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APETALA2/ethylene response factors (AP2/ERFs) transcription factors (TFs)
have greatly expanded in land plants compared to algae. In angiosperms,
AP2/ERFs play important regulatory functions in plant defenses against
pathogens and abiotic stress by controlling the expression of target genes. In
the moss Physcomitrium patens, a high number of members of the ERF family
are induced during pathogen infection, suggesting that they are important
regulators in bryophyte immunity. In the current study, we analyzed a P. patens
pathogen-inducible ERF family member designated as PpERF24. Orthologs
of PpERF24 were only found in other mosses, while they were absent in
the bryophytes Marchantia polymorpha and Anthoceros agrestis, the vascular
plant Selaginella moellendorffii, and angiosperms. We show that PpERF24
belongs to a moss-specific clade with distinctive amino acids features in
the AP2 domain that binds to the DNA. Interestingly, all P patens members
of the PpERF24 subclade are induced by fungal pathogens. The function of
PpERF24 during plant immunity was assessed by an overexpression approach
and transcriptomic analysis. Overexpressing lines showed increased defenses
to infection by the fungal pathogens Botrytis cinerea and Colletotrichum
gloeosporioides evidenced by reduced cellular damage and fungal biomass
compared to wild-type plants. Transcriptomic and RT-gPCR analysis revealed
that PpERF24 positively regulates the expression levels of defense genes
involved in transcriptional regulation, phenylpropanoid and jasmonate
pathways, oxidative burst and pathogenesis-related (PR) genes. These findings
give novel insights into potential mechanism by which PpERF24 increases
plant defenses against several pathogens by regulating important players in
plant immunity.
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Introduction

Plant transcription factors (TFs) play crucial roles in
regulating the expression of target genes that function in
developmental processes and responses against environmental
stresses. APETALA2/ethylene response factors (AP2/ERFs) are
a large plant-specific TF superfamily that participates in growth,
development, and defense responses to abiotic and biotic stress
in angiosperms (Xu et al, 2011). The number of AP2/ERF
TFs has greatly expanded in land plants compared to algae,
suggesting that they may have contributed to terrestrialization
(Bowman et al., 2017). While algae have between six and 27
AP2/ERF genes, most land plants have more than 100 members
according to the PlantTFDB v5.0 database (Jin et al., 2017).
Members of the family are defined by the AP2 domain, which
comprises one or two AP2 DNA-binding domains with 60-
70 conserved amino acid residues that consist of three B-
sheet strands and an o-helix motif (Allen et al,, 1998). The
AP2 domain has two important regions, namely, YRG and
RAYD elements. The YRG element includes 20 amino acids
that play a critical role in establishing direct contact with the
DNA (Okamuro et al, 1997). The RAYD element contains
approximately 40 amino acids in the a-helix region that plays
an important role in protein-protein interaction, as well as
a putative alternative role in DNA binding (Jofuku et al,
1994; Okamuro et al, 1997). Based on the number of AP2
domains and sequence similarities, AP2/ERFs are classified into
three major families, including APETALA2 (AP2), ethylene-
responsive element binding protein (ERF), and related to
ABI3/VP (RAV) (Licausi et al,, 2013). A fourth group belonging
to the AP2/ERF superfamily is named Soloist, and although
it contains a single AP2 domain, sequence and gene structure
strongly diverge from those of the AP2/ERF TFs (Sakuma
et al,, 2002). The ERF family is further divided into two major
subfamilies, the ERF and the dehydration-responsive element-
binding (DREB) subfamily, which comprises 12 groups in
Arabidopsis thaliana (Sakuma et al., 2002; Nakano et al., 2006).
AP2 TFs have two tandem AP2 domains, whereas ERF and
DREB family members contain a single AP2 domain (Nakano
et al,, 2006). Usually, AP2 members are key factors that regulate
development and organ formation (Aukerman and Sakai, 2003),
while members of the ERF and DREB subfamily are more related
to responses to environmental stress (Lata and Prasad, 2011).
DREBs bind to the dehydration-responsive element (DRE)
in stress-responsive genes and are mainly involved in plant
tolerance against different types of abiotic stresses, including
drought, freezing, salt, and heat (Lata and Prasad, 2011). In
contrast, ERFs are involved in defense responses to pathogen
attack by binding to a cis-acting ethylene response element
(ERE: GCC box) (Solano et al., 1998; Berrocal-Lobo et al., 2002).
The amino acids valine at position 14 and glutamic acid at
position 19 (V14 and E19) in the AP2 domain are important for
binding to DRE elements, while alanine at position 14 (A14) and
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aspartic acid at position 19 (D19) are important for binding to
ERE elements (Sakuma et al.,, 2002). More recently, it was shown
that several ERFs also bind to DRE elements and play regulatory
roles in integrating ethylene, abscisic acid (ABA), jasmonate,
and redox signaling in plant responses to abiotic stresses (Miiller
and Munné-Bosch, 2015).

Several studies have revealed that overexpression of ERF TFs
in angiosperms increases resistance against different pathogens
and tolerance to drought, cold, and salt (Xu et al, 2011;
Wang et al, 2022). For example, overexpression of some
ERFs increased resistance to Stemphylium lycopersici in tomato
(Yang H. et al., 2020), Fusarium solani in potato (Charfeddine
et al,, 2019), Botryosphaeria dothidea in apple (Wang et al,
2020), Rhizoctonia cerealis in wheat (Chen et al., 2008), and
Magnaporthe oryzae and Xanthomonas oryzae pv. oryzae in
rice (Hong et al, 2022). Increased resistance was associated
with enhanced expression of pathogenesis-related (PR) proteins
(Chen et al., 2008; Charfeddine et al., 2019). Moreover, DREB
DEARI expression increased in response to pathogen infection,
and its overexpression in A. thaliana renders plants with
improved resistance to the bacterial pathogen Pseudomonas
syringae (Tsutsui et al., 2009).

Mosses, together with liverworts and hornworts, are
bryophytes that represent the three major lineages of
non-vascular plants. During plant evolution, bryophytes
have adapted to terrestrial environments with variations in
temperature, UV-B radiation, desiccation stress, and exposure
to fungi and bacteria (Rensing et al, 2008; Ponce de Ledn
and Montesano, 2017). Adaptation mechanisms to these
changing environments resulted in the acquisition of novel
genetic information. Comparative studies of bryophytes and
vascular plants allow the identification of gene losses and
duplications events within gene families, including TFs, and
their functional conservation or diversification among different
plant lineages. Additionally, evolutionary conserved biological
roles of genes during stress and their presence in the most
recent common ancestor of land plants can be assessed.
In the alga Chlamydomonas reinhardtii, an AP2/ERF gene
participates in the early response to cold stress (Li L. et al,
2020), suggesting that the involvement of AP2/ERF members
in defense responses to stress occurs throughout the green
lineages. In contrast to angiosperms, studies on the functional
role of moss TFs in stress mechanisms have not been addressed
until the present. The moss Physcomitrium patens, formerly
Physcomitrella patens, is considered a model plant to study
abiotic and biotic stresses in mosses (Frank et al., 2005; Ponce
de Leén and Montesano, 2017). According to the PlantTFDB
v5.0 database, P. patens has 161 AP2/ERF genes, divided into
16 AP2, 143 ERF (ERF + DREB), and two RAV. This number
is comparable with other plants, such as A. thaliana, Solanum
lycopersicum, and Oryza sativa, which have 146, 167, and
157 members, respectively. Transcriptomic analyses revealed
that P. patens differentially expresses many members of the

frontiersin.org


https://doi.org/10.3389/fpls.2022.908682
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/

Reboledo et al.

AP2/ERF superfamily in response to biotic interactions and
abiotic stresses (Reboledo et al., 2022). Botrytis cinerea and
Colletotrichum gloeosporioides inoculation led to differential
expression of a high number of AP2/ERFs compared to control
tissues, including 90 ERF/DREB (69 induced and 21 repressed),
7 AP2 (6 induced and 1 repressed), and one RAV that was only
induced with B. cinerea (Reboledo et al.,, 2022). These findings
suggest that ERF and DREB TFs are important regulators in
P. patens defense responses against biotic stress.

In a previous study, we identified a member of the P. patens
ERF family, which was induced during treatments with elicitors
of the phytopathogenic bacteria Pectobacterium carotovorum
subsp. carotovorum (Alvarez et al, 2016). Transcriptomic
analysis of P. patens tissues during biotic and abiotic stresses
revealed that this gene is highly induced by fungal pathogens,
while it is repressed by ABA and drought (Reboledo et al,
2022), highlighting a possible involvement in plant responses to
pathogen infection. Here, we assessed the role of this TF, named
as PpERF24, during plant immunity by an overexpression
approach and transcriptomic analysis. We show that PpERF24
positively modulates plant defenses against fungal pathogens by
regulating expression levels of genes related to defense.

Materials and methods

Plant material and growth conditions

P. patens Gransden wild type and PpERF24 overexpressing
lines were grown and maintained on solid BCDAT medium
(Ashton and Cove, 1977) with cellophane disks under standard
long-day conditions (22°C, 16-h light/8-h dark regime under
2 -1

60-80 wmol m white light). Three-week-old colonies were

used for all experiments.

Pathogen inoculation and culture
filtrate treatments

The necrotrophic bacteria P. carotovorum strain SCCl
(Rantakari et al, 2001) was propagated in Luria-Bertani
medium at 28°C. Cell-free culture filtrates (CFs) were prepared
according to Ponce de Ledn et al. (2007). The CF containing
P.c. carotovorum elicitors was applied on P. patens colonies
by spray. B. cinerea was cultivated on Potato Dextrose Agar
(PDA) at 22°C, and 2 x 10° spores/mL suspension was used to
inoculate P. patens colonies by spray (Ponce de Ledn et al., 2007).
C. gloeosporioides was grown on PDA at 22°C, and 2 x 10°
conidia/mL suspension was used to inoculate P. patens colonies
by spray (Reboledo et al., 2015). Water-treated plants were used
as control. Pythium irregulare was grown on PDA at 26°C,
and P. patens colonies were inoculated with 0.5 cm diameter
agar plugs containing P. irregulare mycelium, as described by
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Oliver et al. (2009). As control, PDA plugs were placed on top of
each colony.

PpERF24 overexpression and
Physcomitrium patens transformation

To generate P. patens lines overexpressing PpERF24,
the Pp3cll_14690V3.1 sequence was amplified
from gDNA using primers OXERF24 5 fw (5'-
AGGTAATGCAGTCGAGCATAC-3’) and OXERF24 3’ rv
(5-TCACCTGTCTAAGACAACC-3'). The PCR product was
cloned into pGEM-T Easy vector (Promega). PpERF24 coding

coding

sequence was subcloned into EcoRI site of the pPENTR2B vector
(Gateway). The obtained pENTR2B:PpERF24 construct was
sequenced by Sanger sequencing at Macrogen Inc. (Korea)
and then transferred via LR clonase (Invitrogen) to a pTHUDbi
destination vector (Perroud et al, 2011). The obtained
pTHUBIi:PpERF24 construct was verified by Sanger sequencing
at Macrogen Inc. (Korea). P. patens Gransden wild-type
protoplast was transformed with pTHUBi-PpERF24 linearized
with  Swal.
of protoplasts was performed according to Schaefer et al

Polyethyleneglycol-mediated  transformation
(1991). Tissues of plants showing growth after hygromycin
selection were harvested to analyze the incorporation of the
transgene. Levels of PpERF24 transcript accumulation of
selected transformants were assayed by Northern blot analysis
as described by Castro et al. (2016). For this, PpERF24 ¢cDNA
probe was labeled with [a32P]-dCTP using the Rediprime
II Random Prime Labeling System kit (GE healthcare).
DNA content of different PpERF24 overexpressing lines was
measured by flow cytometry according to Castro et al. (2016).
For this, 5,000 nuclei from each colony were analyzed. Haploid
PpERF24 overexpressing lines were considered for further
experiments.

Subcellular localization of
PpERF24-GFP

PpERF24  coding  sequence  without the  stop
codon was amplified from pMDC7:PpERF24
using primers mPpERF24BamHI_fw (5'-
CTGGATGGATCCCCGAATTCACTAGTG-3') and

mPpERF24Notl_rv (5'-AATTCGCGGCCGCCTGTCTAAGA-
3/) which contained restriction sites for BamHI and Notl
restriction enzymes, respectively. The corresponding fragment
was cloned into BamHI and NotI sites of the pENTR2B vector
(Gateway) and transferred via LR clonase (Invitrogen) to
vector pMDC83 (Curtis and Grossniklaus, 2003) containing
the GFP coding sequence and 2 x 35 S promoter regulation.
The obtained 2 x 35 S:PpERF24-GFP construct was sequenced
by Sanger sequencing at Macrogen Inc. (Korea). For free GFP
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control, a pMDC83:AccdB construct, without the ccdB gene,
was generated. For this, pMDC83 was digested with KpnlI,
purified, and ligated. The obtained pMDC83:AccdB construct
was sequenced by Sanger sequencing at Macrogen Inc. (Korea).
The 2 x 35 S:PpERF24-GFP and pMDC83:AccdB constructs
were introduced in Agrobacterium tumefaciens strain C58Cl,
and Nicotiana tabacum leaves were agroinfiltrated as described
by Yang Y. et al. (2000). The fluorescence signals of the tobacco
leaves were captured with a LSM Zeiss 800 confocal microscope
(Carl Zeiss Microscopy) 2 days after agroinfiltration. Excitation
laser lines 488 and 640 were used for GFP and chloroplast signal
detection, respectively. The acquisition software used was ZEN
Blue 2.6 (Carl Zeiss Microscopy). Image processing was done
with Image] 1.52p (Schindelin et al., 2012).

Sequence analysis of PpERF24 and
comparison with other ethylene
response factors and
dehydration-responsive
element-binding proteins

The analysis of conserved domains in PpERF24 protein was
performed using the Simple Modular Architecture Research
Tool (SMART) (Letunic et al., 2021) at http://smart.embl-
heidelberg.de/. Secondary structure prediction was performed
2015) at http://www.
compbio.dundee.ac.uk/jpred4/. The subcellular localization of

using JPred4 (Drozdetskiy et al,
PpERF24 proteins was predicted using Plant-mSubP (Sahu
et al,, 2020) at http://bioinfo.usu.edu/Plant-mSubP/. PpERF24
orthologs and closest genes were identified by blast search
on genomes available at phyotozome.org,! including all moss
genomes available at the moment (P. patens, Ceratodon
purpureus, Sphagnum fallax, and Sphagnum magellanicum),
the liverwort Marchantia polymorpha, the lycophyte Selaginella
moellendorffii, and representative genomes of angiosperms
(A. thaliana, Glycine max, S. lycopersicum, Vitis vinifera, and
O. sativa); in all cases, the best blast hits were considered.
To obtain homologous sequences in the hornwort Anthoceros
agrestis Bonn genome, a tblastn analysis using PpERF24
as query sequence was performed at https://www.hornworts.
uzh.ch/en.html (Li F. W. et al, 2020). To complete the
search, an additional tblastn analysis using PpERF24 as query
sequence was performed at NCBL? excluding P. patens;
other species best blast hits obtained in this analysis with
an e-value < 1.0E-10 were retrieved and the corresponding
protein sequence downloaded. To further analyze these
proteins and two PpERF24 orthologs reported in Funaria
hygrometrica (Kirbis et al, 2020), a blast search on the
P. patens genome using these proteins as query sequences

1 https://phytozome-next.jgi.doe.gov/blast-search
2 https://blast.ncbi.nlm.nih.gov/
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was performed at https://phytozome-next.jgi.doe.gov/ and
NCBI, and sequence identity percentage with PpERF24 was
obtained.

Phylogenetic analysis

For phylogenetic analysis, multiple alignments of the
full-length amino acid sequences derived from the AP2
domain of P. patens, S. fallax, M. polymorpha, A. thaliana,
O. sativa subsp. japonica, and S. lycopersicum ERF family
and moss proteins obtained in this work (Fh_17935,
Fh_23703, CepurR40.9G091300.1.p, CepurR40.11G133100.1.p,
TR55251, TRI125756, DREB5-9, Sphfalx11G110500.1.p,
and Sphmagl1G113800.1.p) were performed with CLC
Main Workbench ver. 21.0.4 (Qiagen). P. patens, S. fallax,
M. polymorpha, A. thaliana, O. sativa subsp. japonica, and
S. lycopersicum ERF family proteins sequences were retrieved
from PlantTFDB v5 database (Jin et al., 2017). To obtain
A. agrestis ERF family, 18 AP2/ERF proteins sequences reported
by Li L. et al. (2020) were retrieved from A. agrestis Bonn
genome at https://www.hornworts.uzh.ch/en.html, analyzed
by SMART, and only those sequences fitting ERF family
criteria (presence of one AP2 domain and absence of B3
domain) were considered. The AP2 domain of PpERF24
was used as a reference, and amino acids flanking it were
trimmed from all proteins. These sequences were realigned,
and the resulting alignment was used to create an unrooted
phylogenetic tree by maximum likelihood using iqtree 1.3.11.1
software (Nguyen et al, 2015). The following parameters
were used: ultrafast bootstrap (Minh et al, 2013) with 1,000
bootstrap replicates and standard model selection followed
by tree construction. The best-fit model LG + G4 was chosen
according to Bayesian information criterion. The phylogenetic
tree was visualized with iTOL6.5.2 (Letunic and Bork, 2021).
The AP2 domains of the different clades were retrieved, and
sequences logos for conserved motifs were obtained from
multiple sequence alignments of AP2 domains using CLC Main
Workbench ver. 21.0.4 (Qiagen). Logos for A. thaliana ERF
and DREB subfamilies, P. patens ERF and DREB subfamilies,
mosses-specific clade, and PpERF24 subclade were generated.

Cell death measurements

For cell death measurements, P. patens colonies treated
with CF were incubated with 0.1% Evans blue for 1 h, whereas
P. patens colonies inoculated with fungi and P. irregulare were
incubated with 0.05% Evans blue for 2 h. After incubation,
tissues were washed four times with deionized water to remove
excess and unbound dye. Dye bound to dead cells was
solubilized in 50% methanol with 1% SDS for 45 min at 60°C,
and the absorbance was measured at 600 nm (Levine et al,
1994; Oliver et al., 2009). Samples were dried at 60°C for 16 h,
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and the results were expressed as Abs600 nm/mg dry weight
(DW). Eight samples containing four colonies were analyzed
for each genotype and treatment, and each experiment was
repeated at least three times. Data from each experiment were
tested for normality and further compared using a two-way
ANOVA where p-values < 0.05 were considered statistically
significant. Statistical analysis was performed with GraphPad
Prism software ver. 8.0.2.

Quantification of pathogen biomass by
quantitative PCR

Pathogen biomass in P. patens tissues inoculated with
B. cinerea or P. irregulare at 24 hpi and with C. gloeosporioides
at 72 hpi was quantified by quantitative PCR (qPCR).
Sixteen P. patens-infected colonies were used for each
biological replicate. Samples were frozen in liquid nitrogen,
and DNA was extracted with DNeasy kit (Qiagen) and
quantified using NanoDrop spectrophotometer. qPCR was
performed using primers designed for the ubiquitin gene of
P. patens (Ubi2), ITS for B. cinerea and P. irregulare, and
CFP12895 for C. gloeosporioides (Pathompitaknulkul et al., 2020;
Supplementary Table 1). gPCR was performed in an Applied
Biosystems QuantStudio 3 thermocycler using the QuantiNova
Probe SYBR Green PCR Kit (Qiagen). Mix proportions and
cycling parameters were used as described in the manufacturer’s
instructions. For standard curves, a threefold serial dilution of
genomic DNA from P. patens, B. cinerea, C. gloeosporioides, and
P. irregulare with known concentrations (3, 1, 0.33, 0.11, and
0.037 ng) was used. Each pathogen and P. patens DNA standard
curves were generated by plotting the CT values of the threefold
serial dilutions vs. the logarithm of DNA concentration. The
resulting regression equations were used to calculate pathogen
and plant DNA in each sample, and DNA rate was reported
(expressed as ng pathogen/ng P. patens). Each data point is the
mean value of three biological replicates. The Student’s ¢-test was
applied to all qQPCR data, and values of p < 0.05 were considered
statistically significant.

RNA extraction, cDNA library
preparation, and sequencing

For RNA extraction, three independent biological replicates
of tissue were harvested from wild-type and PpERF24-OX-4
plants treated with water (control) or B. cinerea at 24 hpi,
immediately frozen in liquid nitrogen, and stored at —-80°C.
Frozen samples were pulverized with a mortar and pestle,
and total RNA was extracted using the RNeasy Plant Mini
Kit (Qiagen), including an RNase-Free DNase treatment in
column (Qiagen), according to the manufacturer’s protocol.
RNA quality control, library preparation, and sequencing were
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performed at Macrogen Inc. (Korea). RNA integrity was checked
before library preparation using an Agilent Technologies 2100
Bioanalyzer (Agilent Technologies). Libraries for each biological
replicate were prepared for paired-end sequencing by TruSeq
Stranded Total RNA LT Sample Prep Kit (Plant) with 1 pg input
RNA, following the TruSeq Stranded Total RNA Sample Prep
Guide, Part # 15031048 Rev. E. Sequencing was performed on
Mlumina platform by Macrogen Inc. (Korea) to generate paired-
end 101 bp reads, obtaining 46-66 M reads per sample with
Q20 > 97, 85%.

RNA-seq processing and differential
expression analysis

RNA-seq processing steps were done through Galaxy
platform (Afgan et al, 2018) at https://usegalaxy.org/,
following Reboledo et al. (2021) pipeline. Trimmed reads
were mapped to reference genomes of P. patens using Hisat2
software (Kim et al, 2015). All reads were mapped first
against P. patens organelle genomes and rRNA sequences
(mitochondrial NC_007945.1;  chloroplast NC_005087.1;
ribosomal HM751653.1, X80986.1, and X98013.1). The
remaining reads were mapped against P. patens nuclear
genome v3 (Lang et al,, 2018), using Ppatens_318_v3.fa as the
reference genome file and Ppatens_318_v3.3.gene_exons.gff3 as
a reference file for gene models,® and concordant mapped read
pairs were retained. The BAM files with reads mapped in proper
pairs were obtained with Samtools View software ver. 1.9 and
then sorted by name with Samtools Sort software ver. 2.0.3 (Li
et al., 2009).

Reads were counted by the FeatureCounts software ver.
1.6.4 (Liao et al., 2014) as in Reboledo et al. (2021). Differential
expression analyses were performed using edgeR software ver.
3.24.1 (Robinson et al, 2010; Liu et al, 2015) with p-value
adjusted threshold 0.05, p-value adjusted method Benjamini
and Hochberg (1995), and minimum log2 fold change 1.
For comparison, counts were normalized with TMM method.
Low-expressed genes were filtered for count values > 5 in
three or more samples. In this study, a false discovery rate
(FDR) < 0.05 was used to determine significant differentially
expressed genes (DEGs) between samples, and expression values
were represented by log2 ratio. Hierarchical clustering and
heatmaps plots of expressed genes were performed on log2 fold
change expression values using the R package “gplots” ver. 3.1.0.

Gene ontology enrichment analysis

Gene ontology (GO) and functional annotations were
assigned based on P. patens v3.3 gene models (see text footnote

3 https://phytozome-next.jgi.doe.gov/
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3) and Blast2GO ver. 5.2.5 software (G6tz et al., 2008), through
Blast and Interpro searches of homologs and protein domains
(Reboledo et al,, 2021). DEG functional enrichment analysis was
performed using OmicsBox tools.* GO terms with a FDR < 0.05
were considered for our analysis.

Gene expression analysis

RNA extraction of tissues from four independent biological
replicates of wild-type, PpERF24-OX-2 and PpERF24-OX-4
control (water) and 24 h after inoculation with B. cinerea
or C. gloeosporioides, was performed with RNeasy Plant
Mini Kit (Qiagen). The expression level of selected defense-
related genes was analyzed by RT-qPCR. After RNase-Free
DNase treatment, cDNA was generated from 1 g of RNA
using RevertAid Reverse Transcriptase (Thermo Scientific)
and oligo (dT) according to the manufacturer’s protocol. RT-
qPCR was performed in an Applied Biosystems QuantStudio
3 thermocycler using the QuantiNova Probe SYBR Green
PCR Kit (Qiagen); mix proportions and cycling parameters
were used as described in the manufacturer’s instructions.
Relative expression of each gene was normalized to the quantity
of constitutively expressed Ubi2 gene (Le Bail et al, 2013),
using the 27 AACt phethod (Livak and Schmittgen, 2001). Gene
expression in control or pathogen-inoculated tissues of the
different genotypes was expressed relative to the corresponding
control or pathogen-inoculated samples of the wild-type. Each
data point is the mean value of four biological replicates. The
Student’s t-test was performed to determine the significance
for quantitative gene expression analysis using GraphPad Prism
software ver. 8.0.2. P-values < 0.05 were considered statistically
significant. Primer pairs used for qPCR analyses are provided in
Supplementary Table 1.

Results

PpERF24 is a moss-specific
pathogen-inducible gene

In a previous study, we identified a member of the AP2/ERF
superfamily (Pp3c11_14690) that was induced during treatment
with elicitors of P.c. carotovorum (Alvarez et al.,, 2016). This
gene has an open reading frame of 534 nucleotides and
encodes a protein of 177 amino acids referred as PpERF24
according to AP2/ERF members at PlantTFDB v5.0 database
(Supplementary Table 2). The predicted AP2 domain consists
of 63 amino acids with three-stranded antiparallel B-sheet
(B1-p3) and an a-helix according to SMART. We searched

4 https://www.biobam.com/omicsbox/

Frontiers in Plant Science

06

10.3389/fpls.2022.908682

for proteins with high identity to PpERF24 at NCBI and
Phytozome database and identified three P. patens genes that
covered amino acids 19 or 20—177 and exhibited 58 and
67% of identity, including Pp3c7_10780, Pp3c2_25760, and
Pp3c1_14230 (Supplementary Table 3). Other P. patens genes
showed 69% identity only in the AP2 domain (39-99 aa).
Putative orthologs were only identified in other moss species;
CepurR40.9G091300 of C. purpureus shared 68% identity with
PpERF24 in amino acids 38-177, and TR55251_c0_g3_il of
Bryum argenteum shared 66% identity in amino acids 31-
177 (Supplementary Table 3). Two additional orthologs were
identified in the moss F. hygrometrica (Fh_17935 and Fh_23703)
(Kirbis et al., 2020). Interestingly, the liverwort M. polymorpha,
the hornwort Anthoceros agrestis, the lycophyte S. moellendorffii,
and angiosperms did not have orthologs (Supplementary
Table 3). To further analyze the characteristics of these proteins
in the ERF family of P. patens (143 ERF + DREB), the deduced
amino acid sequences of the AP2 domains were obtained from
the PlantTFDB v5.0 database and aligned with ERF family
members of S. fallax (115), M. polymorpha (23), A. thaliana
(123), O. sativa subsp. japonica (138), and S. lycopersicum (136).
Additionally, 13 A. agrestis ERF members and the moss proteins
identified by blast analysis in Supplementary Table 3 were
included in the alignment. An unrooted phylogenetic tree was
constructed, showing well-supported clades that separated a
moss-specific clade with P. patens, S. fallax, and other moss
proteins, and several clades including A. thaliana DREBs and
ERFs groups described by Nakano et al. (2006), together with
P. patens, S. fallax, M. polymorpha, A. agrestis. O. sativa,
and S. Ilycopersicum proteins (Figure 1). A small number of
ERFs of different species, 13 in total, containing members
of P. patens and S. fallax and one member of A. agrestis,
A. thaliana, O. sativa, and S. lycopersicum were not included
in any of these clades. Based on the tree and the ERF
family classification in A. thaliana, P. patens has 23 moss-
specific proteins, 56 DREBs, 59 ERFs, and five proteins that
do not belong to any of these clades (Supplementary Table 4).
Interestingly, PpERF24 was included in the moss-specific
clade, forming a subclade with the three P. patens homologs
Pp3c7_10780, Pp3c2_25760, and Pp3cl 14230, the orthologs
CepurR40.9G091300, TR55251, Fh_23703, Fh_17935, and four
additional sequences: Sphmagl1G113800, Sphfalx11G110500
(corresponds to Sphfalx0096s0061 according to PlantTFDB v5.0
database), Sphfalx0299s0005, and Sphfalx0027s0138.

Multiple alignments of the AP2 domain of P. patens and
A. thaliana members of the DREB and ERF clades showed
highly conserved signatures in the YRG and RAYD elements
(Supplementary Figures 1-4). The motifs YRG or YKG and
WLG involved in DNA binding were present in most AP2
domains of P. patens ERFs and DREBs (Figure 2A). The
AYD signature of the RAYD motif involved in protein-protein
interactions and DNA binding was highly conserved in P. patens
ERFs and DREBs, while the R residue changed to other
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DREB

FIGURE 1

Unrooted phylogenetic tree of AP2 domains of moss, liverwort, hornwort, and angiosperms. Unrooted maximum likelihood phylogenetic tree
was visualized with iTOL. Subfamilies are indicated with different colors: ERFs (blue), DREBs (red), and moss-specific proteins (green). The
moss-specific clade, the PpERF24 subclade, ERFs, and DREBs clades are supported by bootstrap values > 95 (black asterisk). A bootstrap of 92
separate ERFs and DREBs (red asterisk). Pp3c11_14690 (PpERF24) is highlighted in black. See Supplementary Table 4 for complete information.

amino acids in several members of both species (Figure 2A).
Furthermore, V14 and E19 that are typical of DREBs (Zhuang
et al,, 2008; Duan et al,, 2013) were present in most P. patens
DREBs (Figure 2A and Supplementary Figure 1). Similarly,
Al4 and D19 that define ERFs were found in most P. patens
ERFs (Figure 2A and Supplementary Figure 2). In contrast,
alignment of the AP2 domains of the moss-specific clade showed
less conserved signatures in the YRG and RAYD elements
(Figure 2A and Supplementary Figure 5). For example, a high
number of moss-specific AP2 domains have an additional E at
position 10 (E10), resulting in an RxRPELG/NK/R signature,
which changed in ERF and DREB to RxRxWGK/R. Moreover,
moss-specific AP2 domains lack the amino acid at position
19, and at the end of the YRG element, they exhibit an
EIRP motif instead of EIREP in DREBs or EIRVP in ERFs.
Thus, the conserved amino acid at position 14 changed to
15 and was in most moss-specific AP2 domains a V15 or an
isoleucine (I15), and they exhibited a proline at position 20
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(P20) (Figure 2A). Moreover, whereas the WLG motif was
conserved in almost all moss-specific AP2 domains, other motifs
such as FKG and RAFD were more frequent in moss-specific
proteins than P. patens and A. thaliana DREBs and ERFs.
When we looked at the signatures of the 12 AP2 domains
that did not group with any of these clades, we observed
that they have differences in some of the conserved signature
of the YRG and RAYD elements (Supplementary Figure 6).
For example, Pp3c17_13620 and Pp3cl_32440 have a YAYD
motif, and Sc2ySwM_362.93 (A. agrestis) and the three AP2
domains of angiosperms present in this group (AT4G13040,
Solyc09g059510, LOC_0s02g29550) exhibited a MRG and a
RLYD motif and did not have the conserved amino acids at
position 14 and 19. When we looked in more detail to sequence
alignment of the PpERF24 subclade and several AP2 domains
of the moss-specific clade, we found clear differences in amino
acid composition in the YRG and RAYD elements of both
groups (Figure 2B). The most remarkable change is the presence
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FIGURE 2

Conserved motifs in the AP2 domain of mosses ERF family clades (A). Sequence logos of AP2 domain from P. patens DREB clade, P. patens ERF
clade, and moss-specific clades. (B) Alignment of PpERF24 and several AP2 domains of the moss-specific clade and corresponding sequence
logos. Conserved YRG and RAYD elements are indicated with a black line, and conserved amino acids 14 and 19 for members of the DREB and
ERF clades and 15 for PpERF24 and moss-specific AP2 domains are marked with red arrows. The p-sheets and a-helix predicted for PpERF24
are shown.

of an I15 in the PpERF24 subclade and a V15 in the rest of converted to FRGVR and KWVT in the other moss-specific
the proteins. Changes in other signatures include: YKGIR and proteins. Additionally, members of the PpERF24 subclade have
RYIS in the YRG element of the PpERF24 subclade that is a K in the RAYD element. Interestingly, all P. patens members
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of the PpERF24 subclade are induced by the fungal pathogens
B. cinerea and C. gloeosporioides (Reboledo et al, 2022),
suggesting a possible role in moss defense against biotic stress.
Based on these findings, we further characterized PpERF24 and
evaluated its role in moss defenses against pathogen infection.

Subcellular localization of PpERF24

According to subcellular localization prediction using Plant-
mSubP (Sahu et al, 2020), PpERF24 goes to the nucleus.
To confirm this prediction, the intracellular localization
of PpERF24 was determined by transient expression of
the PpERF24:GFP fusion protein in N. tabacum leaves
(Supplementary Figure 7). Consistent with the function of a TE,
confocal microscopy showed that PpERF24:GFP fusion protein
was located in the nucleus and the fluorescent signals of the
control were observed in whole cells.

Overexpression of PDERF24
contributes to defenses against fungal
pathogens in Physcomitrium patens

P. patens lines overexpressing PpERF24 were generated, and
two transformants designated PpERF24-OX-2 and PpERF24-
OX-4 exhibiting high constitutive levels of PpERF24 were
selected for further studies (Supplementary Figure 8A). RT-
qPCR analysis showed that expression levels of PpERF24
in PpERF24-OX-2 and PpERF24-OX-4 PpERF24 increased
more than 300 and 900 times compared to wild-type plants
(Supplementary Figure 8B). No variation in the phenotype of
overexpressing lines compared to wild-type plants was observed
during gametophytic growth under normal growth conditions
(Supplementary Figure 8C). The possible role of PpERF24
during defense responses against pathogens was evaluated by
inoculating moss colonies with B. cinerea, C. gloeosporioides,
P. irregulare, or treated with elicitors of P.c. carotovorum,
and measuring cellular damage. All these pathogens are
necrotrophic, and although C. gloeosporioides is considered
a hemibiotrophic pathogen, the biotrophic phase has not
been detected in P. patens and some angiosperms (Reboledo
et al, 2015). Symptom development between genotypes did
not show visible differences after treatments with pathogens
or bacterial elicitors (Supplementary Figure 9). When cell
death was measured, we observed that cellular damage caused
by C. gloeosporioides was lower compared to B. cinerea
and elicitors of P.c. carotovorum in the three genotypes
probably due to differences in the infection process (Figure 3).
Interestingly, cell death decreased significantly in PpERF24-
OX-2 and PpERF24-OX-4 compared to wild-type tissues, after
inoculation with B. cinerea, P. irregulare, and treatment with
elicitor of P.c. carotovorum, while only the line with the highest
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PpERF24 expression levels (PpERF24-OX-4) exhibited less
cellular damage against C. gloeosporioides (Figure 3). Moreover,
while no significant differences were observed with P. irregulare,
qPCR measurement of B. cinerea and C. gloeosporioides DNA
confirmed that less biomass of B. cinerea was present in the
two overexpressing lines and that C. gloeosporioides biomass
decreased only in PpERF24-OX-4 compared to the other two
genotypes (Supplementary Figure 10). These findings indicate
that PPERF24 contributed to defenses against fungal pathogens,
evidenced by less cellular damage and less pathogen biomass.

To get more insights into the function of PpERF24 in
defense mechanisms, we performed a transcriptional profiling
analysis of wild-type and PpERF24-OX-4 plants after 24 h of
control treatment or B. cinerea inoculation. RNA-seq generated
a total of 268 million reads that mapped to the nuclear
genome (Supplementary Table 5). A total of 391 differentially
expressed genes (DEGs) were identified when PpERF24-
OX-4 control plants were compared with control wild-type
plants (242 were upregulated and 149 were downregulated)
(Figure 4 and Supplementary Table 6). Interestingly, 51%
(124) of these upregulated DEGs were also induced during
B. cinerea infection in wild-type plants, and 54% (80) of
the downregulated DEGs were also repressed in wild-type
infected plants. In total, 2,652 and 3,371 genes were induced
and repressed, respectively, in wild-type B. cinerea-inoculated
plants compared to control plants. Similarly, 2,208 induced and
2,697 repressed genes were present in the comparison between
B. cinerea-inoculated PpERF24-OX-4 and the corresponding
control tissue (Figure 4A). Comparison between PpERF24-OX-
4 and wild-type plants inoculated with B. cinerea resulted only
in 85 upregulated and 53 downregulated genes (Figure 4A).
Furthermore, 1,923 genes were commonly upregulated during
B. cinerea inoculation in PpERF24-OX-4 and wild-type plants
compared to the corresponding controls (Figure 4B). Similarly,
a high number of DEGs (2349) were downregulated in
both genotypes when B. cinerea and control treatments were
compared (Figure 4B).

Enrichment of GO terms was performed to identify
the biological processes (BPs) and molecular functions
(MFs) mostly affected by B. cinerea infection in wild type
and PpERF24-OX-4 (Supplementary Figure 11). A high
number of the top 15 significantly enriched GO terms
for upregulated and downregulated genes were similar in
B. cinerea-infected wild-type and PpERF24-OX-4 plants.
For upregulated DEGs, enriched GO BP terms included
phenylpropanoid metabolic process, secondary metabolic
process, cinnamic acid biosynthetic process, response to fungus,
defense response, response to oxygen-containing compound,
and defense response to fungus. Similarly, enriched MF GOs
were related to naringenin-chalcone synthase activity, DNA-
binding transcription factor activity, transcription regulator
activity, phenylalanine ammonia-lyase activity, heme binding,
ammonia-lyase activity, catalytic activity, tetrapyrrole binding,
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FIGURE 3

Cell death measurement in wild-type and PpERF24 overexpressing plants. Measurement of cell death by Evans blue staining 24 h after
inoculation of wild type, PPDERF24-OX-2 (OX2), and PpERF24-OX-4 (OX4) moss colonies with B. cinerea, P. irregulare, and treatment with
elicitors of P.c. carotovorum. Cell death measurement for plant tissues inoculated with C. gloeosporioides was performed at 72 hpi. Data were
expressed as the absorbance (Abs) at 600 nm per milligram of dry weight (DW). Values are means with standard deviations of eight independent
replicate moss samples. Experiments were repeated thrice with similar results. Asterisks indicate a statistically significant difference between the
wild-type and overexpressing PpERF24 plants [two-way ANOVA test, with Tukey’s honest significant difference test as post hoc test using

P < 0.001 (***)].
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FIGURE 4

Differentially expressed genes of wild type and PpERF24-OX-4 overexpressing line during control treatment and B. cinerea infection.

(A) Number of differentially expressed genes (DEGs), up- and downregulated, in wild type vs. PpERF24-OX-4 (OX4) tissues treated with water
(Ctrl), and wild type (Wt) and PpERF24-OX-4 tissues inoculated with B. cinerea (Bcin) vs. water-treated tissues at 24 hpi. (B) Venn diagram of
B. cinerea-responsive P. patens genes in wild-type and PpERF24-OX-4 plants and PpERF24-OX-4 vs. wild-type control tissues. Genes were
considered as DEGs when | log2 FC| > 1 and FDR < 0.05.
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carbon-nitrogen lyase activity, oxidoreductase activity, active
transmembrane transporter activity, and nutrient reservoir
activity. For downregulated DEGs, enriched GOs included
terms related to photosynthesis, responses to different types
of lights, and response to abiotic stimulus (Supplementary
Figure 11). No enriched GO terms were detected for the
comparison between PpERF24-OX-4 and wild-type plants
inoculated with B. cinerea. However, control PpERF24-OX-4
vs. control wild-type plants showed only enriched GO terms in
upregulated genes, including DNA-binding transcription factor
activity and transcription regulator activity.

PpERF24 overexpressing lines
exhibited induced expression of
defense-related genes

Since PpERF24-OX-4 compared to wild type under control
treatment showed differential expression of genes with possible
roles in defense, such as TFs, compared to wild-type plants,
we first focused on the group of 391 DEGs. Hierarchical
clustering identified a group of upregulated DEGs in the
comparison of PpERF24-OX-4 control vs. wild-type control,
which did not show differential expression during B. cinerea
inoculation in PpERF-OX-4 and wild-type plants when
compared to their respective controls (Figure 5, clusters 2, 3,
and 4). This result could be due to higher or less expression
levels in PpERF-OX-4 that did not increase or decrease
significantly during B. cinerea inoculation and were therefore
not considered as DEGs. However, several groups of genes that
showed increased expression in PpERF-OX-4 control samples
compared to wild-type control samples were also induced by
B. cinerea in both genotypes (clusters 2 and 3) (Figure 5).
Within these upregulated DEGs, genes encoded seven ERFs
(Pp3c10_20000, Pp3c13_4270, Pp3c3_6420, Pp3c4_2660,
Pp3c4_2680, Pp3c6_26080, and Pp3c7_10780), four MYBs
including TT2 (Pp3cl16_10020, Pp3c24_7590, Pp3cl_42920,
and Pp3cl13_5070), one PLATZ (Pp3cl5_23190), and other
proteins involved in defense against biotic stress, including
chitin elicitor receptor kinase 1 (CERKI; Pp3c5_4120),
chitinase (Pp3c8_22560), respiratory burst oxidase (RBOH;
Pp3c24_2840), beta-1,3 glucanase (Pp3c3_18870), cupin
(Pp3c7_25050), peroxidases (Pp3c17_6050 and Pp3c26_3070),
and flavonoid 3’-hydroxylases (F3H) (Pp3c25_15450 and
Pp3c22_19580) (Supplementary Table 7). Furthermore, genes
encoding a lipase (Pp3cl1_3620), an allene oxide cyclase
(AOC; Pp3c2_24500), a 12-oxophytodienoic acid reductase
(OPR; Pp3c3_2130), and MYC (Pp3cl3_2080)
in the jasmonate pathway were upregulated. Additionally,

involved

in PpERF24-OX-4 genes involved in cell wall remodeling
and integrity maintenance were upregulated compared
to wild-type plants under control conditions, including

xyloglucan xylosyltransferases (Pp3c4_6640 and Pp3c9_7720),

Frontiers in Plant Science

11

10.3389/fpls.2022.908682

Color Key

10

o LLlhe

3
OX-4 Ctrl Wt Bcin 0OX-4 Bcin
vs vs vs
Wt Ctrl Wt Ctrl  OX-4 Ctrl

FIGURE 5

Heatmap of hierarchical clustering of wild type and
PpERF24-0OX-4 overexpressing line during control treatment
and B. cinerea infection. DEGs correspond to the 391 DEGs of
PpERF24-0OX-4 control vs. wild-type control plants. Selected
DEGs had | log2 FC| > 1 and FDR < 0.05. See

Supplementary Table 7 for complete information

protein trichome birefringence (Pp3c7_1960),
polymerase II complex (Pp3c7_7810), galacturonosyl
transferases (Pp3c5_28420 and Pp3cl6_25090), and cobra-

like protein (Pp3c27_3700). Increased expression of several

mannan

genes with functions related to plant defense against pathogens
in control overexpressing lines compared to control wild-
type plants was confirmed with RT-qPCR (Figure 6). The
results show that genes encoding F3H (Pp3c22_19580),
ERF138 (Pp3c8_7340), ERF106 (Pp3c4_2660), three MYBs
(Pp3c1_42920, Pp3cl13_5070, and Pp3c23_3520), a leucine-
rich repeat (LRR) receptor-like kinase (Pp3c26_950), a
lipid transfer protein (LTP) (Pp3cl11_18880), a peroxidase
(Prx)  (Pp3c26_3070), a NADPH2:quinone reductase
(QOR) (Pp3c¢3_23550), MYC (Pp3c13_2080), and a solute
carrier family 40 (SLC40: Pp3c25_1200) were induced in
PpERF24-OX-4 or in both overexpressing lines compared
to wild-type tissues. This result confirmed that both lines
have increased expression of defense genes. Five genes were
only induced in PpERF24-OX-4, while seven genes were
induced in PpERF24-OX-4 and PpERF24-OX-2, which is
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consistent with higher expression levels of PpERF24 in
PpERF24-OX-4.

When we looked in more detail to upregulated DEGs
in the comparison between PpERF24-OX-4 and wild-type
plants inoculated with B. cinerea, we identified several
genes with possible roles in defense that showed higher
expression levels in the overexpressing lines compared to
wild-type plants. This is the case for genes encoding protein
kinase (Pp3c17_14330), LRR receptor-like kinase (Pp3c26_950),
receptor protein-tyrosine kinase (Pp3c10_19910), thioredoxin
(Pp3c19_1420), F3H (Pp3c22_19580), MYB (Pp3cl_42920),
ERF103 (Pp3c4_24710), RAV2 (Pp3c2_23660), and auxin
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influx carrier (Pp3cl2_5490), among others. Interestingly,
Pp3cl17_12450 and Pp3cl7_4880 that were considered as
orphan genes according to Reboledo et al. (2021) exhibited
higher expression levels in PpERF24-OX-4 compared to the
wild type. In addition, genes encoding for a cysteine-rich
secretory protein (Pp3c18_21170), a TIR domain-containing
protein (Pp3c17_15630), a LRR receptor-like kinase ERECTA
(Pp3c7_3320) were only upregulated in PpERF24-OX-4-
inoculated plants and not in wild-type plants. To further
confirm that PpERF24 contributes to defense against fungal
pathogens, we analyzed the expression levels of defense
genes in response to B. cinerea and C. gloeosporioides in
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wild-type and overexpressing plants (Figure 7). The results
confirmed increased gene expression in one or both PpERF24
overexpressing lines in response to one or both pathogens
compared to the wild type, including F3H, ERF106, MYB
(Pp3c1_42920), LRR receptor-like kinase, LTP, Prx, QOR, SLC40,
and a thioredoxin (Pp3c19_1420). Taken together, these findings
suggest that PpERF24 positively regulates the expression
of defense genes, leading to increased resistance to fungal
pathogens.

Discussion

Land plants, including mosses, have evolved different
defense mechanisms to protect themselves against invading
pathogens and abiotic stresses. One of these defense

10.3389/fpls.2022.908682

mechanisms includes the activation of AP2/ERF TFs (Otero-
Blanca et al,, 2021; Reboledo et al,, 2022). In P. patens, at least
161 AP2/ERF genes have been identified and a high proportion
of them responds to different types of abiotic stresses and biotic
interactions (Reboledo et al.,, 2022). ERF family is divided into
ERF and DREB subfamilies based on the sequence similarity of
their AP2 domain, including conserved amino acids within the
YRG element that are important for DNA binding (Allen et al.,
1998; Sakuma et al.,, 2002). This includes amino acid 14 and 19,
Al4 and D19 for ERFs, and the V14 and E19 for DREBs, which
bind to promoter regions of the target genes and modulate their
expression (Allen et al,, 1998; Sakuma et al,, 2002). According
to our phylogenetic tree and A. thaliana classification, 23
P. patens proteins belong to a moss-specific clade, 56 P. patens
DREBs and 59 P. patens ERFs are grouped with A. thaliana
DREB and ERF subfamilies, and five proteins did not group

Expression levels of defense genes in fungal-inoculated wild-type and PpERF24 overexpressing plants. Transcript levels in PpERF24
overexpressing lines inoculated with B. cinerea or C. gloeosporioides at 24 hpi were expressed relative to the corresponding levels in
pathogen-inoculated wild-type plants, using Ubi2 as reference gene. Results are reported as means + standard deviation (SD) of four samples
for each treatment. Asterisks indicate a statistically significant difference between wild-type and overexpressing plants (Student's t-test,
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with any of these clades. Interestingly, while most P. patens
and A. thaliana proteins in the ERF and DREB clades have
the conserved amino acids at positions 14 and 19, resulting in
VXEIREP and AAEIRDP motifs at the end of the YRG element,
PpERF24 and other P. patens proteins within the moss-specific
clade have a conserved V15 or I15 within a VXEIRP motif
and a P at position 20. Consistently, several members of a
B. argenteum-specific ERF clade have a V15 and a P20 in the
AP2 domain (Li et al, 2018). It has been previously shown
that while DREB V14 is generally conserved in different plant
species, several angiosperms have a leucine or a valine instead of
E19 (Dubouzet et al., 2003; Wang et al., 2011), suggesting that
the function of the 14th amino acid is likely more important
than the 19th for specific DNA-binding activity (Wang et al,
2011). Here, we show that the amino acid at position 19 (E, D,
or other) is absent in the moss-specific AP2 domains. Moreover,
in P. patens, V15 was conserved in 10 members (43%) of the
moss-specific clade, while other members of this clade have
115 (five proteins), or other amino acids in that position (eight
proteins). Remarkably, the signatures YKGIR and RYIS that
includes 115 in the YRG element separated PpERF24 subclade
from the rest of the moss-specific proteins. How moss-specific
and PpERF24 subclade signatures within the YRG element
affect DNA binding to specific elements and subsequent
gene expression need further investigation. Interestingly, all
P. patens members of the PpERF24 subclade are induced by the
pathogens B. cinerea and C. gloeosporioides (Reboledo et al,
2022), suggesting a possible role in moss defense.

Overexpression of PpERF24 generated moss plants that
exhibited less cellular damage to B. cinerea, P. irregulare,
and treatment with elicitors of P. c. carotovorum compared
to wild-type plants, while the line that exhibited the highest
expression level of PpERF24 (PpERF24-OX-4) also showed less
cell death with C. gloeosporioides. Interestingly, B. cinerea
biomass decreased in both overexpressing lines, while
C. gloeosporioides biomass decreased only in PpERF24-
OX-4, which is consistent with the levels of cellular damage
in the different genotypes. Previous studies have shown that
overexpression of ERF1 confers resistance in A. thaliana to
several fungi, including B. cinerea (Berrocal-Lobo et al., 2002).
Moreover, overexpression of ERF TF ORA59 (octadecanoid-
responsive Arabidopsis) increases resistance against P. c.
carotovorum, while mutant ora59 plants were more susceptible
to this pathogen (Kim et al,, 2018). ORA59 interacts in the
nucleus with another ERF (RAP2.3) and plays a positive role in
ethylene-regulated responses (Kim et al,, 2018).

Transcriptional profiling and GO enrichment analysis of
PpERF24-OX-4 and wild-type plants revealed that in response
to B. cinerea similar categories of genes were upregulated. These
include genes encoding proteins of important defense pathways
and proteins with diverse roles in defense, such as receptors
involved in the perception of the pathogen, kinases and calcium
signaling, cell-wall-associated

transcriptional  regulation,
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defenses, phenylpropanoid pathway, and hormonal pathways
including the jasmonate pathway. Furthermore, genes encoding
PR proteins with antimicrobial activities were upregulated
in response to B. cinerea inoculation in wild type and
PpERF24-OX-4, including PR-1 (small cysteine-rich secreted
protein), PR-2 (B-1,3 glucanases), PR-3 (chitinase), PR-5
(thaumatin), PR-9 (peroxidases), and PR-10 (Bet v I). Similarly,
photosynthesis-related processes were downregulated in both
genotypes after fungal infection, which could be related to
browning and breakdown of chloroplasts (Ponce de Ledn
et al,, 2007), and reallocation of nitrogen resources for the
synthesis of proteins involved in defense as has been observed
in angiosperms (Windram et al., 2012). In total, 391 genes were
differentially expressed in PpERF24-OX-4 compared to wild
type under control conditions. Interestingly, approximately
50% of these upregulated genes were also upregulated during
B. cinerea inoculation in wild-type plants, suggesting their
involvement in defense reactions that could favor the plants
response making it more resistant to pathogens. The fact that
transcript levels of two genes encoding F3H and a TF TT2 were
higher in PpERF24-OX-4 compared to wild type under control
conditions suggests that rapid production of phenolic defense
compounds could lead to less cellular damage produced by
the pathogen. Interestingly, higher expression levels of F3H in
control plants and in B. cinerea- and C. gloeosporioides-infected
PpERF24 overexpressing lines compared to wild type were
confirmed by RT-qPCR, suggesting that the products of this
enzyme could increase defenses during fungal infection. These
findings are consistent with the reinforcement of P. patens
cell walls by the accumulation of phenolic and lignin-like
compounds after B. cinerea and C. gloeosporioides infection
(Ponce de Leon et al., 2012; Reboledo et al., 2015). Moreover, in
PpERF24-OX plants the accumulation of phenolic compounds
derived from this pathway could lead to the accumulation
of compounds with antimicrobial activities, contributing to
reduce fungal colonization. Several compounds derived from
the phenylpropanoid pathway have been detected in P. patens,
including caffeic acid, coumaric acid, 4-hydroxybenzoic acid,
and cafeoylquinic acid, some of which have antimicrobial
activities (Erxleben et al, 2012; Richter et al, 2012). The
possibility that PpERF24 overexpressing lines produce
higher amounts of some of these molecules needs further
investigation.

Several genes involved in cell wall remodeling and integrity
maintenance were upregulated in PpERF24-OX-4 compared to
wild-type plants under control conditions, which could have
an impact on cell wall composition and disease susceptibility.
Deposition of heteroxylan near the fungal penetration sites
in the epidermal cell wall is believed to enhancxe physical
resistance to fungal penetration pegs and hence to improve
preinvasion resistance (Chowdhury et al,, 2017). Moreover, cell
wall polymer cross-linking could increase through association
with phenolic compounds, and fungal colonization could be
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delayed so that other defense strategies can be activated
(Huckelhoven, 2005).

Several TFs genes such as ERFs, MYBs, and PLATZ showed
higher expression levels in PpERF24-OX-4 compared to wild-
type control plants, and transcript levels of these TFs increased
in both genotypes after B. cinerea inoculation. ERF138 and
ERF106 are both induced in control PpERF24-OX-4 and
PpERF24-OX-2 lines compared to wild type, and ERFI106 is
induced during B. cinerea infection in both transgenic lines
and in PpERF24-OX-4 during C. gloeosporioides infection.
ERF106 and ERF138 belong to a DREB clade and are induced
by different types of abiotic stresses (Reboledo et al., 2022).
Other genes that were higher expressed in PpERF24-OX-4
compared to wild type were also DREB members, including
PpERF107 (Pp3c4_2680), PpERF32 (Pp3cl3_4270), PpERF97
(Pp3c3_6420), and PpERFI18 (Pp3c5_4660). Interestingly,
two moss-specific genes, PpERF36 (Pp3c14_8460) and the
homolog of PpERF24, PpERFI132 (Pp3c7_10780), showed
higher expression levels in PpERF24-OX-4 compared to wild
type under control condition. This suggests the existence of
regulatory relationships between different ERFs to fine-tune
moss immunity.

MYBs Pp3c1_42920 and Pp3c13_5070 were upregulated in
both control transgenic lines compared to control wild-type
plants, and Pp3c1_42920 also showed higher expression levels
in B. cinerea-infected overexpressing lines. These results suggest
that these two MYBs play a function in moss defenses against
pathogens. Interestingly, both MYBs are induced with B. cinerea
and C. gloeosporioides, while no induction was detected with
abiotic stresses such as drought, heat, phosphate deficiency, or
ABA (Reboledo et al,, 2022). The role of MYBs in bryophyte
immunity was further highlighted with functional studies of
M. polymorpha MYB14 showing that this TF contributes to
defenses against Phytophthora palmivora by the activation of
flavonoids biosynthesis (Carella et al., 2019).

Among the upregulated DEGs identified under control
conditions, we found genes encoding a peroxidase (Prx) and a
respiratory burst oxidase (RBOH). Prx Pp3c26_3070 expression
increased in PpERF24-OX-4 compared to the wild type under
control condition and during B. cinerea infection. Like in
angiosperms, RBOH and peroxidases are associated to the
oxidative burst in P. patens after chitin treatment (Lehtonen
et al, 2012), and mutants in peroxidase Prx34 are more
susceptible to fungal pathogens (Lehtonen et al, 2009). The
fact that thioredoxin was also upregulated in B. cinerea- and
C. gloeosporioides-inoculated PpERF24-OX-4 compared to the
wild type strengthens the importance of redox regulation during
moss—pathogen interactions. Moreover, QOR, which encodes a
flavoprotein that could protect plant tissues from oxidative stress
(Heyno et al., 2013), was upregulated in control and fungal-
inoculated tissues of both PpERF24 overexpressing plants.
Thus, proper control and balancing of redox status probably
favor plant defenses to fungal infection observed in PpERF24
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overexpressing plants. Interestingly, CERKI involved in chitin
sensing was upregulated in PpERF24-OX-4 control compared
to wild-type control plants. Moreover, higher expression levels
of a gene (Pp3c26_950) encoding a LRR receptor-like kinase
in control and B. cinerea-inoculated PpERF24-OX-4 plants
compared to wild type suggest that this receptor may contribute
to trigger defense responses. Consistently, overexpression of
CERK1 and LRR receptor-like kinases activated immunity in
angiosperms and increased their resistance to fungal pathogens
indicating their importance in fungal recognition and activation
of defenses (Chen et al., 2020; Block et al., 2021).

The expression levels of other genes related to defense
were higher in PpERF24-OX-4 compared to wild-type control
plants, including genes encoding a chitinase, $-1,3 glucanase,
LTP, and cupin. Similarly, overexpression of AtERFI, AtERF2,
and AtERFI14 activates expression levels of a chitinase (ChiB)
and a defensin 1.2 (PDF1.2) in A. thaliana (Solano et al,
1998; Brown et al., 2003; McGrath et al., 2005; Onate-Sdnchez
et al,, 2007). LTP Pp3c11_18880 was induced in both PpERF4
overexpressing lines compared to the wild type in control
and fungal-inoculated conditions. Like in angiosperms where
LTP overexpression increases resistance to fungal pathogens
including B. cinerea (Ali et al, 2020), P. patens LTP could
increase defenses through antimicrobial activity or by signaling
defense mechanisms. Moreover, a gene encoding an SLC40 was
upregulated in PpERF24 overexpressing plants compared to
the wild type under control conditions and during infection
with B. cinerea and C. gloeosporioides. SLC genes have been
previously shown to be target genes of ERF in angiosperm (Liu
and Cheng, 2017), although further investigation is needed to
understand their precise role in defense.

The jasmonate pathway was activated in PpERF24-OX-4
compared to control plants, evidenced by increased expression
of AOC, OPR, and the TF MYC. In Arabidopsis, MYC2 and
related TFs regulate the jasmonic acid (JA) signaling pathway
by activating defense gene expression (Gimenez-Ibanez et al,
2017). MYCs are necessary and sufficient for activating the
jasmonate pathway in M. polymorpha (Pefuelas et al., 2019).
Interestingly, JA is not produced in bryophytes and the ligand
for the functionally conserved JA-Ile receptor (COIl) is dinor-
12-oxophytodienoic acid (dinor-OPDA) (Monte et al, 2018).
P. patens has OPDA reductase 1/2 (OPR1/2) orthologs, although
orthologs for OPR3 involved in JA synthesis were not found
(Han, 2017). This pathway participates in P. patens defense
against B. cinerea (Ponce de Leon et al,, 2012). In angiosperms,
ERF ORA59 has been suggested to integrate ethylene and
jasmonate signaling and regulate resistance to necrotrophic
pathogens, including B. cinerea (Pré et al,, 2008). In conclusion,
our results reveal that P. patens has ERFs and DREBs with
conserved features in the AP2 domain to other bryophytes
and angiosperms, while a group of ERF are moss-specific and
have distinctive features in this DNA-binding domain. Moss-
specific PPERF24 positively regulates moss immunity against
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fungal pathogen infection by modulating the expression levels
of genes involved in defense responses. Further studies on ERFs
present only in mosses will contribute to understand their origin
and reveal the molecular mechanisms underlying their action,
including DNA-binding elements and interacting proteins and
target genes that contribute to moss defense. These studies will
give further insights into the generation of diversity in the
regulation of defense genes by ERF TFs during stress in different
plant lineages.
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SUPPLEMENTARY FIGURE 7

Subcellular localization of PpERF24 in agroinfiltrated N. tabacum leaves.
Confocal microscopy images of N. tabacum leaves taken 2 days after
agroinfiltration. N. tabacum leaves were transformed with the pMDC83
vector (GFP alone, upper panels) or with pMDC83-PpERF24-mGFP6his
construct (PpERF24 fused to GFP, lower panels). Visible cell nuclei are
marked with a white asterisk in bright field and merged panels. From left
to right: GFP, chloroplasts, bright field, and merged images. The scale
bars represent 50 um.

SUPPLEMENTARY FIGURE 8

Generation of PpERF24 overexpression P. patens plants. (A) Transcript
levels of PpERF24 in untreated (control) and B. cinerea-inoculated
wild-type (Wt) plants, and untreated PpERF24-OX-1 (OX-1),
PpERF24-OX-2 (OX-2), PPERF24-OX-4 (OX-4), and PpERF24-OX-7
(OX-7) plants. (B) Expression levels of PpERF24 in the overexpressing
lines obtained by RT-qPCR. Asterisks indicate a statistically significant
difference between the wild-type and overexpressing PpERF24 plants
(Student's t-test, ****P < 0.0001). (C) Phenotype of wild-type,
PpERF24-0OX-2, and PpERF24-0OX-4 moss colonies. The scale bars
represent 1 cm except in P. irregulare-inoculated tissues and the
corresponding controls which is 0.5 cm.

SUPPLEMENTARY FIGURE 9

Symptom development during pathogen treatment in wild-type and
PpERF24 overexpressing plants. Symptom development was evaluated
after 2 days of treatment; B. cinerea and C. gloeosporioides spores, P.c.
carotovorum elicitors, and water (control). In case of P. irregulare
treatment, plugs with mycelium or PDA (control) were carefully
removed for proper visualization. The scale bars represent 1 cm.

SUPPLEMENTARY FIGURE 10

Pathogen biomass quantification in wild-type and PpERF24
overexpressing plants. B. cinerea, C. gloeosporioides, and P. irregulare
DNA levels at 24 hpi, 72 hpi, and 24 hpi, respectively, were estimated by
gPCR analysis. Ratios of pathogen to P. patens gDNA are presented. The
results and standard deviation of three independent triplicate
experiments are shown. Asterisks indicate a statistically significant
difference between the wild-type and overexpressing PpERF24 plants
(Student'’s t-test, *p < 0.05, **p < 0.01).

SUPPLEMENTARY FIGURE 11

Enriched gene ontology (GO) biological process and molecular function
terms in PpERF24 overexpressing plants. The top 15 enrichment GO
terms obtained by comparing DEGs of B. cinerea-treated plants or
control plants at 24 hpi in wild-type and PpERF24-0OX-4 (OX-4) plants
are shown, and significance is expressed as -log10 FDR.

frontiersin.org


https://doi.org/10.3389/fpls.2022.908682
https://www.frontiersin.org/articles/10.3389/fpls.2022.908682/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.908682/full#supplementary-material
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/

Reboledo et al.

References

Afgan, E., Baker, D., Batut, B., van den Beek, M., Bouvier, D., Cech, M.,
et al. (2018). The galaxy platform for accessible, reproducible and collaborative
biomedical analyses: 2018 update. Nucleic Acids Res. 46, W537-W544. doi: 10.
1093/nar/gky379

Ali, M. A., Abbas, A., Azeem, F., Shahzadi, M., and Bohlmann, H. (2020). The
Arabidopsis GPI-anchored LTPg5 encoded by At3g22600 has a role in resistance
against a diverse rRange of pathogens. Int. J. Mol. Sci. 21:1774. doi: 10.3390/
ijms21051774

Allen, M. D., Yamasaki, K., Ohme-Takagi, M., Tateno, M., and Suzuki, M.
(1998). A novel mode of DNA recognition by a beta-sheet revealed by the solution
structure of the GCC-box binding domain in complex with DNA. EMBO J. 17,
5484-5496. doi: 10.1093/emboj/17.18.5484

Alvarez, A., Montesano, M., Schmelz, E., and Ponce de Le6n, I. (2016).
Activation of shikimate, phenylpropanoid, oxylipins, and auxin pathways in
Pectobacterium carotovorum elicitors-treated moss. Front. Plant Sci. 7:328. doi:
10.3389/fpls.2016.00328

Ashton, N. W, and Cove, D. (1977). The isolation and preliminary
characterization of auxotrophic and analogue resistant mutants of the moss,
Physcomitrella patens. Mol. Genet. Genomics 154, 87-95. doi: 10.1007/BF00265581

Aukerman, M. J., and Sakai, H. (2003). Regulation of flowering time and floral
organ identity by a microRNA and Its APETALA2-like target genes. Plant Cell 15,
2730-2741. doi: 10.1105/tpc.016238

Benjamini, Y., and Hochberg, Y. (1995). Controlling the false discovery rate - a
practical and powerful approach to multiple testing. J. R. Stat. Soc. Ser. B Methodol.
57, 289-300. doi: 10.2307/2346101

Berrocal-Lobo, M., Molina, A., and Solano, R. (2002). Constitutive expression
of ETHYLENE-RESPONSE-FACTORI in Arabidopsis confers resistance to several
necrotrophic fungi. Plant J. 29, 23-32. doi: 10.1046/j.1365-313x.2002.01191.x

Block, A. K., Tang, H. V., Hopkins, D., Mendoza, J., Solemslie, R. K., du Toit,
L.J., etal. (2021). A maize leucine-rich repeat receptor-like protein kinase mediates
responses to fungal attack. Planta 254:73. doi: 10.1007/s00425-021-03730-0

Bowman, J. L., Kohchi, T., Yamato, K. T., Jenkins, J., Shu, S., Ishizaki, K.,
et al. (2017). Insights into land plant evolution garnered from the Marchantia
polymorpha genome. Cell 171, 287.e15-304.e15. doi: 10.1016/j.cell.2017.09.030

Brown, R. L., Kazan, K., McGrath, K. C., Maclean, D. J., and Manners, ]. M.
(2003). A role for the GCC-box in jasmonate-mediated activation of the PDF1.2
gene of Arabidopsis. Plant Physiol. 132, 1020-1032. doi: 10.1104/pp.102.017814

Carella, P., Gogleva, A., Hoey, D. J., Bridgen, A. J., Stolze, S. C., Nakagami,
H., et al. (2019). Conserved biochemical defenses underpin host responses to
oomycete infection in an early-divergent land plant lineage. Curr. Biol. 29,
2282.e5-2294.¢5. doi: 10.1016/j.cub.2019.05.078

Castro, A., Vidal, S., and Ponce de Ledn, L. (2016). Moss pathogenesis-related-
10 protein enhances resistance to Pythium irregulare in Physcomitrella patens and
Arabidopsis thaliana. Front. Plant Sci. 7:580. doi: 10.3389/fpls.2016.00580

Charfeddine, M., Samet, M., Charfeddine, S., Bouaziz, D., and Bouzid, R. G.
(2019). Ectopic expression of StERF94 transcription factor in potato plants
improved resistance to Fusarium solani infection. Plant Mol. Biol. Rep. 37, 450-
463. doi: 10.1007/s11105-019-01171-4

Chen, L., Zhang, Z., Liang, H. Liu, H, Du, L, Xu, H, et al. (2008).
Overexpression of TiERF1 enhances resistance to sharp eyespot in transgenic
wheat. J. Exp. Bot. 59, 4195-4204. doi: 10.1093/jxb/ern259

Chen, Q., Dong, C., Sun, X.,, Zhang, Y., Dai, H.,, and Bai, S. (2020).
Overexpression of an apple LysM-containing protein gene, MdCERK1-2, confers
improved resistance to the pathogenic fungus, Alternaria alternata, in Nicotiana
benthamiana. BMC Plant Biol. 20:146. doi: 10.1186/s12870-020-02361-z

Chowdhury, J., Liick, S., Rajaraman, J., Douchkov, D., Shirley, N. J., Schwerdt,
J. G, et al. (2017). Altered expression of genes implicated in xylan biosynthesis
affects penetration resistance against powdery mildew. Front. Plant Sci. 8:445.
doi: 10.3389/fpls.2017.00445

Curtis, M. D., and Grossniklaus, U. (2003). A gateway cloning vector set
for high-throughput functional analysis of genes in planta. Plant Physiol. 133,
462-469. doi: 10.1104/pp.103.027979

Drozdetskiy, A., Cole, C., Procter, J., and Barton, G. J. (2015). JPred4: a protein
secondary structure prediction server. Nucleic Acids Res. 43, W389-W394. doi:
10.1093/nar/gkv332

Duan, C., Argout, X., Gebelin, V., Summo, M., Dufayard, J. F., Leclercq, J.,
etal. (2013). Identification of the Hevea brasiliensis AP2/ERF superfamily by RNA
sequencing. BMC Genom. 14:30. doi: 10.1186/1471-2164-14-30

Frontiers in Plant Science

17

10.3389/fpls.2022.908682

Dubouzet, J. G., Sakuma, Y., Ito, Y., Kasuga, M., Dubouzet, E. G., Miura, S., et al.
(2003). Os-DREB genes in rice, Oryza sativa L., encode transcription activators
that function in drought-, high-salt- and cold-responsive gene expression. Plant J.
33, 751-763. doi: 10.1046/j.1365-313X

Erxleben, A., Gessler, A., Vervliet-Scheebaum, M., and Reski, R. (2012).
Metabolite profling of the moss Physcomitrella patens reveals evolutionary
conservation of osmoprotective substances. Plant Cell Rep. 31, 427-436. doi: 10.
1007/s00299-011-1177-9

Frank, W., Ratnadewi, D., and Reski, R. (2005). Physcomitrella patens is highly
tolerant against drought, salt and osmotic stress. Planta 220, 384-394. doi: 10.
1007/s00425-004-1351-1

Gimenez-Ibanez, S., Boter, M., Ortigosa, A., Garcia-Casado, G., Chini, A,,
Lewsey, M. G., et al. (2017). JAZ2 controls stomata dynamics during bacterial
invasion. New Phytol. 213, 1378-1392. doi: 10.1111/nph.14354

Gotz, S., Garcia-Gomez, J. M., Terol, J., Williams, T. D., Nagaraj, S. H., Nueda,
M. J., et al. (2008). High-throughput functional annotation and data mining with
the Blast2GO suite. Nucleic Acids Res. 36, 3420-3435. doi: 10.1093/nar/gkn176

Han, G. Z. (2017). Evolution of jasmonate biosynthesis and signaling
mechanisms. J. Exp. Bot. 68, 1323-1331. doi: 10.1093/jxb/erw470

Heyno, E., Alkan, N., and Fluhr, R. (2013). A dual role for plant quinone
reductases in host-fungus interaction. Physiol. Plant. 149, 340-353. doi: 10.1111/
ppl.12042

Hong, Y., Wang, H., Gao, Y., Bi, Y., Xiong, X,, Yan, Y., et al. (2022). ERF
transcription factor OsBIERF3 positively contributes to immunity against fungal
and bacterial diseases but negatively regulates cold tolerance in rice. Int. J. Mol. Sci.
23:606. doi: 10.3390/ijms23020606

Huckelhoven, R. (2005). Powdery mildew susceptibility and biotrophic
infection strategies. FEMS Microbiol. Lett. 245, 9-17. doi: 10.1016/j.femsle.2005.
03.001

Jin, J. P, Tian, F., Yang, D. C., Meng, Y. Q., Kong, L., Luo, J. C,, et al. (2017).
PlantTFDB 4.0: toward a central hub for transcription factors and regulatory
interactions in plants. Nucleic Acids Res. 45, D1040-D1045. doi: 10.1093/nar/
gkw982

Jofuku, K. D., den Boer, B. G., Van Montagu, M., and Okamuro, J. K. (1994).
Control of Arabidopsis flower and seed development by the homeotic gene
APETALA2. Plant Cell 6, 1211-1225. doi: 10.1105/tpc.6.9.1211

Kim, D., Langmead, B., and Salzberg, S. (2015). HISAT: a fast spliced aligner
with low memory requirements. Nat. Methods 12, 357-360. doi: 10.1038/nmeth.
3317

Kim, N. Y, Jang, Y. J., and Park, O. K. (2018). AP2/ERF Family transcription
factors ORA59 and RAP2.3 interact in the nucleus and function together in
ethylene responses. Front. Plant Sci. 9:1675. doi: 10.3389/fpls.2018.01675

Kirbis, A., Waller, M., Ricca, M., Bont, Z., Neubauer, A., Goffinet, B., et al.
(2020). Transcriptional landscapes of divergent sporophyte development in two
mosses, Physcomitrium (Physcomitrella) patens and Funaria hygrometrica. Front.
Plant Sci. 11:747. doi: 10.3389/fpls.2020.00747

Lang, D., Ullrich, K. K., Murat, F., Fuchs, J., Jenkins, J., Haas, F. B,, et al. (2018).
The Physcomitrella patens chromosome-scale assembly reveals moss genome
structure and evolution. Plant J. 93, 515-533. doi: 10.1111/tp;j.13801

Lata, C., and Prasad, M. (2011). Role of DREBs in regulation of abiotic stress
responses in plants. J. Exp. Bot. 62, 4731-4748. doi: 10.1093/jxb/err210

Le Bail, A, Scholz, S., and Kost, B. (2013). Evaluation of reference genes for
RT qPCR analyses of structure-specifc and hormone regulated gene expression
in Physcomitrella patens gametophytes. PLoS One 8:€70998. doi: 10.1371/journal.
pone.0070998

Lehtonen, M. T., Akita, M., Frank, W., Reski, R., and Valkonen, J. P. (2012).
Involvement of a class III peroxidase and the mitochondrial protein TSPO in
oxidative burst upon treatment of moss plants with a fungal elicitor. Mol. Plant
Microbe Interact. 25, 363-371. doi: 10.1094/MPMI-10-11-0265

Lehtonen, M. T., Akita, M., Kalkkinen, N., Ahola-Iivarinen, E., Rénnholm, G.,
Somervuo, P., et al. (2009). Quickly-released peroxidase of moss in defense against
fungal invaders. New Phytol. 183, 432-443. doi: 10.1111/j.1469-8137.2009.02864.x

Letunic, L., and Bork, P. (2021). Interactive Tree Of Life (iTOL) v5: an online tool
for phylogenetic tree display and annotation. Nucleic Acids Res. 49, W293-W296.
doi: 10.1093/nar/gkab301

Letunic, I, Khedkar, S., and Bork, P. (2021). SMART: recent updates, new
developments and status in 2020. Nucleic Acids Res. 49, D458-D460. doi: 10.1093/
nar/gkaa937

frontiersin.org


https://doi.org/10.3389/fpls.2022.908682
https://doi.org/10.1093/nar/gky379
https://doi.org/10.1093/nar/gky379
https://doi.org/10.3390/ijms21051774
https://doi.org/10.3390/ijms21051774
https://doi.org/10.1093/emboj/17.18.5484
https://doi.org/10.3389/fpls.2016.00328
https://doi.org/10.3389/fpls.2016.00328
https://doi.org/10.1007/BF00265581
https://doi.org/10.1105/tpc.016238
https://doi.org/10.2307/2346101
https://doi.org/10.1046/j.1365-313x.2002.01191.x
https://doi.org/10.1007/s00425-021-03730-0
https://doi.org/10.1016/j.cell.2017.09.030
https://doi.org/10.1104/pp.102.017814
https://doi.org/10.1016/j.cub.2019.05.078
https://doi.org/10.3389/fpls.2016.00580
https://doi.org/10.1007/s11105-019-01171-4
https://doi.org/10.1093/jxb/ern259
https://doi.org/10.1186/s12870-020-02361-z
https://doi.org/10.3389/fpls.2017.00445
https://doi.org/10.1104/pp.103.027979
https://doi.org/10.1093/nar/gkv332
https://doi.org/10.1093/nar/gkv332
https://doi.org/10.1186/1471-2164-14-30
https://doi.org/10.1046/j.1365-313X
https://doi.org/10.1007/s00299-011-1177-9
https://doi.org/10.1007/s00299-011-1177-9
https://doi.org/10.1007/s00425-004-1351-1
https://doi.org/10.1007/s00425-004-1351-1
https://doi.org/10.1111/nph.14354
https://doi.org/10.1093/nar/gkn176
https://doi.org/10.1093/jxb/erw470
https://doi.org/10.1111/ppl.12042
https://doi.org/10.1111/ppl.12042
https://doi.org/10.3390/ijms23020606
https://doi.org/10.1016/j.femsle.2005.03.001
https://doi.org/10.1016/j.femsle.2005.03.001
https://doi.org/10.1093/nar/gkw982
https://doi.org/10.1093/nar/gkw982
https://doi.org/10.1105/tpc.6.9.1211
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.3389/fpls.2018.01675
https://doi.org/10.3389/fpls.2020.00747
https://doi.org/10.1111/tpj.13801
https://doi.org/10.1093/jxb/err210
https://doi.org/10.1371/journal.pone.0070998
https://doi.org/10.1371/journal.pone.0070998
https://doi.org/10.1094/MPMI-10-11-0265
https://doi.org/10.1111/j.1469-8137.2009.02864.x
https://doi.org/10.1093/nar/gkab301
https://doi.org/10.1093/nar/gkaa937
https://doi.org/10.1093/nar/gkaa937
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/

Reboledo et al.

Levine, A., Tenhaken, R., Dixon, R., and Lamb, C. (1994). H202 from the
oxidative burst orchestrates the plant hypersensitive disease resistance response.
Cell 79, 583-593. doi: 10.1016/0092-8674(94)90544-4

Li, F. W, Nishiyama, T., Waller, M., Frangedakis, E., Keller, J., Li, Z., et al. (2020).
Anthoceros genomes illuminate the origin of land plants and the unique biology
of hornworts. Nat. Plants 6, 259-272. doi: 10.1038/s41477-020-0618-2

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N,, et al.
(2009). The sequence alignment/map format and SAMtools. Bioinformatics 25,
2078-2079. doi: 10.1093/bioinformatics/btp352

Li, L., Peng, H,, Tan, S., Zhou, J., Fang, Z., Hu, Z,, et al. (2020). Effects of
early cold stress on gene expression in Chlamydomonas reinhardtii. Genomics 112,
1128-1138. doi: 10.1016/j.ygeno.2019.06.027

Li, X., Gao, B., Zhang, D., Liang, Y., Liu, X., Zhao, J., et al. (2018). Identification,
classification, and functional analysis of AP2/ERF family genes in the desert moss
Bryum argenteum. Int. J. Mol. Sci. 19:3637. doi: 10.3390/ijms19113637

Liao, Y., Smyth, G. K., and Shi, W. (2014). FeatureCounts: an efficient general
purpose program for assigning sequence reads to genomic features. Bioinformatics
30, 923-930. doi: 10.1093/bioinformatics/btt656

Licausi, F., Ohme-Takagi, M., and Perata, P. (2013). APETALA2/Ethylene
responsive factor (AP2/ERF) transcription factors: mediators of stress responses
and developmental programs. New Phytol. 199, 639-649. doi: 10.1111/nph.12291

Liu, A. C., and Cheng, C. P. (2017). Pathogen-induced ERF68 regulates
hypersensitive cell death in tomato. Mol Plant Pathol. 18, 1062-1074. doi: 10.1111/
mpp.12460

Liu, R, Holik, A. Z,, Su, S., Jansz, N., Chen, K., Leong, H. S., et al. (2015). Why
weight? Modelling sample and observational level variability improves power in
RNA-seq analyses. Nucleic Acids Res. 43:€97. doi: 10.1093/nar/gkv412

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression
data using real-time quantitative PCR and the 2-A ACT Method. Methods 25,
402-408. doi: 10.1006/meth.2001.1262

McGrath, K. C., Dombrecht, B., Manners, J. M., Schenk, P. M., Edgar, C. I,
Maclean, D. J., et al. (2005). Repressor- and activator-type ethylene response
factors functioning in jasmonate signaling and disease resistance identified via a
genome-wide screen of Arabidopsis transcription factor gene expression. Plant
Physiol. 139, 949-959. doi: 10.1104/pp.105.068544

Minh, B. Q., Nguyen, M. A. T., and von Haeseler, A. (2013). Ultrafast
approximation for phylogenetic bootstrap. Mol. Biol. Evol. 30, 1188-1195. doi:
10.1093/molbev/mst024

Monte, I, Ishida, S., Zamarrefio, A. M., Hamberg, M., Franco-Zorrilla,
J. M., Garcia-Casado, G., et al. (2018). Ligand-receptor co-evolution shaped the
jasmonate pathway in land plants. Nat. Chem. Biol. 14, 480-488. doi: 10.1038/
541589-018-0033-4

Miiller, M., and Munné-Bosch, S. (2015). Ethylene response factors: a key
regulatory hub in hormone and stress signaling. Plant Physiol. 169, 32-41. doi:
10.1104/pp.15.00677

Nakano, T., Suzuki, K., Fujimura, T., and Shinshi, H. (2006). Genome-wide
analysis of the ERF gene family in Arabidopsis and rice. Plant Physiol. 140,
411-432. doi: 10.1104/pp.105.073783

Nguyen, L. T., Schmidt, H. A., von Haeseler, A., and Minh, B. Q. (2015). IQ-
TREE: a fast and effective stochastic algorithm for estimating maximum-likelihood
phylogenies. Mol. Biol. Evol. 32, 268-274. doi: 10.1093/molbev/msu300

Okamuro, J. K., Caster, B., Villarroel, R., Van Montagu, M., and Jofuku, K. D.
(1997). The AP2 domain of APETALA2 defines a large new family of DNA binding
proteins in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A. 94, 7076-7081. doi: 10.1073/
pnas.94.13.7076

Oliver, J. P., Castro, A., Gaggero, C., Cascon, T., Schmelz, E. A., Castresana,
C., et al. (2009). Pythium infection activates conserved plant defense responses in
mosses. Planta 230, 569-579. doi: 10.1007/s00425-009-0969-4

Onate-Sanchez, L., Anderson, J. P., Young, J., and Singh, K. B. (2007). AtERF14,
a member of the ERF family of transcription factors, plays a nonredundant role in
plant defense. Plant Physiol. 143, 400-409. doi: 10.1104/pp.106.086637

Otero-Blanca, A., Pérez-Llano, Y., Reboledo-Blanco, G., Lira-Ruan, V., Padilla-
Chacon, D., Folch-Mallol, J. L., et al. (2021). Physcomitrium patens infection by
Colletotrichum gloeosporioides: understanding the fungal-bryophyte interaction
by microscopy, phenomics and RNA sequencing. J. Fungi 7:677. doi: 10.3390/
jof7080677

Pathompitaknukul, K., Hiruma, K., Tanaka, H., Kawamura, N., Toyoda, A., Itoh,
T., et al. (2020). Host-dependent fungus-fungus competition suppresses fungal
pathogenesis in Arabidopsis thaliana. BioRxiv [Preprint]. doi: 10.1101/2020.05.27.
117978

Pefiuelas, M., Monte, L, Schweizer, F., Vallat, A., Reymond, P., Garcia-Casado,
G., et al. (2019). Jasmonate-related MYC transcription factors are functionally

Frontiers in Plant Science

18

10.3389/fpls.2022.908682

conserved in Marchantia polymorpha. Plant Cell 31, 2491-2509. doi: 10.1105/tpc.
18.00974

Perroud, P. F., Cove, D. J., Quatrano, R. S., and McDaniel, S. F. (2011). An
experimental method to facilitate the identification of hybrid sporophytes in
the moss Physcomitrella patens using fluorescent tagged lines. New Phytol. 191,
301-306. doi: 10.1111/.1469-8137.2011.03668.x

Ponce de Leon, 1., and Montesano, M. (2017). Adaptation mechanisms in the
evolution of moss defenses to microbes. Front. Plant Sci. 8:366. doi: 10.3389/fpls.
2017.00366

Ponce de Leén, I, Oliver, J. P., Castro, A., Gaggero, C., Bentancor, M., and
Vidal, S. (2007). Erwinia carotovora elicitors and Botrytis cinerea activate defense
responses in Physcomitrella patens. BMC Plant Biol. 7:52. doi: 10.1186/1471-2229-
7-52

Ponce de Leén, I, Schmelz, E. A., Gaggero, C., Castro, A., Alvarez, A., and
Montesano, M. (2012). Physcomitrella patens activates reinforcement of the cell
wall, programmed cell death and accumulation of evolutionary conserved defence
signals, such as salicylic acid and 12-oxo-phytodienoic acid, but not jasmonic acid,
upon Botrytis cinerea infection. Mol. Plant Pathol. 13, 960-974. doi: 10.1111/j.
1364-3703.2012.00806.x

Pré, M., Atallah, M., Champion, A., De Vos, M., Pieterse, C. M. J., and
Memelink, J. (2008). The AP2/ERF domain transcription factor ORA59 integrates
jasmonic acid and ethylene signals in plant defense. Plant Physiol. 147, 1347-1357.
doi: 10.1104/pp.108.117523

Rantakari, A., Virtaharju, O., Vahimiko, S., Taira, S., Palva, E. T., Saarilahti,
H. T., et al. (2001). Type III secretion contributes to the pathogenesis of the soft-
rot pathogen Erwinia carotovora partial characterization of the hrp gene cluster.
Mol. Plant Microbe Interact. 14, 962-968. doi: 10.1094/MPMI.2001.14.8.962

Reboledo, G., Agorio, A., and Ponce de Leodn, I. (2022). Moss transcription
factors regulating development and defense responses to stress. J. Exp. Bot. 73,
4546-4561. doi: 10.1093/jxb/erac055

Reboledo, G., Agorio, A., Vignale, L., Batista-Garcia, R. A., and Ponce de Ledn,
1. (2021). Transcriptional profiling reveals conserved and species-specific plant
defense responses during the interaction of Physcomitrium patens with Botrytis
cinerea. Plant Mol. Biol. 107, 365-385. doi: 10.1007/s11103-021-01116-0

Reboledo, G., del Campo, R., Alvarez, A., Montesano, M., Mara, H., and Ponce
de Leon, L. (2015). Physcomitrella patens activates defense responses against the
pathogen Colletotrichum gloeosporioides. Int. . Mol. Sci. 16, 22280-22298. doi:
10.3390/ijms160922280

Rensing, S. A, Lang, D., Zimmer, A. D, Terry, A., Salamov, A., and Shapiro, H.
(2008). The Physcomitrella genome reveals evolutionary insights into the conquest
of land by plants. Science 319, 64-69. doi: 10.1126/science.1150646

Richter, H., Lieberei, R., Strnad, M., Novék, O., Gruz, J., Rensing, S. A,
et al. (2012). Polyphenol oxidases in Physcomitrella: functional PPO1 knockout
modulates cytokinin dependent development in the moss Physcomitrella patens.
J. Exp. Bot. 63, 5121-5135. doi: 10.1093/jxb/ers169

Robinson, M. D., McCarthy, D. J., and Gordon, K. (2010). Smyth, edgeR:
a Bioconductor package for differential expression analysis of digital gene
expression data. Bioinformatics 26, 139-140. doi: 10.1093/bioinformatics/bt
p616

Sahu, S. S., Loaiza, C. D., and Kaundal, R. (2020). Plant-mSubP: a computational
framework for the prediction of single- and multi-target protein subcellular
localization using integrated machine-learning approaches. AoB Plants 12:12068.
doi: 10.1093/aobpla/plz068

Sakuma, Y., Liu, Q., Dubouzet, J. G., Abe, H., and Shinozaki, K. (2002). DNA-
binding specificity of the ERF/AP2 domain of Arabidopsis DREBs, transcription
factors involved in dehydration- and cold-inducible gene expression. Biochem.
Biophys. Res. Commun. 290, 998-1009. doi: 10.1006/bbrc.2001.6299

Schaefer, D., Zryd, J. P., Knight, C. D., and Cove, D. J. (1991). Stable
transformation of the moss Physcomitrella patens. Mol. Gen. Genet. 226, 418-424.
doi: 10.1007/BF00260654

Schindelin, J., Arganda-Carreras, L, Frise, E., Kaynig, V., Longair, M., Pietzsch,
T., et al. (2012). Fiji: an open-source platform for biological-image analysis. Nat.
Methods 9, 676-682. doi: 10.1038/nmeth.2019

Solano, R., Stepanova, A., Chao, Q. and Ecker, J. R. (1998). Nuclear
events in ethylene signaling: a transcriptional cascade mediated by
ETHYLENEINSENSITIVE3 and ETHYLENE-RESPONSE-FACTORI. Genes
Dev. 12, 3703-3714. doi: 10.1101/gad.12.23.3703

Tsutsui, T., Kato, W., Asada, Y., Sako, K., Sato, T., Sonoda, Y., et al. (2009).
DEARI, a transcriptional repressor of DREB protein that mediates plant defense
and freezing stress responses in Arabidopsis. J. Plant Res. 122, 633-643. doi: 10.
1007/s10265-009-0252-6

Wang, H., Ni, D., Shen, J., Deng, S., Xuan, H., Wang, C,, et al. (2022).
Genome-Wide identification of the AP2/ERF gene family and functional analysis

frontiersin.org


https://doi.org/10.3389/fpls.2022.908682
https://doi.org/10.1016/0092-8674(94)90544-4
https://doi.org/10.1038/s41477-020-0618-2
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1016/j.ygeno.2019.06.027
https://doi.org/10.3390/ijms19113637
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1111/nph.12291
https://doi.org/10.1111/mpp.12460
https://doi.org/10.1111/mpp.12460
https://doi.org/10.1093/nar/gkv412
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1104/pp.105.068544
https://doi.org/10.1093/molbev/mst024
https://doi.org/10.1093/molbev/mst024
https://doi.org/10.1038/s41589-018-0033-4
https://doi.org/10.1038/s41589-018-0033-4
https://doi.org/10.1104/pp.15.00677
https://doi.org/10.1104/pp.15.00677
https://doi.org/10.1104/pp.105.073783
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1073/pnas.94.13.7076
https://doi.org/10.1073/pnas.94.13.7076
https://doi.org/10.1007/s00425-009-0969-4
https://doi.org/10.1104/pp.106.086637
https://doi.org/10.3390/jof7080677
https://doi.org/10.3390/jof7080677
https://doi.org/10.1101/2020.05.27.117978
https://doi.org/10.1101/2020.05.27.117978
https://doi.org/10.1105/tpc.18.00974
https://doi.org/10.1105/tpc.18.00974
https://doi.org/10.1111/j.1469-8137.2011.03668.x
https://doi.org/10.3389/fpls.2017.00366
https://doi.org/10.3389/fpls.2017.00366
https://doi.org/10.1186/1471-2229-7-52
https://doi.org/10.1186/1471-2229-7-52
https://doi.org/10.1111/j.1364-3703.2012.00806.x
https://doi.org/10.1111/j.1364-3703.2012.00806.x
https://doi.org/10.1104/pp.108.117523
https://doi.org/10.1094/MPMI.2001.14.8.962
https://doi.org/10.1093/jxb/erac055
https://doi.org/10.1007/s11103-021-01116-0
https://doi.org/10.3390/ijms160922280
https://doi.org/10.3390/ijms160922280
https://doi.org/10.1126/science.1150646
https://doi.org/10.1093/jxb/ers169
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/aobpla/plz068
https://doi.org/10.1006/bbrc.2001.6299
https://doi.org/10.1007/BF00260654
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1101/gad.12.23.3703
https://doi.org/10.1007/s10265-009-0252-6
https://doi.org/10.1007/s10265-009-0252-6
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/

Reboledo et al.

of GmAP2/ERF144 for drought tolerance in soybean. Front. Plant Sci. 13:848766.
doi: 10.3389/fpls.2022.848766

Wang, J. H,, Gu, K. D,, Han, P. L, Yu, J. Q,, Wang, C. K,, Zhang, Q. Y., et al.
(2020). Apple ethylene response factor MAERF11 confers resistance to fungal
pathogen Botryosphaeria dothidea. Plant Sci. 291, 110351. doi: 10.1016/j.plantsci.
2019.110351

Wang, X., Chen, X,, Liu, Y., Gao, H., Wang, Z., and Sun, G. (2011). CkDREB
gene in Caragana korshinskii is involved in the regulation of stress response to
multiple abiotic stresses as an AP2/EREBP transcription factor. Mol. Biol. Rep. 38,
2801-2811. doi: 10.1007/s11033-010-0425-3

‘Windram, O., Madhou, P., McHattie, S., Hill, C., Hickman, R., Cooke, E., et al.
(2012). Arabidopsis defense against Botrytis cinerea: chronology and regulation
deciphered by high-resolution temporal transcriptomic analysis. Plant Cell 24,
3530-3557. doi: 10.1105/tpc.112.102046

Frontiers in Plant Science

19

10.3389/fpls.2022.908682

Xu, Z. S., Chen, M., Li, L. C, and Ma, Y. Z. (2011). Functions and
application of the AP2/ERF transcription factor family in crop improvement.
J. Integr. Plant Biol. 53, 570-585. doi: 10.1111/j.1744-7909.2011.01
062.x

Yang, H., Shen, F., Wang, H., Zhao, T., Zhang, H., Jiang, J., et al. (2020).
Functional analysis of the SIERFO1 gene in disease resistance to S. lycopersici. BMC
Plant Biol. 20:376. doi: 10.1186/s12870-020-02588-w

Yang, Y., Li, R., and Qi, M. (2000). In vivo analysis of plant promoters and
transcription factors by agroinfiltration of tobacco leaves. Plant J. 22, 543-551.
doi: 10.1046/j.1365-313x.2000.00760.x

Zhuang, J., Cai, B., Peng, R. H., Zhu, B, Jin, X. F,, Xue, Y., et al. (2008).
Genome-wide analysis of the AP2/ERF gene family in Populus trichocarpa.
Biochem. Biophys. Res. Commun. 371, 468-474. doi: 10.1016/j.bbrc.2008.0
4.087

frontiersin.org


https://doi.org/10.3389/fpls.2022.908682
https://doi.org/10.3389/fpls.2022.848766
https://doi.org/10.1016/j.plantsci.2019.110351
https://doi.org/10.1016/j.plantsci.2019.110351
https://doi.org/10.1007/s11033-010-0425-3
https://doi.org/10.1105/tpc.112.102046
https://doi.org/10.1111/j.1744-7909.2011.01062.x
https://doi.org/10.1111/j.1744-7909.2011.01062.x
https://doi.org/10.1186/s12870-020-02588-w
https://doi.org/10.1046/j.1365-313x.2000.00760.x
https://doi.org/10.1016/j.bbrc.2008.04.087
https://doi.org/10.1016/j.bbrc.2008.04.087
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/

	The moss-specific transcription factor PpERF24 positively modulates immunity against fungal pathogens in Physcomitrium patens
	Introduction
	Materials and methods
	Plant material and growth conditions
	Pathogen inoculation and culture filtrate treatments
	PpERF24 overexpression and Physcomitrium patens transformation
	Subcellular localization of PpERF24-GFP
	Sequence analysis of PpERF24 and comparison with other ethylene response factors and dehydration-responsive element-binding proteins
	Phylogenetic analysis
	Cell death measurements
	Quantification of pathogen biomass by quantitative PCR
	RNA extraction, cDNA library preparation, and sequencing
	RNA-seq processing and differential expression analysis
	Gene ontology enrichment analysis
	Gene expression analysis

	Results
	PpERF24 is a moss-specific pathogen-inducible gene
	Subcellular localization of PpERF24
	Overexpression of PpERF24 contributes to defenses against fungal pathogens in Physcomitrium patens
	PpERF24 overexpressing lines exhibited induced expression of defense-related genes

	Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


