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P L A N T  S C I E N C E S

The wound-activated ERF15 transcription factor drives 
Marchantia polymorpha regeneration by activating 
an oxylipin biosynthesis feedback loop
Yuanke Liang1,2, Jefri Heyman1,2, Yanli Xiang1,2, Wiske Vandendriessche1,2, Balkan Canher1,2, 
Geert Goeminne1,3, Lieven De Veylder1,2*

The regenerative potential in response to wounding varies widely among species. Within the plant lineage, the 
liverwort Marchantia polymorpha displays an extraordinary regeneration capacity. However, its molecular path-
ways controlling the initial regeneration response are unknown. Here, we demonstrate that the MpERF15 tran-
scription factor gene is instantly activated after wounding and is essential for gemmaling regeneration following 
tissue incision. MpERF15 operates both upstream and downstream of the MpCOI1 oxylipin receptor by controlling 
the expression of oxylipin biosynthesis genes. The resulting rise in the oxylipin dinor-12-oxo-phytodienoic acid 
(dn-OPDA) levels results in an increase in gemma cell number and apical notch organogenesis, generating highly 
disorganized and compact thalli. Our data pinpoint MpERF15 as a key factor activating an oxylipin biosynthesis 
amplification loop after wounding, which eventually results in reactivation of cell division and regeneration. We 
suggest that the genetic networks controlling oxylipin biosynthesis in response to wounding might have been 
reshuffled over evolution.

INTRODUCTION
Being sessile, plants may have evolved many different strategies to 
restore wounded cells and tissues (1, 2). Frequently, wounding acti-
vates transcriptional cascades that contribute to the reprogramming 
of cell fate to replace damaged cells by reactivation of cell division or 
to initiate new developmental programs (3). However, even among 
plants, a huge variation in regeneration potential can be observed. 
Some species are highly regeneration competent, such as the dicot 
model plant Arabidopsis thaliana, being exemplified by its ability to 
form de novo roots on detached organs (3, 4). Differently, the re-
generation efficiency of, e.g., woody plants is highly variable, depend-
ing on genotype and species. Certain tree species, such as specific 
poplar genotypes, can be easily cloned and propagated by stem cut-
tings that activate the formation of adventitious roots at the cut site 
(5). However, many elite trees are less amenable to routine propaga-
tion by cuttings (6, 7). In agricultural species, the capacity to regen-
erate is even worse, as most cereals, including many important food 
crops such as rice and maize, tend to be recalcitrant to tissue replen-
ishment upon wounding and regenerate poorly from somatic organs (3).

Among the plant lineage, bryophytes, including liverworts, mosses, 
and hornworts, have relatively simple body structures and are ac-
knowledged for their extraordinary regeneration efficiency, because 
fully differentiated tissue cells can be reprogrammed to stem cells 
within 2 days after injury (8, 9). Among the liverworts, Marchantia 
polymorpha represents an emerging plant model system with a long 
history of regeneration research (10, 11), due to its short life cycle 
(3 to 4 weeks from spore to mature thallus), haploidy, and small 
genome size (approximately 218.7 Mb) (12, 13). The mature game-
tophytic plant body (thallus or thalli) of M. polymorpha can repro-
duce asexually by producing multicellular gemmae in gemma cups 

(14). The gemmae are discoid in shape and connected to the gemma 
cup by a single stalk cell. Two meristematic notches (called apical 
notches) are placed at both ends of the axis perpendicular to the stalk 
axis (15). M. polymorpha can reacquire stem cells from virtually any 
cell in mature organs upon injury (16). All cell types in the gameto-
phyte can give rise to whole plant bodies. However, the exact mech-
anism behind this extraordinary regeneration capacity has not been 
thoroughly examined.

Wounding modulates endogenous hormonal responses by trig-
gering hormone biosynthesis and/or targeted hormone transport 
(3, 17). Typically, the inflicted damage activates signaling pathways 
that eventually results in the reacquisition of stem cell activity at the 
site of wounding, resulting in the de novo formation of meristems. 
In flowering plants, regeneration depends on the phytohormone auxin, 
triggered either through neobiosynthesis or by accumulation result-
ing from the removal of the basal auxin drain (18–20). The lipid- 
derived phytohormone jasmonic acid (JA) is considered as another 
important plant hormone in response to wounding because its ac-
cumulation can be detected within seconds after injury (21, 22). JA, 
as a member of the oxylipin phytohormone family, plays essential 
roles in plant growth, development, and stress responses by activating 
a genome-wide reprogramming of gene expression (22). In addi-
tion, JA, methyl-JA (MeJA), and other metabolic precursors of 
jasmonoyl-isoleucine (JA-Ile) are potent elicitors of specialized metabo-
lites and proteins that deter plant enemies (22). In tracheophytes, 
JA is converted to (+)-7-iso-JA-Ile and perceived by the F-box pro-
tein CORONATINE INSENSITIVE1 (COI1), resulting in the ubiq-
uitination and degradation of the JASMONATE-ZIM DOMAIN (JAZ) 
transcriptional repressors (23, 24), leading to the release of the basic 
helix-loop-helix transcription factor (TF) MYC2 (25). MYC2 and 
its homologs bind directly to the promoters of JA-responsive genes 
to promote their transcription (26).

Genome analysis revealed that the JA signaling pathway first ap-
peared more than 450 million years ago in the common ancestor of 
extant land plants (12). Although nonvascular plants do not synthesize 
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JA-Ile, similar to other bryophytes, M. polymorpha synthesizes the 
JA-precursor 12-oxo-phytodienoic acid (OPDA) and its two-carbons- 
shorter homolog dinor-12-oxo-phytodienoic acid (dn-OPDA), which 
are recognized by COI1 to activate downstream signaling (12, 27–29). 
OPDA and dn-OPDA accumulate instantly after wounding and reg-
ulate various physiological and developmental processes such as 
growth, senescence, and stress adaption (27, 30). Biochemically, OPDA 
and dn-OPDA are synthesized from the fatty acids -linolenic acid 
and hexadecatrienoic acid, respectively, derived from chloroplast 
membrane lipids. Oxygenation by 13-lipoxygenase (LOX) and 
dehydration-cyclization by allene oxide synthase (AOS) and allene 
oxide cyclase (AOC) convert -linolenic acid to OPDA and hexa-
decatrienoic acid to dn-OPDA (31).

Next to hormonal input, the regeneration process depends on a 
complex network of genetic and epigenetic changes (32). In Arabidopsis, 
the TF ETHYLENE RESPONSE FACTOR 109 (ERF109), a direct 
target of the JA signaling pathway, was found to serve as an important 
cross-talk node between JA and auxin signaling. Upon excision of 
Arabidopsis leaves, wounding triggers the immediate accumulation 
of JA, which activates ERF109 expression in a COI1- and MYC2- 
dependent manner, ultimately resulting in the generation of de novo 
roots from the cut site (17, 19). Subsequently, ERF109 promotes 
auxin production by activating the tryptophan biosynthesis 
ANTHRANILATE SYNTHASE 1 (ASA1) and YUCCA 2 (YUC2) 
genes (18–20). ERF109 also stimulates expression of its homolo-
gous gene ERF115 to promote regeneration (17). Eventually, to pre-
vent hypersensitivity to wounding, JAZ repressors physically bind 
to ERF109 to inhibit its activity to again attenuate the JA-dependent 
regeneration cascade (19).

Here, we reveal that MpERF15 (Mp7g09350) encodes the func-
tional homolog of Arabidopsis ERF109, representing a key factor 
controlling M. polymorpha regeneration following tissue incision. 
Similarly to Arabidopsis ERF109, its expression was found to depend 
on COI1 activity, but differently, MpERF15 contributes to OPDA 
(or dn-OPDA) biosynthesis. Overall, our data pinpoint MpERF15 
as a key factor activating an OPDA/dn-OPDA biosynthesis amplifi-
cation loop that eventually results in cell division reactivation and 
regeneration.

RESULTS
MpERF15 and ERF109 share an evolutionarily conserved 
wound response
In Arabidopsis, members of the subfamily class X of ERF TFs play 
an important role in wound-induced regeneration, of which several 
are rapidly induced upon injury (2, 33). On the basis of the presence 
of the conserved DNA-binding AP2-encoding sequence, 30 ERF 
genes were found in the M. polymorpha genome (MpERF), compared 
to 147 genes in Arabidopsis (AtERF) (2, 12). To reveal the MpERFs 
involved in the early signaling events after wounding, we carried 
out an RNA-sequencing (RNA-seq) experiment using 14-day-old 
wild-type [WT; Takaragaike-1 (Tak-1)] thalli harvested 1 hour follow-
ing extensive tissue incision, compared to unwounded thalli. Eight 
MpERF genes were found to be up-regulated more than 1.5-fold 
after wounding (Fig. 1A). Among these, MpERF15 was strongly ac-
tivated. The wound responsiveness of MpERF15 was confirmed in 
10-day-old gemmalings through quantitative reverse transcription 
polymerase chain reaction (RT-qPCR), demonstrating MpERF15 
transcripts to be more than tenfold induced within 15  min after 

wounding and peaking at 1 hour, followed by a strong decline, but 
still being detectable at 24 hours after wounding (Fig. 1B).

Phylogenetic analysis of MpERF and AtERF subfamily class X 
members showed that MpERF15 is the closest relative of ERF109 
(Fig. 1C). To determine whether MpERF15 and ERF109 might repre-
sent functional orthologs, the MpERF15 ORF was cloned under 
the control of the Arabidopsis 3.1-kb ERF109 promoter (ERF-
109pro:MpERF15) and introduced into the erf109 (SALK_150614) mu-
tant by transformation for complementation analysis. A similar 
construct driving the ERF109 gene was used as positive control 
(ERF109pro:ERF109). Because Arabidopsis erf109 mutants display 
reduced adventitious root formation from leaf explants (19), we 
performed a de novo root regeneration experiment using detached 
leaf explants from 12-day-old WT (Col-0), erf109 mutant, and two 
independent transgenic lines of ERF109pro:MpERF15erf109 (#1 and 
#2) and ERF109pro:ERF109erf109 (#1 and #2). After 8 days, around 
75% of WT leaves regenerated adventitious roots from the petiole 
cut, whereas a clear reduction in regeneration (less than 40%) in the 
erf109 mutant could be observed, in agreement with previous obser-
vations (19). Notably, both ERF109pro:MpERF15erf109 and ERF109pro: 
ERF109erf109 restored the leaf explant adventitious rooting phenotype 
(Fig. 1D). Independently, we evaluated the ability to regenerate a de 
novo root tip 72 hours after removal of the 200-m distal root tip 
from 7-day-old seedlings. The de novo root meristem formation 
appeared to be dependent on ERF109, because less than 40% of 
erf109 roots were able to regenerate a novel stem cell niche, com-
pared to approximately 60% for Arabidopsis WT roots (Fig. 1E), in 
agreement with previous observations that the erf109 mutant exhibits 
impaired capacity of root regeneration (17). erf109 mutant plants 
holding the ERF109pro:MpERF15 or ERF109pro:ERF109 comple-
mentation constructs displayed a rescue of this root tip regenera-
tion defect.

Before, the Arabidopsis ERF109 protein was demonstrated to 
bind the JAZ5/8/9 proteins (19). M. polymorpha contains one single 
JAZ protein (MpJAZ), being phylogenetically the most closely related 
to the subgroup V in Arabidopsis (JAZ3/4/9) (34). Using the yeast two- 
hybrid assay, we observed an interaction between MpERF15 and 
AtJAZ3, AtJAZ4, AtJAZ9, and MpJAZ (Fig. 1F). Arabidopsis ERF109 
also interacted with MpJAZ. Combined, these results strongly indi-
cate that M. polymorpha MpERF15 and Arabidopsis ERF109 are 
functionally equivalent proteins.

Regeneration defect of Mperf15ko

To analyze the role of MpERF15 during M. polymorpha regenera-
tion, we generated several independent frameshift mutant lines 
Mperf15ko (#9, #10, and #13) in the Tak-1 background using CRISPR- 
Cas9 (fig. S1A). Under normal vegetative growth conditions, these 
Mperf15ko mutants did not show a notable growth phenotype, dis-
playing normal gemma, thalli, and gemma cup development (fig. 
S1, B and C). Next, the mutants were tested for their ability to re-
generate. WT Tak-1 and Mperf15ko gemmae were isolated from the 
gemma cups and cultured in liquid medium for 2 days. Subsequent-
ly, explant fragments without meristematic tissues were generated 
by surgical removal of the apical notches from the gemmalings 
(Fig. 2A) and allowed to grow on agar under continuous white light. 
Three days following apical notch resectioning, tissue growth was 
observed near the wound edges of Tak-1, being more pronounced 
at 4 days after excision, whereas for the Mperf15ko thalli, a clear de-
layed regeneration of tissue at the wound edges could be observed 
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(Fig. 2B). Measurement of the size of the regenerated tissue showed 
that all three Mperf15ko (#9, #10, and #13) mutants displayed a sig-
nificant regeneration defect compared to Tak-1 (Fig. 2C). Likewise, 
10-day-old Mperf15ko gemmaling basal explants exhibited a slow 
regeneration response that was maintained over a period of at least 
8 days (fig. S2, A and B). These data illustrate that MpERF15 plays 
an important role in gemmaling regeneration following apical 
notch removal.

Given that the ASA1 gene was defined as a wound-inducible target 
of ERF109 in Arabidopsis (19), we tested whether MpASA1 (Mp2g26760) 
expression was affected by wounding in the Mperf15ko lines. 
Fourteen-day-old Tak-1 and Mperf15ko (#9, #10, and #13) mutant 
thalli were extensively incised and sampled for RT-qPCR analysis at 
1, 2, and 4 hours after wounding. Mperf15ko (#9, #10, and #13) mutants 
displayed a significant reduction in MpASA1 expression at 4 hours 
after wounding compared to the WT (Fig. 2D). These data again 

Fig. 1. Marchantia MpERF15 shows functional conservation with Arabidopsis ERF109. (A) Heatmap of MpERF expression after wounding. Fold changes (FCs) repre-
sent log2 values of the number of transcripts per kilobase of exon model per million mapped reads of 14-day-old Tak-1 thallus 1 hour after wounding compared to un-
wounded. (B) RT-qPCR analysis of MpERF15 transcripts in 10-day-old Tak-1 gemmalings following tissue incision (n = 3, six plants per replicate). (C) Phylogenetic analysis 
of Arabidopsis subfamily X and Marchantia ERFs. (D) Percentages of Col-0, erf109, ERF109pro:MpERF15erf109, and ERF109pro:ERF109erf109 that regenerated adventitious roots 
on leaf explants following transfer for 8 days on B5 medium (n = 3, >16 plants per replicate). Letters indicate significant differences [one-way analysis of variance (ANOVA)/
post hoc Tukey honestly significant difference (HSD) test P < 0.05] between genotypes. (E) Root tip excision recovery of 7-day-old Col-0, erf109, ERF109pro:MpERF15erf109#2, 
and ERF109pro:ERF109erf109#2 at 72 hours after removing the 200-m distal root tip (n = 4, >16 plants per replicate). Significance was calculated using Fisher’s exact test. 
(F) Yeast two-hybrid assays showing AtJAZ3, AtJAZ4, AtJAZ9, and MpJAZ interaction with MpERF15, and MpJAZ with AtERF109. Yeasts were grown onto SD/-Trp/-Leu 
(-L-T) and SD/-His/-Trp/-Leu (-L-T-H) with 2 mM 3AT media. Blue LacZ/X-Gal test indicates a positive interaction. Negative controls: GUS BD + MpERF15-AD and 
GUS-BD + AtERF109-AD. AD, GAL4 activation domain; BD, GAL4 binding domain.
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suggested that MpERF15 is functionally related to ERF109 and plays 
an important role in the wound response.

MpERF15 affects expression of OPDA/dn-OPDA 
biosynthesis genes
To map the genome-wide spectrum of MpERF15-responsive genes, 
we performed an RNA-seq study using 14-day-old WT Tak-1 and 
mutant Mperf15ko thalli, either unwounded or harvested 1 hour 
after wounding. A total of 856 differentially expressed genes were 
found between Tak-1 and Mperf15ko in the absence of wounding 
(187 being up-regulated and 669 down-regulated) (data S1). Gene 
Ontology (GO) analysis of the down-regulated genes in Mperf15ko 
highlighted the enrichment for categories related to diverse meta-
bolic and catabolic processes, including those related to JA and oxylipin 
biosynthesis (fig. S3A and data S2). Confirming the involvement of 
MpERF15 in JA-related pathways, we found a significant overlap 
between genes down-regulated in Mperf15ko and the previously re-
ported MpCOI1-dependent cluster or genes up-regulated in the 
Mpjaz-1 mutant (Fig. 3A) (27, 34). These data suggested that MpERF15 
and MpCOI1 may operate in the same pathway. Accordingly, 
MpERF15 expression was strongly reduced in 14-day-old Mpcoi1-2 
thalli, both with and without wounding (Fig. 3B). Reversely, MpCOI1 
expression did not depend on MpERF15, neither under control (t0) 
or wounding conditions (2 or 4 hours; Fig. 3C). In both WT Tak-1 

and Mpcoi1-2 thalli, MpERF15 was ninefold transcriptionally induced 
after wounding (Fig. 3B). These results indicate that MpERF15 is a 
downstream target of MpCOI1, but its wound responsiveness is 
MpCOI1 independent.

To map the role of MpERF15 in the wound response pathway, 
we selected within our generated RNA-seq dataset genes that are 
wound inducible in an MpERF15-dependent manner, yielding a total 
of 172 genes (Fig. 3D and data S3). GO term analysis of this sub-
category of genes highlighted responses to stress and regulation of 
metabolic processes (fig. S3B and data S4). Four Dirigent-like protein 
genes belong to the wound-inducible and MpERF15-dependent gene 
cluster (MpDIR17, MpDIR38, MpDIR42, and MpDIR43). Among 
these, MpDIR38 (Mp5g16520) has been identified before as a wound- 
inducible marker (27, 29, 35) and was confirmed by RT-qPCR to 
be MpERF15 dependent (fig. S3C). Among the gene list, we also 
identified the OPDA and dn-OPDA biosynthesis genes MpAOS2 
(Mp5g16260) and MpAOC (Mp7g06220). Accordingly, RT-qPCR 
data confirmed that the transcript levels of MpAOS2 and MpAOC 
were not significantly different between Tak-1, Mperf15ko, and 
Mpcoi1-2 in the absence of wounding, but the increase in transcript 
levels following tissue damage was significantly lower in Mperf15ko 
for MpAOS2 (Fig. 3E) or in both Mperf15ko and Mpcoi1-2 for MpAOC 
(Fig. 3F). These data suggested that although MpERF15 acts as a 
downstream target of MpCOI1, it may regulate OPDA biosynthesis, 
thus representing a potential feedback loop.

OPDA/dn-OPDA biosynthesis is controlled by MpERF15 
and essential for regeneration
Because of the observed GO enrichment for different metabolic 
processes being controlled in an MpERF15- and wound-inducible 
manner, we performed an untargeted metabolomics experiment 
comparing WT Tak-1 versus Mperf15ko mutants before and 1 hour 
after wounding. In total, 5159 and 5369 compound ions were de-
tected by electrospray ionization (ESI) operating in a negative (−) or 
positive (+) mode, respectively (data S5). The distance dendrogram 
showed that Tak-1 and Mperf15ko mutants were mixed over both 
clusters before wounding, whereas they separated into two clusters 
after damage (fig. S4, A and B), suggesting that the metabolome of 
undamaged Tak-1 and Mperf15ko was much alike, whereas their 
post-damage metabolome differed. In total, we detected 88 and 
48 compound ions in ESI− and ESI+ modes, respectively, which 
were highly induced after 1 hour of wounding but dependent on 
MpERF15 (fig. S4, C and D, and data S6). On the basis of database 
searches (NIST20), we detected OPDA/dn-OPDA and their precur-
sors in trace amounts in both Tak-1 and Mperf15ko mutants before 
wounding, whereas the normalized abundance of these compounds 
increased substantially in both Tak-1 and the Mperf15ko mutants 
1 hour after wounding (Fig. 3, G and H, and data S6). However, the 
abundance was at least more than two- to threefold lower in Mperf15ko 
mutants compared to WT Tak-1. OPDA and dn-OPDA were fur-
ther confirmed through comparison with an authentic standard 
(fig. S5, A and B),

Because MpAOC performs a key step in OPDA/dn-OPDA bio-
synthesis (fig. S6A) (30), whose corresponding gene is transcriptionally 
controled by MpERF15, we generated Mpaocko mutants by CRISPR- Cas9 
technology. Two independent mutants, Mpaocko #1 and #4, were 
confirmed by sequencing (fig. S6B). Notably, similar to Mperf15ko thalli, 
both Mpcoi1-2 and Mpaocko exhibited a slow regeneration response 
following 2- and 10-day-old gemmaling incision (Fig. 3I and fig. S2, 

Fig. 2. MpERF15 is essential for gemmaling regeneration after wounding. 
(A) Two-day-old gemmalings were excised along the red dashed lines to prepare 
pieces without apical notches (shadowed). (B) Time-lapse registration over 4 days 
of the regeneration of 2-day-old Tak-1 and Mperf15ko gemmalings excised as shown 
in (A) under continuous white light. Scale bar, 1 mm. (C) Quantification of Tak-1 
and Mperf15ko regenerated apical notches 4 days post-cut (dpc). Regeneration was 
calculated by plotting the ratio of 4 dpc minus 0 dpc to 0 dpc explant sizes. Data 
represent means ± SD. Dots represent individual data points (n > 20). Statistical dif-
ferences of each Mperf15ko mutant compared to Tak-1 were evaluated with Student’s 
t test; ****P < 0.0001. (D) RT-qPCR analysis of MpASA1 in Tak-1 and Mperf15ko mu-
tants from t0 to 4 hours after wounding. Data represent the mean relative expres-
sion compared to the unwounded Tak-1 ± SD (n = 3, six plants per replicate); the 
asterisks indicate significant differences (one-way ANOVA/post hoc Tukey HSD test) 
of each Mperf15ko mutant compared to Tak-1.
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A and B). A 2-hour treatment with 10 nM OPDA rescued the regen-
eration defect of Mpaocko and Mperf15ko, but not of the Mpcoi1-2 
mutant (Fig. 3I). Together, these data confirm that OPDA is essen-
tial for regeneration after wounding.

MpERF15 promotes oxylipin accumulation  
causing hyperproliferation
To confirm the observed role for MpERF15  in regeneration and 
OPDA/dn-OPDA biosynthesis, we generated three independent lines 

overexpressing MpERF15 from the constitutive promoter MpEF1 
(ELONGATION FACTOR 1, Mp3g23400) in WT Tak-1 (named 
MpERF15OE #1, #2, and #7) (Fig. 4A). All 14-day-old lines displayed 
an approximately 20- to 30-fold increase in MpERF15 expression 
level compared to WT Tak-1 (fig. S7A). At a mature developmental 
stage, MpERF15OE thalli exhibited a highly disorganized and com-
pact appearance, and its growth rate was significantly slower than 
that of Tak-1 (Fig. 4, A and B). Ectopic overexpression of Arabidopsis 
ERF109 in M. polymorpha using the constitutive promoter CaMV 

Fig. 3. MpERF15 drives expression of oxylipin biosynthesis genes. (A) Overlap of genes down-regulated in Mperf15ko before wounding, MpCOI1-dependent genes, 
and genes up-regulated in Mpjaz-1. (B) RT-qPCR analysis of MpERF15 transcript levels in 14-day-old Tak-1 and Mpcoi1-2 thallus in unwounded control conditions (C) and 
1 hour after wounding (W). (C) RT-qPCR analysis of MpCOI1 transcript levels in Tak-1 and Mperf15ko after wounding from t0 to 4 hours. (D) Overlap of genes up-regulated 
in Tak-1 1 hour after wounding and down-regulated in Mperf15ko in control conditions or 1 hour after wounding. (E and F) RT-qPCR analysis of MpAOS2 (E) and MpAOC 
(F) in 14-day-old Tak-1, Mpcoi1-2, and Mperf15ko#9 thallus in control conditions and 1 hour after wounding. (G and H) Normalized abundance of OPDA (G) and dn-OPDA 
(H) compounds in Tak-1 and Mperf15ko in control conditions and 1 hour after wounding in ESI− mode. (I) Effect of apical notch excision on the regeneration of 2-day-old 
Tak-1, Mpcoi1-2, and Mpaocko control (C) gemmalings compared with those treated for 2 hours with 10 nM OPDA (O), n > 15. (B and G to I) Asterisks indicate significant 
differences by Student’s t test. ns, nonsignificant. (C, E, F, and I) The different letters indicate significant differences (two-way ANOVA/post hoc Tukey HSD test, P < 0.05) 
between each genotype.
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35S (named ERF109OE #1 and #2) exhibited a similar smaller and 
more compact appearance, although less pronounced (Fig. 4A and 
fig. S7B), which might be due to the difference in promoters used. 
To map the origin of this growth phenotype, a cellular analysis was 
performed. Whereas Mperf15ko gemmae did not show any significant 

difference in the number and size of epidermal cells, the number of 
epidermal cells in MpERF15OE gemmae was significantly higher than 
in WT Tak-1, whereas there was no significant difference in gemma 
size, indicative for a reduction in cell size (Fig. 4, C to E). In addition, 
we found the number of apical notches in individual MpERF15OE 
gemmae to vary from three to nine, whereas WT Tak-1 and Mperf15ko 
gemmae invariably hold only two meristematic notches at both ends 
of the axis perpendicular to their stalk axis (Fig. 4, F to H, and fig. 
S1C). Using the proMpEF1:Tdtomato-N7 nuclear localization marker, 
allowing easy visualization of the apical notches as bright fluores-
cent foci due to the small size of the apical notch cells, we found the 
number of concave structures in 8-day-old MpERF15OE gemmalings 
to be higher than the two apical notches observed in Tak-1 (Fig. 4I). 
To investigate whether the ectopic concave structures in MpERF15OE 
function as meristems, we introduced the MpERF15OE expression 
vector in the apical notch marker line proMpYUC2:GUS (36, 37). 
Overexpression of MpERF15 resulted in approximately eight blue 
GUS dots in the 10-day-old thallus, being significantly more than 
the four blue dots in the Tak-1 background (Fig. 4, J and K). These 
phenotypes could be reproduced as well using a dexamethasone 
(DEX)–inducible gene expression system. proMpEF1:MpERF15GR 
overexpression lines holding the proMpUBE:mScarlet-LTI6b plas-
ma membrane localization marker displayed strong morphological 
changes upon DEX treatment, being identical to those of the consti-
tutively expressing lines, i.e., a dwarfed compact thallus structure 
(fig. S7, C and D). The mScarlet fluorescence confirmed more ecto-
pic concave structures of proMpEF1:MpERF15GR upon DEX treat-
ment (fig. S7C).

To study the dependence of the observed phenotypes on COI1, 
we overexpressed MpERF15 in the Mpcoi1-2 mutant background 
(MpERF15OE/Mpcoi1-2; Fig. 5I). To confirm the increase in number of 
meristematic notches, we visualized cell cycle activity through 
5-ethynyl-20-deoxyuridine (EdU) staining (8), which allows labeling 
of nuclei undergoing DNA replication. All Tak-1 gemmae contained 
only two EdU-positive concave structures, whereas MpERF15OE showed 
more than six EdU-positive concave structures (Fig. 5, A and B). 
Notably, loss of function of MpCOI1 rescued the apical notch pheno-
type, rendering MpERF15OE lines, showing only two apical notches 
and EdU-positive concave structures (Fig. 5, C to E). Also, the 
MpERF15OE-induced increase in cell number and decrease in cell 
size were MpCOI1 dependent, because they were not observed in 
MpERF15OE/Mpcoi1-2 gemmae (Fig. 5, F to H).

Fitting with a role for MpERF15 in wound-induced OPDA/dn- 
OPDA biosynthesis, as suggested by the lack of wound-induced ex-
pression of MpAOS2 and MpAOC in the Mperf15ko mutants (Fig. 3, 
E and F), both genes were significantly up-regulated in MpERF15OE, 
but not in MpERF15OE/Mpcoi1-2 (Fig. 5,  J and K), suggesting that 
MpERF15 may promote oxylipin accumulation in an MpCOI1- 
dependent manner. We therefore performed an untargeted metabolom-
ics experiment comparing Tak-1 versus two independent MpERF15OE 
lines. As expected from the strong phenotypes (Fig. 4A), principal 
components analysis (PCA) showed both MpERF15OE lines to separate 
from Tak-1 (fig. S8, A and B). ESI− and ESI+ detected 8383 and 11,009 
compound ions, respectively, among which 1720 (1085 up-regulated 
and 635 down-regulated) and 1419 (942 up-regulated and 477 down- 
regulated) differential compound ions when comparing both 
MpERF15OE lines with Tak-1 (fig. S8, C and D, and data S7). Strikingly, 
we revealed an increase in dn-OPDA in the MpERF15OE lines com-
pared to Tak-1 (Fig. 6A and fig. S8E), but OPDA was below the 

Fig. 4. MpERF15 causes an increase in apical notches. (A) Phenotypic compari-
sons of 28-day-old Tak-1, ERF109OE, and MpERF15OE plants. Scale bar, 1 cm. (B) Thallus 
area of individual Tak-1 and MpERF15OE lines grown for 3, 5, 7, 9, and 14 days (n > 5). 
Significance was calculated on the basis of two-way ANOVA followed by Tukey’s 
post: ***P < 0.001 and ****P < 0.0001. (C to F) Number of cells in the top epidermal 
cell layer (C), gemma size (D), average cell size (E), and the number of apical notch-
es per gemma (F) of 0-day-old Tak-1, MpERF15OE, and Mperf15ko gemmae (n > 8). 
Significance was calculated on the basis of one-way ANOVA followed by Tukey’s 
post hoc test compared to Tak-1. **P < 0.01 and ****P < 0.0001. (G and H) Confocal 
imaging of 0-day-old gemmae with proMpEF1:Tdtomato-N7 in a Tak-1 (G) or 
MpERF15OE (H) background. Scale bars, 0.1 mm. (I) Bright-field and Tdtomato (red) 
fluorescence images of 8-day-old gemmalings from Tak-1 and MpERF15OE. Scale 
bars, 0.5 mm. (G to I) The white arrowheads indicate the apical notches, and asterisks 
indicate the stalk cells. (J and K) proMpYUC2:GUS staining of 10-day-old thallus in a 
Tak-1 or MpERF15OE background. The black arrowheads indicate the blue GUS 
dots. Scale bars, 1 mm.



Liang et al., Sci. Adv. 8, eabo7737 (2022)     12 August 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

7 of 15

detection limit and could therefore not be detected in both Tak-1 and 
MpERF15OE. This indicates that MpERF15 enhances biosynthesis of 
dn-OPDA.

Because of the observed increase in dn-OPDA in the MpERF15OE 
lines, we tested the sensitivity of MpERF15OE to OPDA and dn- OPDA.  
Tak-1, Mpcoi1-2, Mperf15ko#9, MpERF15OE#7, and MpERF15OE/Mpcoi1-2#1 
gemmae were grown on plates with or without 10 M OPDA or dn- 
OPDA. As described before, Tak-1 showed a strong growth reduction 
in the presence of OPDA/dn-OPDA, whereas Mpcoi1-2 was slightly 
sensitive to dn-OPDA (Fig. 6, B to D) (27, 38). The MpERF15OE thalli 
appeared to be hypersensitive to OPDA/dn-OPDA, compared to Tak-1 
(Fig. 6B), likely because of an already higher intrinsic dn-OPDA level. 
This growth inhibitory effect was lost in MpERF15OE/Mpcoi1-2#1, 
demonstrating MpCOI1 dependence. In contrast, Mperf15ko#9 thalli 

showed a growth phenotype being in between that of Tak-1 and 
Mpcoi1-2, thus showing reduced sensitivity (Fig. 6, B to D).

MpERF15 induces an oxylipin biosynthesis positive 
feedback loop
Although our data indicated that OPDA biosynthesis is MpERF15 
dependent (Fig. 3G), the application of OPDA resulted in an increased 
expression of MpERF15 (Fig. 7A), suggesting a potential feedback 
loop in which OPDA stimulates its own biosynthesis. To test this 
hypothesis, we measured the MpERF15 expression levels in the 
7-day-old MpERF15OE gemmalings using RT-qPCR primers that 
recognize only the endogenous MpERF15 transcripts through bind-
ing at either 5′ untranslated region (5′UTR) and 3′UTR sequences 
absent in transcripts produced from the MpERF15 overexpression 

Fig. 5. MpERF15-induced phenotypes depend on MpCOI1. (A to D) One-day-old gemmae from Tak-1 (A), MpERF15OE#1 (B), Mpcoi1-2 (C), and MpERF15OE/Mpcoi1-2#1 (D) 
labeled by EdU to visualize cell cycle activity and stained with calcofluor white to visualize cell walls. Scale bars, 0.2 mm. The white arrowheads indicate EdU-positive 
signals, and the asterisks indicate the stalk cells. (E to H) Number of apical notches per gemma (E), number of cells in the top epidermal cell layer (F), gemma size (G), and 
average cell size (H) of 0-day-old Mpcoi1-2 and MpERF15OE/Mpcoi1-2 gemmae (n > 12). Significance was calculated on the basis of one-way ANOVA followed by Tukey’s post 
hoc test compared to Mpcoi1-2. (I) RT-qPCR analysis of MpERF15 transcripts in 14-day-old Tak-1, Mpcoi1-2, and independent MpERF15OE/Mpcoi1-2 lines. (J and K) RT-qPCR 
analysis of oxylipin biosynthesis–related genes MpAOS2 (J) and MpAOC (K) in 14-day-old Tak-1, MpERF15OE, Mpcoi1-2, and MpERF15OE/Mpcoi1-2. The different letters indicate 
significant differences (one-way ANOVA/post hoc Tukey HSD test, P < 0.01) between each genotype.
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construct. Using this setup, we found that overexpression of MpERF15 
stimulated endogenous MpERF15 transcription, which was depen-
dent on MpCOI1 (Fig. 7, B and C, and fig. S9A), demonstrating that 
MpCOI1 is an essential part of the positive feedback loop, fitting the 
observed loss of MpERF15OE phenotypes in the Mpcoi1-2 mutant 
background (Fig. 5, C to H).

Arabidopsis ERF109 does not activate a JA biosynthesis 
feedback loop
The observed oxylipin biosynthesis feedback loop between COI1 
and MpERF15, combined with the functional homology between 
MpERF15 and ERF109, prompted us to test whether a similar mech-
anism might hold true in Arabidopsis. First, we checked the tran-
script level of JA biosynthesis–related genes before and 1 hour after 
wounding in 14-day-old WT Col-0 versus erf109 mutant seedlings by 
RT-qPCR. Although all tested genes were up-regulated after wound-
ing, there were no significant differences between Col-0, erf109, 
and ERF109pro:ERF109erf109 complementation lines (Fig. 8A). These 

data appeared to indicate that ERF109 does not play a role in regu-
lating JA biosynthesis. Second, 5-day-old Arabidopsis Col-0, coi1-2, 
and erf109 mutants and the erf109 ERF109pro:MpERF15erf109 com-
plementation line were grown for 7 days on control medium or me-
dium supplemented with 1, 10, or 50 M JA. Except for coi1-2 that 
showed a JA-resistant growth phenotype, as described previous-
ly (39, 40), no difference in root growth could be observed for the 
other lines (Fig. 8, B and C). These results indicated that Arabidopsis 
ERF109 lost the ability to modulate JA levels during the evolution-
ary process.

MpERF15 operates upstream of MpERF20/LAXR
Recently, another ERF TF, MpERF20/LAXR (Mp5g06970), has 
been reported to be wound inducible in the basal part of cut thalli, 
controlling cellular reprogramming after wounding (11). Its rela-
tively late wound inducibility (6 hours after wounding) suggested 
that MpERF20/LAXR might operate downstream of MpERF15. We 
therefore tested the expression levels of MpERF20/LAXR at a late 

Fig. 6. MpERF15 induces dn-OPDA biosynthesis. (A) Normalized abundance of dn-OPDA levels in 14-day-old Tak-1 and MpERF15OE in negative (ESI−) ionization mode. 
Data represent means ± SD (n = 5, 12 plants per replicate). Significance was calculated on the basis of one-way ANOVA/post hoc Tukey HSD test of each genotype com-
pared to Tak-1, *P < 0.05 and **P < 0.01. (B) Growth inhibitory effect of 10 M OPDA/dn-OPDA on 10-day-old Marchantia gemmalings of WT Tak-1, Mpcoi1-2, Mperf15ko#9, 
MpERF15OE#7, and MpERF15OE/Mpcoi1-2#1. Scale bar, 1 cm. (C and D) Percentage of thalli growth inhibition of WT Tak-1, Mpcoi1-2, Mperf15ko#9, MpERF15OE#7, and 
MpERF15OE/Mpcoi1-2#1 by 10 M OPDA (C) and dn-OPDA (D) compared to growth on control medium. Data represent medians (n = 3, >5 plants per replicate). The different 
letters indicate significant differences (one-way ANOVA/post hoc Tukey HSD test, P < 0.01) between each genotype.
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stage after wounding and found its wound inducibility to be partially 
dependent on MpCOI1, MpAOC, and MpERF15 (fig. S10A). Re-
ciprocally, MpERF20/LAXR transcription was significantly high in 
MpERF15OE thalli compared to WT Tak-1 (fig. S10B).

DISCUSSION
Arabidopsis members of the ERF subfamily class X play important 
roles during regeneration (2, 33). Among these, ERF109 expression 
is JA dependent and controls the expression of auxin biosynthesis–
related genes, as well as ERF115 (17–19). ERF115 itself imposes stem 
cell fate on the cells immediately adjacent to the wounded cells by 
increasing their auxin sensitivity, enabling these cells to replace the 
damaged ones through cell division (41–44). Correspondingly, plants 
being impaired in ERF109 or ERF115 activity display regeneration 
defects (17, 19, 41, 42, 44). Here, we demonstrate that the extra-
ordinary regenerative potential of M. polymorpha relies on the activity 
of a related ERF protein, suggesting an early evolutionary establish-
ment of ERF subfamily TFs as regeneration-driving components.

MpERF15 is phylogenetically and functionally most closely related 
to Arabidopsis ERF109, with the expression of both genes depend-
ing on the COI1 receptor, and both proteins associating with JAZ 
proteins and controlling ASA1 expression. Furthermore, like ERF109, 
MpERF15 is a likely target of the M. polymorpha homolog of MYC2 
that coordinates JA-mediated transcriptional responses (17), be-
cause available microarray data (GSE124159) show that MpERF15 

expression is suppressed in the Mpmyc mutant upon wounding or 
OPDA treatment (fig. S9B) (29). Accordingly, we demonstrated that 
MpERF15 allows to restore the erf109 regeneration defects in Arabidopsis, 
whereas ectopic expression of ERF109 in M. polymorpha triggers a 
growth phenotype resembling that of MpERF15-overexpressing thalli, 
although less pronounced.

However, clear differences also exist. It has been demonstrated 
that ERF115’s stem cell activity can be strongly enhanced through 
its association with members of the GRAS family of TFs (42). This 
association is at least in part controlled by the presence of a con-
served N-terminally located 11–amino acid sequence in ERF115. 
Although no direct interaction of ERF109 with a GRAS TF has been 
reported, its protein sequence holds this conserved amino acid se-
quence motif, being characteristic for the ERF subfamily class X. In 
contrast, none of the M. polymorpha ERFs hold this N-terminal se-
quence, indicating that the ERF association with GRAS TFs might 
have emerged later during evolution, granting additional benefit or 
control over ERF activity.

A second major difference can be found downstream, because 
MpERF15, but not ERF109, appears to control oxylipin biosynthe-
sis. Transcriptomic analyses of Mperf15ko and MpERF15OE thalli 
demonstrated that MpERF15 drives the expression of the oxylipin 
biosynthesis genes MpAOS2 and MpAOC, accompanied with an 
accumulation of dn-OPDA in MpERF15OE lines. After wounding, 
Mperf15ko lines displayed a reduced level of both OPDA and dn- 
OPDA compared to the WT. Moreover, we demonstrated that 

Fig. 7. MpERF15 is part of an MpCOI1-(dn-)OPDA–dependent feedback loop. (A) RT-qPCR analysis of MpERF15 in 14-day-old WT Tak-1 thalli after transfer to control 
medium (EtOH) or medium supplemented with 10 M OPDA for 2 hours. Data represent the mean relative expression compared to Tak-1 ± SD (n = 3, six plants per repli-
cate). Statistical differences were evaluated using Student’s t test, ***P < 0.001. (B and C) RT-qPCR analysis of MpERF15 (B) and MpERF15 3′UTR. (C) Transcript levels in 
7-day-old Tak-1, Mpcoi1-2, MpERF15OE#7, and MpERF15OE/Mpcoi1-2#1. Data represent the mean relative expression compared to Tak-1 ± SD (n = 3, six plants per replicate). 
The different letters indicate significant differences (one-way ANOVA/post hoc Tukey HSD test, P < 0.01) of each genotype. (D) Schematic diagram of MpERF15 activating 
a positive OPDA and dn-OPDA amplification loop that eventually results in reactivation of cell division and regeneration. Arrows represent activation; the dashed arrow 
points to likely control by another regulator; bar-headed lines represent repression; the line represents interactions between MpERF15 and MpJAZ; the wound-derived 
MpERF15-activating signal is still unknown (indicated by question mark).
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accumulation of OPDA/dn-OPDA is essential for the regeneration 
process, because Mperf15ko and Mpaocko mutants displayed a defect 
regeneration phenotype that could be rescued by OPDA applica-
tion. In addition, MpERF15OE lines were hypersensitive to OPDA/
dn-OPDA, probably due to an already higher endogenous dn-OPDA 
level, whereas Mperf15ko appeared to be more resistant, both pheno-
types that are shared with MpMYCOE and Mpmyc mutants, respectively 
(29). In contrast, Arabidopsis ERF109 did not control the expression 
of JA biosynthesis genes, nor did erf109 knockout plants display an 
altered sensitivity toward JA.

Arabidopsis MYC2 indirectly regulates the expression of JA bio-
synthetic genes by binding to the promoter of OCTADECANOID- 
RESPONSIVE AP2/ERF-DOMAIN TRANSCRIPTION FACTOR 47 
(ORA47), encoding an AP2/ERF subfamily class II member being 
only distantly related to ERF109 genes (45). ORA47 itself controls 
the transcriptional activation of several JA biosynthetic genes 
(26, 45, 46). Likewise, tomato SlERF15 and SlERF16, being ORA47 
homologs, control the expression of key JA biosynthesis genes, in-
cluding LOXD, AOC, and OPR3 (47). Similarly, the Chinese flower-
ing cabbage BrERF72 gene is MeJA inducible and directly activates 
the expression of BrLOX4, BrAOC3, and BrOPR3 to regulate JA 

production (48). Differently to ERF109 and MpERF15, the activity 
of these genes has not been linked with regeneration, but rather to 
leaf senescence (BrERF72), herbivory (SlERF15 and SlERF16), salinity, 
low boron, and drought (ORA47) (45, 47, 48). These findings sug-
gest that the genetic networks controlling JA biosynthesis might 
have been reshuffled during evolution. Thus, we hypothesize that 
MpERF15 evolved into ERF109 with most of its functions preserved, 
but lacking the ability to drive oxylipin biosynthesis, a function taken 
over by other ERF family members, including ORA47.

Although both the -linolenic acid and hexadecatrienoic acid 
pathways share the AOS and AOC proteins, transcriptional activa-
tion of MpAOS2 and MpAOC by MpERF15 in the MpERF15OE lines 
resulted in an increase in dn-OPDA, but not OPDA. Interestingly, 
whereas we found that the potentially upstream biosynthetic genes 
MpLOX1 and MpLOX4 are both wound inducible in an MpERF15- 
dependent manner (fig. S11, A and B), only MpLOX1 is transcrip-
tionally induced in the MpERF15OE lines, whereas MpLOX4 is even 
repressed (fig. S11, C and D). Combined, these data may indicate 
that MpLOX1 and MpLOX4 are active in the dn-OPDA and OPDA 
biosynthetic pathway, respectively (Fig.  6D). Alternatively, under 
nonwounding conditions, OPDA may be difficult to detect because 
of rapid conversion to dn-OPDA (27).

Similarly to angiosperms, M. polymorpha OPDA/dn-OPDA bio-
synthesis is subjected to a positive feedback loop, because feeding of 
thalli with deuterated precursors results in the accumulation of 
nondeuterated OPDA and dn-OPDA isomers (27). Being an activator 
of dn-OPDA biosynthesis and operating downstream of MpCOI1, 
marks MpERF15 as an essential coordinator of this feedback loop, 
driving wound-induced oxylipin biosynthesis. Accordingly, we 
demonstrated the endogenous MpERF15 gene to be transcription-
ally activated by the MpERF15 overexpression construct, and that 
the amplification loop is MpCOI1 dependent. Accordingly, tran-
scriptional activation of the OPDA/dn-OPDA biosynthesis genes, 
as well as the cell division and apical notch phenotypes, is lost when 
MpERF15 is overexpressed in the Mpcoi1-2 mutant background. It 
suggests that, rather than solely MpERF15, it is the MpCOI1- 
MpERF15-OPDA/dn-OPDA feedback loop that is mainly account-
able for the observed phenotypes. Although this feedback loop 
accounted for only a threefold up-regulation of MpERF15 transcrip-
tion compared to the more than 100-fold increase in transcripts by 
the MpERF15OE construct, the latter triggered transcript accumula-
tion in all thalli cells, including many that are likely not dn-OPDA 
responsive, whereas the increase of MpERF15 due to the feedback 
loop happens in responsive cells only.

Although MpERF15 appears to act as an amplifier of dn-OPDA 
biosynthesis, it may not be the initial trigger, as approximately 30% 
of the OPDA/dn-OPDA induced after wounding in Tak-1 plants 
could still be observed in the Mperf15ko mutants. Thus, unknown, 
MpERF15-independent factors may be involved in the early up- 
regulation of wounding-induced OPDA/dn-OPDA.

Strikingly, compared to the WT, many genes displayed reduced 
expression in the Mperf15ko plants under unwounded conditions. 
Although many of these were MpCOI1 responsive, we observed no pro-
nounced phenotypes in unwounded Mperf15ko thalli, neither a ma-
jor impact on their metabolome. These data suggest no pronounced 
role for OPDA/dn-OPDA and MpCOI1 under control conditions, 
fitting with the absence of clear phenotypes of Mpcoi1-2 and Mpmyc 
mutants (27, 29, 38). These data indicate that MpERF15’s role might 
be restricted to the wound response.

Fig. 8. Arabidopsis ERF109 does not control jasmonate biosynthesis genes. 
(A) Heatmap of RT-qPCR analysis of a subset of JA biosynthesis genes in Col-0, 
erf109, and ERF109pro:ERF109erf109 lines of 14-day-old unwounded and wounded 
seedlings (n = 3, 15 seedlings per repeat), harvested 1 hour after wounding. The FC 
of expression levels was normalized with log2 scale. Colors indicate up-regulated 
(red) and down-regulated genes (blue). (B) Five-day-old Arabidopsis Col-0, coi1-2, 
erf109, and ERF109pro:MpERF15erf109 seedlings grown for 7 days on control medium 
(−) or medium supplemented with 1, 10, or 50 M JA. Scale bar, 1 cm. (C) Quantifica-
tion of root length of seedlings shown in (B). Data represent means ± SD. Dots represent 
individual data points (n > 22). The different letters indicate significant differences 
(one-way ANOVA/post hoc Tukey HSD test, P < 0.01) of each genotype.
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Next to ERF subfamily class X, other types of ERF TFs are also 
involved in regeneration in land plants. WOUND INDUCED 
DEDIFFERENTIATION 1 (WIND1), encoding an ERF subfamily 
class I, is rapidly induced in response to wounding and promotes 
callus formation (49). WIND1 activates the expression of ERF sub-
family class VIIIb ENHANCER OF SHOOT REGENERATION 1/
DORNRÖSCHEN (ESR1/DRN), whose overexpression induces 
cytokinin-independent shoot regeneration (50). In M. polymorpha, 
MpERF20/LAXR, the ortholog of Arabidopsis ESR1, was recently re-
ported to be another regeneration-controlling ERF that is induced 
in basal cut thalli in response to a decrease in auxin, possibly due 
to a wounding-induced auxin drain (11). The transcriptional re-
sponse of MpERF20/LAXR after wounding is relatively late, with 
no significant up-regulated expression at 1 hour after tissue inci-
sion, when MpERF15 expression peaks, suggesting that MpERF20/
LAXR might operate downstream of MpERF15. We observed a 
reduced induction of MpERF20/LAXR in Mperf15ko (as well as 
Mpcoi1-2 and Mpaocko) 12 hours after wounding, whereas its ex-
pression is induced in the MpERF15OE line. Future work requires 
a better understanding of the relationship between MpERF15 and 
MpERF20/LAXR.

Although we demonstrated that the regeneration defect of 
Mperf15ko thalli could be rescued by OPDA application, this rescue 
was highly dependent on the dose and duration of OPDA applica-
tion, as prolonged OPDA and dn-OPDA application strongly affected 
thallus growth. This observation correlates with the only transient 
increase of MpERF15 transcript levels after wounding, with a peak 
in expression at 1 hour after cutting, indicative for a role for MpERF15 in 
only the early event of regeneration. After wounding, a reduction in 
the endogenous auxin level in M. polymorpha explants is observed, 
reaching a minimum level in the basal part at 3 hours after excision, 
after which the auxin levels recover (11), probably through de novo 
synthesis. Arabidopsis ERF109 up-regulates the expression of the ASA1 
auxin biosynthesis genes within 2 hours of leaf detachment to pro-
mote rooting from leaf explants (19). Also, in M. polymorpha, 
MpASA1 operates downstream of MpERF15, but is a slow respon-
sive gene, with a slight up-regulation of MpASA1 expression levels 
within 2 hours after wounding, whereas the Mperf15ko mutant showed 
reduced MpASA1 expression at 4 hours after wounding. It indicates 
that the MpERF15-induced MpASA1 induction may contribute to 
the reestablishment of auxin levels after wounding. Together, it sug-
gests a dual role of MpERF15 in the regeneration response, with an 
early role in activating an MpCOI1-MpERF15-OPDA/dn-OPDA 
feedback loop in response to wound signals to generate a pulse of 
OPDA/dn-OPDA accumulation, followed by a potential role in ac-
tivation of auxin biosynthesis to promote tissue regeneration.

To summarize, we show that MpERF15 plays an essential role 
in tissue regeneration after wounding and that it drives oxylipin 
biosynthesis. It is tempting to speculate that oxylipins are not the 
only metabolites participating in the MpERF15-dependent wound 
response pathway in M. polymorpha. Next to OPDA and dn-OPDA, 
our untargeted metabolic analysis detected many compound ions to 
be sharply induced after wounding in an MpERF15-dependent 
manner. There is a possibility that they might participate in the re-
generation process and are accountable for the observed effects on 
cell number and the number of apical notches following MpERF15 
overexpression. Moreover, MpERF15 transcriptional induction after 
wounding is maintained in the Mpcoi1-2 mutant background, 
albeit at a much lower absolute transcript level. This indicates that 

MpCOI1-OPDA/dn-OPDA controls MpERF15 expression levels, 
through the described positive feedback loop, but does not account 
for the wound inducibility of MpERF15. Gaining insights into the 
identity and function of the component both operating upstream of 
MpERF15 and downstream of dn-OPDA might prove to be useful 
to improve the regeneration potential of recalcitrant species.

MATERIALS AND METHODS
Plant material and growth conditions
M. polymorpha accession Tak-1 was used as WT. The OpenPlant 
toolkit (51) was used to construct the MpERF15 (Mp7g09350). The 
full length of the MpERF15 open reading frame (ORF) region (2013 
nucleotides) was cloned into the pDONR221 entry vector via the BP 
reaction (Invitrogen). To remove the Bsa I or Sap I restriction sites, 
site-directed mutagenesis was performed as previously described 
(52). To create the MpERF15OE lines, MpERF15 was cloned into the 
pCsB (OP-006) vector via Gibson reaction and by subsequently re-
combining it via a loop assembly reaction behind the endogenous 
ELONGATION FACTOR 1 (MpEF1, Mp3g23400) promoter and 
in front of pCsC_spacer (OP-015), pCsC_GR, and 3TERM_Nos-
35S (OP-054) in the pCk2 (OP-002) vector. The proMpEF1:MpERF15OE 
construct was created by recombining L1_HyR-Ck1 (OP-063), pCk2_
MpERF15OE, pCk3_ proMpEF1:Tdtomato-N7 (or L1_UBE2:mT-N7-
Ck3 OP-066), and pCk4_spacer (OP-012) (or L1_UBE2:mS-Lt-Ck4 
OP-070) via a loop assembly reaction into the pCsA (OP-005) vector. 
The proMpEF1:MpERF15GR construct was created by recombining 
L1_HyR-Ck1 (OP-063), pCk2_MpERF15GR, L1_UBE2:mT-N7-Ck3 
(OP-066), and L1_UBE2:mS-Lt-Ck4 (OP-070) via a loop assembly 
reaction into the pCsC (OP-007) vector. For proMpYUC2:GUS, 
MpYUC2pro_pENTR/D-TOPO was subcloned into the pMpGWB304 
vector by LR reaction (Invitrogen). For ERF109OE (pro35S:ERF109), 
the plasmid pDONR221 carrying ERF109 was already available in the 
laboratory, and ERF109_pDONR221 was cloned into the pMpGWB130 
vector by LR reaction. Agrobacterium- mediated M. polymorpha 
transformation was performed as previously described (10). Trans-
formants were selected onto medium containing hygromycin (10 mg/
liter) or 0.5 M chlorsulfuron and cefotaxime (100 g/ml), and G1 
generation plants were selected to perform the experiments.

Two constructs were made for use in the cross-species comple-
mentation assay using gateway cloning technology: ERF109pro:ERF109 
and ERF109pro:MpERF15. The 3168-nucleotide promoter region up-
stream of the ERF109 start codon was cloned into the pDONRP4P1R 
entry vector via the BP reaction (Invitrogen). ERF109pro_pDONRP4P1R 
and MpERF15_pDONR221 or ERF109_pDONR221 resulting vec-
tors were cloned into pK7m24GW,3 destination vectors via LR reac-
tion to obtain the respective constructs. Then, the constructs were 
introduced into the A. thaliana erf109 mutant by Agrobacterium- 
mediated floral dipping, primary transformants were selected on 
0.5 Murashige and Skoog agar plates containing kanamycin antibiotics 
(35 g/ml), and T3 homozygous plants were selected to perform the 
experiments.

For the yeast two-hybrid experiment, MpJAZ sequences were 
amplified from Tak-1 complementary DNA (cDNA) and cloned 
into pDONR221 through the BP reaction. The pDONR221 plas-
mids carrying AtJAZ3, AtJAZ4, and AtJAZ9 were already available 
in the laboratory. Through the LR reaction, MpERF15 and AtERF109 
were cloned into pDEST22; MpJAZ, AtJAZ3, AtJAZ4, and AtJAZ9 
were cloned into pDEST32.
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M. polymorpha plants were cultured on half-strength (0.5) Gam-
borg’s B5 medium (Duchefa Biochemie) with 1% (w/v) plant agar at 21°C 
under continuous white light (50 to 60 mol m−2 s−1). Arabidopsis 
seeds were sterilized in 70% ethanol for 10 min and subsequently 
sterilized with 4% NaClO3 for 15 min, after which they were washed 
in sterile water for three times. For all experiments, the seeds were 
stratified in the dark for 2 days at 4°C before being placed in the 
growth room. Plants were grown in vitro under long-day conditions 
(16-hour light/8-hour dark) at 21°C on solidified 0.5 Murashige and 
Skoog medium (2.151 g/liter), sucrose (10 g/liter), and MES (0.5 g/
liter), adjusted to pH 5.7 with 1 M KOH and agar (10 g/liter). For 
analysis of regeneration phenotypes, plants were grown vertically.

Gene identification and phylogenetic analyses
Protein sequences were obtained from Genome Database for 
M. polymorpha (https://marchantia.info) and PLAZA 5.0 (https://
bioinformatics.psb.ugent.be/plaza/) (53). The conserved AP2 domain 
was annotated with the National Center for Biotechnology Information 
(NCBI) conserved domain database (www.ncbi.nlm.nih.gov/Structure/ 
bwrpsb/bwrpsb.cgi). The phylogenetic analysis of the A. thaliana sub-
family X and M. polymorpha ERFs was based on the N-terminal 
sequences including the conserved AP2 domain. The phylogenetic 
tree was constructed using the neighbor-joining method (p-distance, 
1000 bootstrap iterations) with Mega software (v7.0), based on a multi-
ple sequence alignment (generated with Clustal Omega) and trimming.

CRISPR mutant generation
The established CRISPR-Cas9–mediated mutagenesis system in 
M. polymorpha was used to generate MpERF15 and MpAOC 
mutant lines (51). Two different guide RNAs (gRNAs) specific for 
MpERF15 and four different gRNAs specific for MpAOC (see table 
S1 for primers) were selected using the CRISPR direct web tool 
(https://crispr.dbcls.jp) based on the expected cut site in the begin-
ning of the gene and minimal off-target scores, respectively. The 
gRNA1 and gRNA2 (gRNA3 and gRNA4) primer pairs were inserted 
into the L1_lacZgRNA-Ck2 (OP-075) and L1_lacZgRNA-Ck3 
(OP-074) vectors, respectively, after which these were recombined 
with the L1_CsR-Ck1(OP-062) and L1_Cas9-Ck4 (OP-073) vectors 
into the pCsA (OP-005) acceptor plasmid using Golden Gate Loop 
Assembly according to the manufacturer’s recommendations (51). 
The construct was transformed into Tak-1 background plants, and 
transformants were selected with 0.5 M chlorsulfuron and cefotaxime 
(100 g/ml). Mutant lines were genotyped by PCR (table S1); fully 
frame-shifted transgenic lines were selected for further experiments.

Confocal microscopy
To stain the M. polymorpha cell walls, 0-day-old gemmae were 
mounted in a 10 M propidium iodide (PI) solution as previously 
described (excitation, 488 nm; emission, 555 to 600 nm) (54), or 
0-day-old gemmae were treated by ClearSee protocol (55) and 0.1% 
calcofluor white (excitation, 405 nm; emission, 415 to 443 nm) dis-
solved in ClearSee was used for 1 hour with vacuuming and imaged 
using a Zeiss LSM 710 confocal microscope. The confocal images 
were made binary (black and white), and the gemmaling size was 
measured using the wand tool in ImageJ. For M. polymorpha gem-
maling cell number, confocal images were analyzed in ImageJ running 
a macro script from The BioVoxxel Image Processing and Analysis 
Toolbox, as previously described (56). To observe fluorescence, 
excitation at 561 nm and emission at 570 to 600 nm were used for 

tdTomato, and excitation at 405 nm and emission at 460 to 485 nm 
were used for mTurquiose2.

EdU staining
Cell cycle activity was visualized using the Click-iT EdU Imaging 
Kit (Thermo Fisher Scientific) according to the manufacturer’s 
instruction and a method described previously with some modifi-
cations (8). Zero-day-old gemmae were transferred to a microplate 
containing 0.5 Gamborg’s B5 liquid medium with 20 M EdU for 
24 hours. Incorporation of EdU was terminated by fixing gemmalings 
with 4% paraformaldehyde (PFA) solution in 1× PME [50 mM Pipes 
(pH 6.9), 5 mM MgSO4, and 1 mM EGTA]. After washing with 
phosphate-buffered saline (PBS) three times and then permeabili-
zation with 0.5% Triton X-100 in PBS for 30 min, EdU incorporated 
into DNA was stained by incubation in the dark with Alexa Fluor 
488–azide–containing Click-iT reaction cocktail for 1 hour. After 
washing successively with PBS containing 3% bovine serum albu-
min and PBS, gemmalings were treated by ClearSee overnight and 
the cell wall was stained by 0.1% calcofluor white.

Regeneration assays
For the 2-day-old gemmaling apical notch excision regeneration exper-
iment, gemmalings were isolated from the gemma cups and cultured 
in a liquid 0.5 Gamborg’s B5 medium supplemented with MES 
(0.5 g/liter, pH 5.7) for 2 days. Under a microscope, the two apical 
notches were excised with a sterile blade; the gemmalings were kept 
away from drought and heat by pouring 0.5 B5 medium on the sur-
face. The gemmalings were cultured further on 0.5 B5 medium with 
1% (w/v) agar, and pictures were taken daily to observe and deter-
mine regeneration size by ImageJ. Regeneration was calculated by 
plotting the ratio of 4 days post-cut (dpc) minus 0 dpc to 0 dpc ex-
plant sizes [(4 dpc − 0 dpc)/0 dpc]. If the ratio is 1, this means that the 
size of the regenerated tissue is equal to the size of the original explant 
at 0 dpc. For the OPDA rescue experiment, meristematic- removed 
gemmalings were transferred on 0.5 B5 medium 1% (w/v) agar plates 
with 10 nM OPDA or EtOH (control) for 2 hours, after which they 
were transferred to normal 0.5 B5 medium. Ten-day-old basal explant 
regeneration experiment was performed as described previously (11). 
Regeneration was calculated by plotting the ratio of 8 dpc minus 0 dpc 
to 0 dpc explant sizes [(8 dpc − 0 dpc)/0 dpc]. The Arabidopsis de 
novo root regeneration experiment was performed as described pre-
viously (19). Stringent root tip cutting was performed at a 200-m 
distance from the 7-day-old seedling root tip, as described previously 
(57). Root tip regeneration 72 hours after cutting was scored as nega-
tive when collapse of the root meristem was observed.

RT-qPCR analysis
RNA was isolated with the RNeasy Mini Kit (Qiagen), treated 
on-column with the RQ1 RNase-Free DNase (Promega), and used 
for cDNA synthesis with the iScript cDNA Synthesis Kit (Bio-Rad). 
RT-qPCR was performed using the SYBR Green Kit (Roche) with 
100 nM primers and 0.125 l of RT reaction product in a total volume of 
5 l per reaction. Reactions were run and analyzed on LightCycler 
480 (Roche) according to the manufacturer’s instructions. For 
M. polymorpha, MpEF1 (Mp3g23400) and MpActin (Mp6g11010) 
were used as reference genes for normalization (58). Every experiment 
was performed using three biological replicates, holding six plants 
per replicate. For MpERF15 5′UTR, primers amplified the 49–base pair 
(bp) fragment from nucleotides −255 to −207 in the 5′UTR, and for 

https://marchantia.info
https://bioinformatics.psb.ugent.be/plaza/
https://bioinformatics.psb.ugent.be/plaza/
http://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi
http://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi
https://crispr.dbcls.jp
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MpERF15 3′UTR, primers amplified the 46-bp fragment from nucleo-
tides 2312 to 2357 in the 3′UTR. For Arabidopsis, PAC1 and RPS26C 
were used as reference genes for normalization. For each reaction, 
three technical repeats were performed. qPCR data were analyzed 
using the 2(–Ct) method. Primer sequences can be found in table S1.

RNA-seq analysis
WT Tak-1 and three independent transgenic Mperf15ko (#9, #10, 
and #13) were cultured on 0.5 Gamborg’s B5 agar medium for 14 days. 
Three biological replicates formed by 12 plants per replicate were 
harvested from Tak-1 or Mperf15ko with and without wounding for 
1 hour and placed in a 2-ml tube containing beads. These samples 
were frozen with liquid nitrogen and crushed by shaking the tube 
at 2000 rpm for 1 min. Total RNA was extracted using the RNeasy 
Plant Mini Kit (Qiagen), and Illumina Tru-Seq libraries were gener-
ated from cDNA and sequenced on a NextSeq500 100-bp single-end 
run. All analyses were done using the Galaxy platform. Reads were 
filtered and trimmed, after which transcript quantification was per-
formed by Salmon version 0.7.2 (59) using the M. polymorpha refer-
ence genome MpTak1v5.1 (13), with all parameters set to default 
values. Transcript quantification results generated by Salmon were 
corrected for gene length variations across the samples using the 
tximport 1.6.0 R package (60) and were further analyzed using the 
DESeq2 package (61). The magnitude of the fluctuation in expres-
sion was calculated as log2 (fold change), and using DESeq2, multi-
plicity correction was applied by the Benjamini- Hochberg method 
on the P values to control the false discovery rate (FDR). We con-
sidered genes with log2 ratios greater than 1 or less than −1 and 
expected FDR of <5% as differentially expressed for Tak-1 wounded 
versus unwounded and Mperf15ko unwounded versus Tak-1 un-
wounded. For Mperf15ko wounded versus Tak-1 wounded, we con-
sidered genes with log ratios less than −0.4 and expected FDR of 
<5% as down-regulated genes. GO analysis was performed using 
TBtools (62). In this tool, GO annotations for MpTak1v5.1_r1 
genes (13) with some modification were used and GO terms with 
corrected P < 0.05 were considered significantly enriched. RNA-seq 
raw data from this study were deposited in Gene Expression Omnibus 
(accession number: GSE196912).

Untargeted metabolomics
For the wounding response experiment, five biological replicates 
formed by 12 plants per replicate were harvested from 14-day-old 
WT Tak-1, Mperf15ko, and MpERF15OE with and without wound-
ing for 1 hour, placed in a 2-ml tube containing beads, and frozen 
immediately in liquid nitrogen. Then, the tissue was extracted by 
shaking at 2000 rpm for 15 min with 1 ml of methanol. After cen-
trifugation, the supernatant was transferred to new 1.5-ml tubes and 
vacuum-dried. Subsequently, the pellet was resuspended in equal 
volumes of cyclohexane and ultrapure water [100 l (v/v)]. After 
vortexing, samples were centrifuged, and 10 l of the aqueous phase 
was injected on the Waters Acquity Ultraperformance Liquid Chroma-
tography System coupled to a Waters Vion-IMS-QTOF (Ion Mobility 
Spectrometry Quadrupole Time-of-flight) mass spectrometer (MS) 
equipped with an ESI source operating in negative (ESI−) or positive 
(ESI+) ionization mode. Chromatographic separation was done by 
reverse phase (BEH C18 column, 150 × 2.1 mm, 2.1 m), and col-
umn temperature was maintained at 40°C. A gradient of two buffers 
was used: buffer A (99:1:0.1 water:acetonitrile:formic acid, pH 3) 
and buffer B (99:1:0.1 acetonitrile:water:formic acid, pH 3), as 

follows: 99% A for 0.1 min decreased to 50% A in 30 min, decreased 
to 30% in 5 min, decreased to 0% in 2 min. The flow rate was set to 
0.35 ml min−1. For MS detection, the LockSpray ion source was op-
erated in positive or negative ESI mode under the following specific 
conditions: capillary voltage, 3 kV for negative, 2.5 kV for positive; 
reference capillary voltage, 3 kV; source temperature, 120°C; desol-
vation gas temperature, 550°C; desolvation gas flow, 800 liters hour−1; 
and cone gas flow, 50 liters hour−1. Mass range was set from 50 to 
1500 Da. The collision energy for full MSe was set at 6 eV (low 
energy) and ramped from 20 to 70 eV (high energy), and intelligent 
data capture intensity threshold was set at 5. For data-dependent ac-
quisition (DDA)-MS/MS, the low mass ramp was ramped between 20 
and 40 eV, and the high mass ramp was ramped between 40 and 80 eV. Ni-
trogen (greater than 99.5%) was used as desolvation and cone gas. 
Leucin-enkephalin [250 pg l−1 solubilized in water:acetonitrile 1:1 (v/v), 
with 0.1% formic acid] was used for the lock mass calibration, with 
scanning every 2 min at a scan time of 0.1 s. Profile data were recorded 
through the UNIFI Scientific Information System (Waters). Data 
processing (compound ion detection, alignment, and normaliza-
tion) was performed with Progenesis QI software version 2.4 (Waters). 
Pooled samples were included for data alignment purposes, system 
reproducibility, and DDA-MS/MS generation. Quality control 
samples were included for retention time and mass accuracy stabil-
ity monitoring during sample analysis. All biological samples were 
analyzed at random, and for every sample, a unique “chromatogram” 
was generated (= raw data). To compensate for the exact amount of 
plant material that was extracted for each sample, a normalization 
was performed for all compound ions based on the dry weight of 
each sample. PCA was done on glog transformed and autoscaled 
features through MetaboAnalyst 5.0 (63). The number of com-
pound ions was considered to be different based on Student’s t test 
analysis (P<0.001) and a more than twofold change in abundance. 
All compound ions were matched against external (spectral) data-
bases (including PlantCyC, NPAtlas, and NIST20 MSMS). For phyto-
hormone identification and comparative quantification, OPDA 
and dn- OPDA were further confirmed through authentic standards 
(OPDA: Cayman, no. 88520; dn-OPDA: Cayman, no. 10710).

Yeast two-hybrid assay
The yeast two-hybrid assay was performed as described previously 
(64). Briefly, plasmids encoding the bait (pDEST32) and prey 
(pDEST22) were transformed into the yeast strain PJ69-4, and inter-
actions between proteins were assayed by the mating method.

GUS staining
Plants were grown for the indicated period and fixed in an ice-cold 
80% acetone solution for 3 hours. Samples were washed three times 
with phosphate buffer (14 mM NaH2PO4 and 36 mM Na2HPO4) 
before being incubated in staining buffer [5-bromo-4-chloro-3-
indolyl--d-glucuronic acid (0.5 mg/ml), potassium ferricyanide 
(0.165 mg/ml), potassium ferrocyanide (0.211 mg/ml), EDTA 
(0.585 mg/ml; pH 8), and 0.1% (v/v) Triton-X100, dissolved in 
phosphate buffer] at 37°C between 30 min and 16 hours until suffi-
cient staining was observed.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo7737

View/request a protocol for this paper from Bio-protocol.
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