) and a RING BOX protein 1 (RBX1) (Xie et al.
1998; Devoto et al. 2002; Xu et al. 2002). The perception of
JA signal is dependent on JA receptor COIl. After percep-
tion of jasmonoyl-L-isoleucine (JA-Ile), an active form of
jasmonate, the SCF®O!! complex subsequently directly binds
to the JASMONATE ZIM-domain (JAZ) proteins, which
function as transcriptional repressors, to facilitate protein
degradation of JAZ proteins by the ubiquitin—proteasome
system (Thines et al. 2007). JAZ functions together with the
corepressor TOPLESS (TPL) and the NOVEL INTERAC-
TOR OF JAZ (NINJA) adaptor protein in the absence of
JA-Ile by binding directly to a series of transcription factors
(TFs), thereby suppressing their transactivation to down-
stream JA-responsive genes (Pauwels et al. 2010). One of
the best documented TFs is MYC2, which is known to be a
key regulator of a subset of JA-responsive genes. The per-
ception of JA leads to derepression of MYC2 from JAZ pro-
teins, subsequently activating JA-responsive gene expression
(Dombrecht et al. 2007; Kazan and Manners 2013).

MYC2 belongs to the basic helix-loop—helix (P HLH) TF
family containing a conserved bHLH domain at the C ter-
minus (Kazan and Manners 2013). This domain is respon-
sible for forming homodimer with itself or heterodimer with
other proteins, such as AtMYC3 and AtMYC4, which are
closely related proteins of AtMYC2, playing not only partial
redundant but also specific roles in JA signaling (Fernandez-
Calvo et al. 2011; Schweizer et al. 2013). The basic region
of MYC2 consisted of 15-20 basic amino acids, which is
responsible for binding to G-boxes in target gene promoters
(Toledo-Ortiz et al. 2003; Amoutzias et al. 2008; Carret-
ero-Paulet et al. 2010). Decades of studies have uncovered
diverse functions of MYC?2 as the master regulator acting
in many JA-mediated processes. The most comprehensive
investigation was conducted in Arabidopsis and character-
ized AtIMYC?2, as well as three homolog genes (AtMYC3-
5) (Fernandez-Calvo et al. 2011; Schweizer et al. 2013). In
tomato, SIMYC2 regulated JA-mediated plant immunity (Du
et al. 2017). In rice, OsMYC2 was identified as an essential
factor for JA-inductive sakuranetin production (Ogawa et al.
2017). In tobacco, two homologue genes of AtMYC2, the
NtMYC2a and NtMYC2b have been demonstrated to medi-
ate JA-induced nicotine biosynthesis by forming nuclear
complexes with the NtJAZ1 (Shoji and Hashimoto 2011).
The JA-activated MdAMYC2 has been identified to promote
ethylene biosynthesis during apple fruit ripening (Li et al.
2017a).
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Hormone crosstalk has been reported to extensively regu-
late stress and developmental processes. As the master regu-
lator of JA signaling, MYC2 also functions in integrating the
signaling pathways between JA and other plant hormones,
such as abscisic acid (ABA), salicylic acid (SA), gibberellins
(GAs), ethylene and auxins (Dombrecht et al. 2007; Kazan
and Manners 2013). In Arabidopsis, MYC2 suppressed
the expression of pathogen defense-related gene PDF1.2
through negative regulation of ERF1 and ORAS59 in both
JA and ABA signaling (Anderson et al. 2004; Dombrecht
et al. 2007). JA and SA signaling are generally considered
to operate antagonistically. In rga2 tga5 tga6 myc2 quad-
ruple mutant, the negative regulation of SA on JA-induced
PDF1.2 was abolished, suggesting involvement of MYC2
in JA and SA signaling crosstalk (Zander et al. 2010). The
DELLA proteins are known as repressors of GA signaling,
which interact with JAZ proteins, the repressor of JA sign-
aling, therefore, release the inhibition of MYC2 by JAZ to
activate JA response (Hou et al. 2010). JA signal also inter-
acts with GA to regulate sesquiterpene biosynthesis in an
MYC2-dependent manner (Hong et al. 2012). Ethylene has
been proved to function synergistically with JA signaling
during necrotrophic pathogen infection and this process is
also partly dependent on MYC2 (Glazebrook 2005).

Auxins are considered to promote plant growth, while
JA is most related to plant defense. Some complicated con-
nections have been uncovered between these two hormones
to fine-tune growth, development and defense responses.
For example, two auxin response factors, ARF6 and ARFS,
promote JA production and regulate JA-mediated flower
maturation (Nagpal et al. 2005). Some auxin biosynthetic
genes, such as ANTHRANILATE SYNTHASE al (ASAI),
YUCCAS8 and YUCCAY, can be induced by JA signaling
(Sun et al. 2009; Hentrich et al. 2013). A recent study dem-
onstrated that JA and auxins coordinately activate ERF115
to promote tissue regeneration (Zhou et al. 2019). These
findings suggest the synergy effect between auxins and JA.
However, auxins and JA also were reported to act antago-
nistically. Some ARFs up-regulate the expression of JAZ
proteins, thereby compromise JA-responsive gene expres-
sion (Grunewald et al. 2009). Moreover, MYC2 has been
found to negatively regulate auxin-induced adventitious root
formation and root growth (Gutierrez et al. 2012). Hence,
the signaling crosstalk between auxins and JA still remain
unclear.

One maize putative bHLH TF was proposed to play
roles in response to insect elicitors (Engelberth et al. 2012).
However, whether this transcription factor is the functional
ortholog of Arabidopsis MYC?2 and its function still need to
be elucidated. In this study, we identified this bHLH tran-
scription factor as ZmMYC2 and characterized its func-
tion preliminarily through Arabidopsis transformation.
Additionally, in vitro ChIP-seq assay confirmed the roles
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of ZmMYC2 in modulation of JA signaling as well as the
crosstalk between JA and other hormone signaling in maize.
Notably, the regulator of auxin signaling, including AUX/
IAAs and ARFs, is indicated as directed target of ZmMYC2,
suggesting a role for ZmMYC2 in fine-tuning plant growth
and development.

Materials and methods
Plants, fungi and treatments

Maize inbred line B73 was grown in soil at 28 °C with 16 h
light/8 h dark period. The seedlings at the three-leaf stage
were treated with different plant hormones separately. These
treatments included 100 pM methyl jasmonate (MeJA), com-
bined application of 100 pM MeJA with 50 pM ethephon
(EP), 100 pM GA;, or 100 pM SA. Meanwhile, the spores of
Fusarium graminearum with concentration of 1 x 10 mL™!
were also used to infect the leaves as described previously
(Fu et al. 2018). Leaves scratched lightly with fresh blade
were used as wound treatment. The sterile water was applied
as the control treatment. The hydroponic cultured seedling
growing in 40% Hoagland solution were used for treatment
with 100 pM ABA, 250 mM NaCl or 20% PEG6000, respec-
tively. Aerial parts or roots were collected at 1, 3, 6, 12, and
24 h after treatments for further analysis.

The seeds of Arabidopsis thaliana (Col-0) were ger-
minated and grown in nutrient soil under the condition of
22 °C for 14 h light and 20 °C for 10 h dark period. For the
root growth assays and hormone treatment, the seeds were
sterilized and sown on 1/2 Murashige and Skoog medium
with or without 25 pM MelJA. The root growth and antho-
cyanin accumulation were observed and measured 7 days
after germination.

Botrytis cinerea was grown on potato dextrose agar
medium at 25 °C in dark for 5 days. For plant infection,
4-week-old Arabidopsis leaves were cut and placed into ster-
ile water with 1 mg/L 6-BA to keep alive. Mycelium pellets
(2 mm X2 mm) of B. cinerea was inoculated on Arabidopsis
leaves, which were kept in Arabidopsis growth chamber.
Pathogen infection was monitored with photographing and
leaf infection percentage was calculated with the Image J
software.

The hypha of F. graminearum was cultured on potato
dextrose agar medium at 28 °C in dark for 7 days to produce
spores.

Phylogenetic analysis and sequence alignment
The sequences of maize whole bHLH family transcrip-

tion factor were downloaded from MaizeGDB (http://archi
ve.maizegdb.org). The sequences of other MYC2 genes

were obtained from NCBI (http://www.ncbi.nlm.nih.gov) or
Phytozome (http://phytozome.jgi.doe.gov/pz/portal.html),
including AtMYC2 (AT1G32640), AtMYC3 (At5g46760),
AtMYC4 (At4g17880) and AtMYCS (At5g46830) from A.
thaliana; AIMYC2 (XM_002893686) from Arabidopsis
lyrata; CrMYC2 (AF283507.2) from Catharanthus roseus,
NaMYC2 (KC832837.1) and NaMYCI (KC906192.1) from
Nicotiana attenuata, NtMYC1b (GQ859159.1), NtMYC2a
(GQ859160.1) and NtMYC2c (GQ859158.1) from Nico-
tiana tabacum; SIMYC2 (KF428776.1) from Solanum
lycopersicum; TcJAMYC1 (FJ608574.1), TcJAMYC2
(JX519289) and TcJAMYC4 (JX519290) Taxus cuspi-
data, OsMYC2 (AK288082) from Oryza sativa; MAMYC2
(MDP0000136498) from Malus domestica; StIAMYC
(CAF74710) from Solanum tuberosum and MtMYC2
(XM_003628772.1) from Medicago truncatula. The CLC
Sequence Viewer 7.0 (CLC bio) software was used for phy-
logenetic analysis by the neighbor-joining method. Amino
acid sequence of ZmMYC?2 was aligned with AIMYC2,
AtMYC3 and AtMYC4 using Clustal W and DNAMAN
software.

RNA isolation, gene cloning and expression analysis

Maize total RNA was isolated using TRNzol reagents
(Tiangen, Beijing) according to the manufacturer’s instruc-
tions. cDNA was synthesized using the M-MLYV reverse
transcriptase from Takara. The coding sequence (CDS) of
ZmMYC2 (GRMZM2G001930) was cloned from maize
leaves and ligated into pMD19-T (Takara) for sequencing.
The expression patterns of ZmMYC2 were determined by
quantitative real-time PCR (qRT-PCR), which was per-
formed on the Bio-Rad CFX96 using the SsoFast EvaGreen
Supermix (Bio-Rad). The maize elongation factor Efla was
used as the endogenous control according to previous studies
(Fu et al. 2016). The primer sequences are listed in Table S1.
Maize and Arabidopsis leaves were used for cloning of JAZ
genes, including ZmJAZ3 (GRMZM2G117513), ZmJAZS
(GRMZM2G086920), ZmJAZ14 (GRMZM2G064775),
ZmJAZ17 (GRMZM2G126507), and ZmJAZ23
(GRMZM2G143402).

Yeast two-hybrid analysis

The full-length CDS of ZmMYC2 was cloned into pPGBKT-7
and used for self-transactivation assay by co-transforming
with empty pGADT-7 into yeast strain AH109. Positive
clones were screened on the selective medium SD/Trp-
Leu-His-Ade with X-a-Gal (4 mg mL™"). For the MYC2-
JAZ interaction assays, the truncated ZmMYC2 (1-139 aa)
containing the JID domain was ligated into pPGADT-7 and
full-length JAZs were constructed into pGBKT-7. ZmMYC2
and each JAZ were co-transformed into yeast strain AH109.
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The positive clones were selected as mentioned above. All
the primers used for Y2H constructs are listed in Tables S2
and S3.

Generation of transgenic plants

To further analyze the biological functions of ZmMYC2, we
generated transgenic Arabidopsis overexpressing ZmMYC2
by the floral dipping method under the control of 35S pro-
moter (Zhang et al. 2006). The CDS of ZmMYC2 was sub-
cloned into pPCAMBIA3301 and further transformed into
Agrobacterium tumefaciens strain GV3101. Additionally,
the complementation lines of ZmMYC2 in myc2myc3myc4
(myc234) triple mutant was also generated (Fernandez-Calvo
etal. 2011). The seeds of myc234 were obtained from Prof.
Roberto Solano at Universidad Auténoma de Madrid and
Prof. Benke Kuai at Fudan University. Transgenic plants
were selected by 0.15% Basta and identified by PCR ampli-
fication with Arabidopsis gDNA or cDNA as the templates.
At least two independent transgenic lines for each transfor-
mation were selected to grow until T3 generation for further
analysis. The specific electrophoretic bands were further
sequenced to validate successful transformation. Primers
used to generate transgenic plants are listed in Table S4.

In vitro ChiP-Seq assay and gene expression analysis

In vitro ChIP was performed with the method as described
previously (Li et al. 2017b; Fu et al. 2018). Two-week-old
maize seedlings were used for gDNA extraction. The gDNA
were sheared to fragments mainly enriched in 200-500 bp
by ultrasonication. The recombinant pET28-ZmMYC2 pro-
tein was purified on Ni-NTA Agarose beads and desalted by
ultrafiltration. ZmMYC?2 protein and DNA fragments were
co-incubated for 4 h (4 °C, 7 rpm) with the incubation buffer
(100 mM KCl, 50 mM Tris, 1 mM EDTA, 5% glycerol, 0.1%
Triton X-100, I mM DTT, pH 7.0). After co-incubation, the
beads were washed three times using the incubation buffer.
The cross-linking product was then eluted from the beads
with the elution buffer (1% SDS, 0.1 M NaHCO;) at room
temperature and 0.2 M NaCl was added to break down cross-
linked protein and DNA fragments at 65 °C for 2 h. The
target DNA fragments were extracted with chloroform—isoa-
mylol (24:1, v/v). Sequencing was performed with the Illu-
mina HiSeq 2500 (Novogene, Beijing). The ChIP-Seq raw
data are listed in Supplementary dataset 1-3.

ZmMYC?2 was subcloned into pBI221 under the control
of the maize ubiquitin promoter for transient overexpres-
sion in maize protoplasts as described previously (Fu et al.
2018). qRT-PCR was performed to analyze the expres-
sion of ZmMYC2-targeted genes in maize protoplasts with
ZmMYC?2 transient overexpression. All Primers were verified
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for specificity by amplicon sequencing and are listed in Sup-
plementary Table 5.

Analysis of ChIP-seq data

The ZmMYC2 binding DNA obtained from in vitro ChIP
assay was used for sequencing (Park 2009; Pepke et al.
2009). By mapping the sequencing reads to maize genome
using BWA (Burrows Wheeler Aligner) (Li and Dur-
bin 2009), 4 million (4M) mapped reads were detected in
ZmMYC2 binding sample. Subsequently, the binding peaks
were obtained by model-based analysis of ChIP-seq (MACS)
with the g value <0.05 (Zhang et al. 2008; Liu 2014). The
peak-related genes were screened based on the number, the
width and the distribution of the peaks. The transcription
start site (TSS) of each peak-related gene was detected using
Peak Annotator (Salmon-Divon et al. 2010). The peaks were
identified within the gene regions (including 2 kb upstream
of the TSS and 2 kb downstream of the stop codon) or inter-
genic regions (other regions excluding gene regions). Peaks
within 2 kb upstream region to TSS were considered to be
MYC2-binding promoters. To understand the biological
functions of those putative ZmMYC?2 target genes, we per-
formed Gene Ontology (GO) enrichment analysis to find
related GO terms with different categories based on func-
tions of molecular functions, biological processes and cell
components (Kanehisa et al. 2008). Then Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) analyses were used
to further determine the biochemical pathways and signal
transduction pathway (Kanehisa et al. 2008).

Results
Identification of ZmMYC2

Plants recruit JA signaling to defend necrotrophic fungi
invasion (Glazebrook 2005; Robert-Seilaniantz et al. 2011).
MYC2, belonging to the bHLH TF family, has been proved
as a master regulator of JA signaling and involved in defense
against necrotrophic fungi(Dombrecht et al. 2007; Kazan
and Manners 2013). However, little is known about this TF
in maize. Therefore, we first performed the phylogenetic
analysis of maize bHLH genes and identified one bHLH TF
with highest sesquence identity (47%) to AtMYC2 in Arabi-
dopsis (Fig. S1), thereby name it as ZmMYC2 putatively.
Further analysis revealed that ZmMYC?2 felled into the same
clade with OsMYC2, AtMYC2, AtMYC3, AtMYC4 and
AtMYCS, suggesting the potential role of ZmMYC?2 in JA
signaling (Fig. 1).

The full CDS of ZmMYC2 was cloned from maize leaves
with 2118 bp encoding a putative protein of 705 amino acids.
Sequence alignment revealed that ZmMYC2 contained the
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typical conserved functional domains (Fig. 2). The JID
domain is necessary for interaction with JAZ protein, and
TAD domain directly binds to MED2S5 for activating down-
stream target genes (Chini et al. 2007; Fernandez-Calvo
et al. 2011; Cevik et al. 2012). In addition, MYC2 forms
homo- or heterodimer mediated by the bHLH domain and
leucine zipper domain (Toledo-Ortiz et al. 2003; Amoutzias
et al. 2008; Carretero-Paulet et al. 2010). ZmMYC2 was also
detected to contain these two domains, suggesting potential
interactions with itself or other MYC2-like proteins. The
basic region of bHLH domain is also responsible for bind-
ing activities of MYC2 to target gene promoters through
G-box (5’-CACGTG-3') and its variants (Kazan and Man-
ners 2013), suggesting such function of ZmMYC2.

Expression profiles of ZmMYC2

To explore the potential involvement of ZmMYC2 in JA
signaling, we investigated the expression profile with MeJA
treatment. The qRT-PCR analysis revealed an inducible
expression pattern of ZmMYC2 which began at 1 h and
peaked at 3 h for about 25-fold higher than the control (0 h)
(Fig. 3a). JA signaling plays pivotal parts in many defen-
sive processes, such as wounding and pathogen infection
(Wasternack and Hause 2013). As expected, ZmMYC2 gene
expression was also induced with wounding and F. gramine-
arum infection (Fig. S2). The inducible gene expression of
ZmMYC?2 in response to these treatments suggested involve-
ment in maize JA signaling.

Considering the functions of AtMYC2 in crosstalk between
JA and other plant hormones (Schmiesing et al. 2016; Verma
et al. 2016; Berens et al. 2017), we examined the expression of
ZmMYC2 under other phytohormone treatments (Fig. 3). The
combined treatment of MeJA and EP also elevated ZmMYC2
gene expression drastically (Fig. 3b). On the contrary, GA and
SA treatments significantly suppressed ZmMYC2 expression

(Fig. 3c, d). These findings indicated the antagonistic effects
between these two hormones and MYC2-mediated JA signal-
ing, which has been reported in other plant species (Robert-
Seilaniantz et al. 2011; Kazan and Manners 2013; Yang et al.
2015). Additionally, ABA has been proved to exert some syn-
ergistic effects with JA in roots under abiotic stress. ZmMYC2
was slightly induced by ABA in roots, and as expected, also by
simulated drought stress with PEG6000 treatment and salinity
stress (Fig. 3e—g). All these results suggested extensive roles of
ZmMYC?2 in both biotic and abiotic stress responses.

ZmMYC2 interacted with JAZ proteins

JASMONATE ZIM-domain proteins act as repressors of
JA signaling by directly interacting with JA-responsive TFs
like MYC?2 to inhibit their transactivation on downstream
genes (Pauwels and Goossens 2011). We investigated the
direct binding between ZmMYC2 and JAZ proteins through
yeast two-hybrid assays (Y2H). Preliminary experiments
indicated the strong self-transactivation of ZmMYC2
(Fig. S3), which needs to be diminished in Y2H assays.
We removed the transactivation domains and kept the JID
domain of ZmMYC?2 for protein interaction. Further analysis
showed that ZmMYC?2 directly interacted with ZmJAZ14
and ZmJAZ17, as well as AtJAZ1 and AtJAZ9 (Fig. 4).
Among maize JAZ proteins, ZmJAZ14 has been reported
to be associated with JA, ABA and GA signaling pathways
(Zhou et al. 2015). These data indicated potential involve-
ment of ZmMYC?2 in JA signaling through interacting with
JAZ proteins.

ZmMYC2 restored root growth and anthocyanin
accumulation in Arabidopsis myc234

Two conserved functions of MYC2 are to mediate inhi-
bition of root growth and induction of anthocyanin
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accumulation by JA (Dombrecht et al. 2007). To further
characterize the physiological function of ZmMYC2,
transgenic Arabidopsis with ZmMYC2 overexpression
in wild-type and triple-mutant myc234 were generated
and the homozygous T3 plants were used for phenotype
analysis. Two independent transgenic lines were used for
further analysis either with overexpression in WT or in
myc234, respectively. The transgenic plants grew normally

with regular root length as WT (Fig. 5a, c, d). However,
with treatment of 25 uM MelJA, the root length of OE
plants was significantly shorter than WT lines, indicat-
ing elevated JA sensitivity by ZmMYC2 overexpression
(Fig. 5b—d). The myc234 mutant plants lost the JA sen-
sitivity partially and exhibit slight root growth inhibition
by JA treatment. Overexpression of ZmMYC?2 in myc234
significantly restored the sensitive to JA signaling and
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resulted in retarded root growth similar to WT (Fig. 5).
These results indicated that ZmMYC?2 exhibited the capa-
bility to compensate MYC gene mutation in Arabidop-
sis and played a role in the conserved JA-mediated root
growth inhibition.

JA induces anthocyanin accumulation through MYC2
transactivation on MYB TF of anthocyanin biosynthe-
sis (Shan et al. 2009; Al-Dhabi et al. 2015). Without JA
treatment, all transgenic plants did not accumulate antho-
cyanin, as well as WT and myc234 (Fig. 6a). Once these
Arabidopsis plants were treated with 25 uM MeJA, WT
plants accumulated anthocyanin, in contrast, myc234 did
not show anthocyanin induction (Fig. 6b). Overexpression
of ZmMYC2 in myc234 resulted in inducible anthocyanin
accumulation upon MeJA treatment (Fig. 6b), indicating

ZmMYC20E13 ZmMYC20E20

4 %
Y 7

(A) Col-0

myc234 ZmMYC2/myc234-5

P »

ZmMYC2/myc234-16

(B) cColo ZmMYC20E13

.‘h\,:b‘\((

ZmMYC20E20

myc234 ZmMYC2/myc234-5 ~ ZmMYC2/myc234-16

e ® ..

Fig.6 Overexpression of ZmMYC2 in myc234 restored induction
of anthocyanin accumulation by MeJA treatment. a ZmMYC2 over-
expression lines were grown on the %2 MS medium for 7 days. b
ZmMYC2 overexpression lines were grown on the 2 MS medium
plus 25 pM MelJA for 7 days. Anthocyanin accumulation was induced
in all lines except myc234

restored JA regulation on anthocyanin biosynthesis via
ZmMYC2.

Overexpression of ZmMYC2 in Arabidopsis
enhanced the resistance to B. cinerea

Another important function of JA is to regulate plant-
defensive responses (Robert-Seilaniantz et al. 2011). As
the master regulator of JA signaling, MYC2 plays piv-
otal roles in JA-mediated resistance to pathogens, espe-
cially for necrotrophic fungi. To explore the function
of ZmMYC?2 in defense against necrotrophic fungi, the
detached leaves of transgenic Arabidopsis with ZmMYC2
overexpression were infected with B. cinerea. Compared
with WT, the ZmMYC2 overexpression lines with Col-0
background exhibited smaller lesions and slighter dis-
ease symptom (Fig. 7), indicating enhanced resistance by
ZmMYC?2 overexpression in Col-0. However, both myc234
and its ZmMYC?2 overexpression lines developed grievous
disease symptom. ZmMYC2 overexpression in myc234 did
not elevate disease resistance, suggesting that ZmMYC2
is not sufficient to compensate MYC function loss in this
triple mutant and AtMYC2, AtMYC3 and AtMYC4 might
have differential functions in pathogen defense.

Identification of ZmMYC2 target genes in maize

MYC2 regulates gene expression as the transcription fac-
tor by binding gene promoters. To explore regulatory func-
tion of ZmMYC2 in maize, we analyzed its target genes
through in vitro ChIP-Seq. 47156 fragments were detected
to be bound by ZmMYC2 and most of them (58.64%) were
located in intergenic regions (Fig. 8a). Other fragments
were mostly identified as the promoter sequences (12.06%)
at the 2 kb upstream of the TSS, and the potential regula-
tory sequences (14.61%) at the 2 kb downstream of the
stop codon. The promoter region is the main target site of
transcription factors. ZmMYC?2 target sequences in pro-
moter regions were mapped to 4437 genes and the bind-
ing sites were enriched at ~500 bp upstream of the TSS
(Fig. 8b). Further analysis by Gene Ontology (GO) indi-
cated that the 4437 genes were mainly involved biologi-
cal processes including terpene synthase activity, defense
response, response to abiotic and biotic stimuli, response
to oxygen levels, response to hormone and regulation of
gene expression (Fig. 8c, d). Among these genes, many of
them were annotated as transcription factors fallen into a
number of categories (Fig. 8e), suggesting diverse function
of ZmMYC?2 through targeting these transcription factors
to regulate different biological processes.
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Fig.7 Overexpression of ZmMYC2 enhanced the resistance to Bot-
rytis cinerea. a Detached Arabidopsis leaves were infected with B.
cinerea hypha for 7 days. b The foliar incidences of different Arabi-
dopsis lines were calculated based on the percentage of infected leaf

ZmMYC2 bound to defense gene promoters
to regulate gene expression

MYC2 plays key roles as the master to regulate various

biological processes, particularly defense response. In the
ChIP-Seq analysis, ZmMYC2 bound to a lot of defense

@ Springer

area to the whole leaf area, which was counted using the Image J soft-
ware. Different lowercase letters indicate significant difference (LSD
test, P <0.05). Error bars indicate SE (n=06)

gene promoters (Supplemental Dataset 1). To validate its
potential regulation on these defense genes, ZmMYC2 was
transiently overexpressed in maize protoplasts and qRT-
PCR was conducted to analyze gene expression for some
selected marker genes. As shown in Fig. 9a, JA biosyn-
thetic gene LOX1 and JA-Ile biosynthetic gens JAR1 were
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Fig.8 Genome-wide identification of ZmMYC2 binding sites and
Gene Ontology (GO) analysis of ZmMYC2 target genes. a Binding-
peak distribution of ZmMYC2 across maize genomic regions. b Dis-
tance of identified ZmMYC?2 binding sites relative to the TSS. ¢ GO

both targeted and up-regulated by ZmMYC2. Meanwhile,
pathogenesis-related gene PR4 exhibited higher expres-
sion through ZmMYC2 transient overexpression. Further-
more, ROS scavenging is an important mechanism in plant
defense. POD1 and SOD3 were targeted by ZmMYC?2 as
indicated by ChIP-Seq analysis (Supplemental Dataset 1).
ZmMYC2 promoted gene expression of POD1 and SOD3
in maize protoplasts, which might contribute to suppressed
ROS level and corresponding defense response (Fig. 9a).

enrichment analysis of ZmMYC2 target genes and classification of
biological process. Part of ZmMYC?2 target genes are shown includ-
ing hormone-related genes (d) and transcription factors (e). Gene
numbers for each category are labeled in pie charts

ZmMYC2 played roles in plant hormone signal
crosstalk

Signaling crosstalk among plant hormones has been inves-
tigated in numerous literatures. MYC2 was also involved
in the signaling crosstalk between JA and other plant hor-
mones such as ethylene and GA. We identified a lot of plant
hormone biosynthetic and signal genes as ZmMYC?2 targets
by ChIP-Seq analysis (Fig. 8d; Supplemental Dataset 2).
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Fig.9 Transient overexpression of ZmMYC2 regulated gene expres-
sion in maize protoplasts. qRT-PCR analysis of defense-related genes
(a), ARF genes (b) and AUX/IAA genes (c, d) in maize protoplasts
with transient overexpression of ZmMYC2. Efla was used as the
endogenous control. Gene expression was normalized to that in the

Ethylene-related genes were the main targets of ZmMYC2,
consistent with JA/ethylene signaling crosstalk as reported
by many investigations (Kazan 2015). We also observed
many ABA-related genes bound by ZmMYC?2, implying JA/
ABA signaling crosstalk that has also been explored inten-
sively (Abe et al. 2003; Vishwakarma et al. 2017) (Sup-
plemental Dataset 2). Although some downstream genes
in auxin signaling were reported to be regulated by MYC2
(Sun et al. 2009; Hentrich et al. 2013), JA and auxin signal-
ing crosstalk has not been explored thoroughly. Unexpect-
edly, a number of auxin-related genes were also detected in
ZmMYC2 target profile (Supplemental Dataset 3), suggest-
ing involvement of ZmMYC?2 in potential JA/auxin signal-
ing crosstalk. The major auxin-related genes were identified
as Aux/IAA and ARF family genes (Supplemental Dataset
3). Further analysis indicated that ZmMYC?2 transient over-
expression up-regulated most ARF gene expression, while
ARF28 and ARF30 were down-regulated (Fig. 9b). For Aux/
TAA genes, opposite regulation was observed. Some TAA
genes accumulated higher transcripts and others exhibited

@ Springer

control. Black and gray bars indicate gene expression in maize proto-
plasts of the control (empty vector transformation) or with ZmMYC2
transient overexpression. Asterisks indicate significant difference
(Student’s ¢ test, *P <0.05, **P < 0.01). Error bars indicate SE (n=3)

compromised gene expression (Fig. 9c, d), indicating differ-
ential regulation by ZmMYC2 and potential diverse function
of Aux/TAA genes. ZmMYC2 bound to various genes related
to plant hormones suggests involvement in signal crosstalk
as the master regulator, also implicating the complicated
regulatory network among different biological processes
including growth and defense in plants.

Discussion

MYC?2 is considered to be the most important and exten-
sively studied transcription factor in JA signaling (Dombre-
cht et al. 2007; Kazan and Manners 2013). AtMYC2 can
be rapidly induced by exogenous JA treatment and further
activate a large number of JA early responsive genes (Dom-
brecht et al. 2007). In our study, ZmMYC2 also exhibited
inducible expression pattern in response to JA treatment at
very early stage, indicating its potential role in JA signal-
ing. Previous transcriptome analysis revealed that the F.
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graminearum infection stimulated a number of JA-related
genes in maize, implying the participation of JA signaling
in maize disease defense (Liu et al. 2016). As shown in Fig.
S2, ZmMYC2 was highly induced by F. graminearum infec-
tion. Hence, we speculated that ZmMYC2 might be involved
in this defensive process and play a part in controlling such
transcriptional rearrangement. Moreover, ZmMYC2 was
also induced by insect elicitors with increased JA level,
indicating a potential role of ZmMYC?2 in JA-mediated her-
bivores resistance (Engelberth et al. 2012). However, those
regulatory mechanisms still need to be elucidated.

In Arabidopsis, AtMYC2 regulates multiple pathways and
interactions between JA and other plant hormones (Robert-
Seilaniantz et al. 2011; Schmiesing et al. 2016). AtMYC2
has been found as a negative regulator of ethylene response
transcription factor ORA59 and ERF1 (Dombrecht et al.
2007; Zander et al. 2010; Verhage et al. 2011). These find-
ings suggest putative antagonism effects of ZmMYC2 on JA
and ETH. In addition, the T-DNA insert mutant of AtMYC2
exhibited less sensitive to both JA and ABA, highlighting the
synergistic effect of AtMYC2-mediated JA and ABA (Abe
et al. 2003; Lorenzo et al. 2004; Nakata et al. 2013). Interest-
ingly, ZmMYC?2 was induced by the combined treatment of
MelJA and EP in maize leaves, as well as ABA treatment in
maize roots (Fig. 3b, e). These results suggest coordinated
effects of ZmMYC2 on JA-ETH and JA-ABA interactions,
which is different from that in Arabidopsis. This implies spe-
cific regulating aspects of ZmMYC2 in maize JA signaling,
which deserves further study. Furthermore, maize terpenoid
phytoalexins were accumulated in response to both MeJA/
EP treatment and ABA treatment (Huffaker et al. 2011;
Schmelz et al. 2011; Vaughan et al. 2015). Our recent study
characterized a transcription factor ZmWRKY79 to regulate
maize phytoalexin biosynthesis (Fu et al. 2018). The pro-
moter of ZmWRKY79 contains a lot of G-boxes, which are
the target cis-elements of MYC transcription factors. Hence,
ZmMYC2 might act with ZmWRKY79 to be involved in the
JA-mediated phytoalexins regulation.

In many plant species, MYC2 has been well established
to function in positive feedback regulation of JA biosynthe-
sis and signaling. In this study, we also demonstrated that
ZmMYC2 directly bound to the promoters of many JA bio-
synthetic genes. And overexpression of ZmMYC?2 in maize
protoplasts enhanced the expression of these genes, such as
LOX1I and JARI, suggesting an elevated JA level and acti-
vated JA signaling in ZmMYC2-OE protoplasts (Fig. 9a).
However, the expression of pathogen resistance gene PR4
was also increased in ZmMYC2-OE protoplasts (Fig. 9a).
This is opposite with previous studies about AtMYC2,
which was reported to be a negative regulator on PR4 in
Arabidopsis by suppressing the positive regulators such as
ethylene-related ORAS59 and ERF1. These studies indicate
an antagonistic role of AtMYC2 in modulation of JA/ET

related defense responses (Pre et al. 2008). However, in our
study, the enhanced expression of PR4 echoes the results
that the expression of ZmMYC2 can be induced by joint
treatment of JA and ET, which together proposing a novel
synergistically role of ZmMYC2 in these two pathways. In
consistent with the hypothesis, we observed an enhanced
resistance in ZmMYC2-OE Arabidopsis against the necro-
trophic pathogen B. cinerea, while atmyc2 mutant exhibited
increased resistance against this pathogen (Dombrecht et al.
2007). Furthermore, the suppressed ROS level during infec-
tion caused by activated JA signaling has been considered
as defense response to necrotrophic pathogens (Govrin and
Levine 2000). Therefore, the enhanced expression of ROS
scavenging genes might also contribute to ZmMYC2-medi-
ated resistance against B. cinerea (Fig. 9a).

As the repressor of JA signaling, JAZ proteins suppress
transactivation of MYC2 through direct interactions, thereby
regulating JA signaling. There are 13 JAZ proteins in Arabi-
dopsis genome and most of them can interact with AtMYC2
except AtJAZ4 and AtJAZ7 (Fernandez-Calvo et al. 2011).
In rice, OsMYC2 have been found to interact with 14 rice
JAZ proteins except OsJAZ14 (Uji et al. 2016). In maize
genome, 48 members of JAZs proteins have been identi-
fied, suggesting the interactions between MYCs and JAZs
in maize should be more complicated (Zhou et al. 2015).
Here, we detected protein interactions between ZmMYC2
with ZmJAZ 14 and ZmJAZ17 (Fig. 4). All these three genes
are all highly expressed in the anther and staminal filament
based on RNA-Seq data of MaizeGDB (Sekhon et al. 2011).
In Arabidopsis, AIMYC2, AtMYC3, AtMYC4 and AtMYC5
were together involved in JA-mediated stamen development
and seed production (Qi et al. 2015). Hence, ZmMYC2
might also play a role in JA-mediated stamen development
by interacting with ZmJAZ14 and ZmJAZ17. Additionally,
ZmJAZ14 exhibited increased expression under JA, ABA
and PEG6000 treatment (Zhou et al. 2015), which is similar
to ZmMYC2, implicating their interaction in these stress
responses.

JA has been widely studied to suppress root growth
(Dombrecht et al. 2007). In our study, the Arabidopsis
myc234 mutant did not exhibit much root growth inhibition
by MeJA treatment, indicating partial loss of JA sensitivity
(Fig. 5b, d). By complementation expression of ZmMYC2
in this myc234 mutant, the root growth inhibition by JA
was restored (Fig. 5b, d). In addition, compared to WT,
the ZmMYC2-OE lines exhibited even shorter root growth
under MeJA treatment, suggesting a hypersensitivity effect
of these lines to JA (Fig. 5b, d). This is consistent with the
previous findings that MYC2 played the major role in pro-
moting hypersensitivity of primary root towards exogenous
JA (Dombrecht et al. 2007). Additionally, anthocyanin
accumulation was induced with MeJA treatment in WT, OE
plants and complementation plants except for the myc234
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line (Fig. 6), indicating involvement of ZmMYC2 in this
process. However, overexpression of ZmMYC2 in WT did
not cause more anthocyanin accumulation with MeJA treat-
ment, suggesting that the endogenous MYC genes in Arabi-
dopsis WT plants are sufficient to regulate this phenotype.

ChIP-Seq analysis indicated that ZmMYC2 bound to a
large number of hormone-related gene promoters, suggest-
ing its roles in plant hormone signaling crosstalk (Fig. 8c,
d; Supplemental dataset 2). Surprisingly, among those
plant hormone-related genes, a high proportion of genes
are involved in auxin signaling including many AUX/IAA
genes and ARF's (Fig. 8d, e; Supplemental dataset 3). Some
JAZ proteins and JA-responsive genes were under control
of ARFs (Grunewald et al. 2009), but regulation of ARFs
by JA-related regulators remains unknown. qRT-PCR anal-
ysis uncovered a positive role of ZmMYC2 on most ARF
genes in maize protoplasts (Fig. 9b). Although the effects of
ZmMYC2 on AUX/IAA genes were conflicted (Fig. 9c, d),
it is undoubted that ZmMYC?2 is involved in modulation of
those auxin-related regulators, and the underlying mecha-
nism should be illuminated in further studies.

Taken together, we identified a bHLH transcription factor
ZmMYC2, which is a functional ortholog of AtMYC2, and
not only involved in many JA-mediated conserved pathways
but also shows some putative-specific functions. Further
studies of ZmMYC2 might help to understand the JA signal-
ing in maize and explore new aspects of JA signaling in plant
kingdom. Given the importance of auxin in plant growth and
development, the regulation of ZmMYC?2 on auxin-related
genes is the valuable clue to explore the balance between
growth and defense.
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