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Summary

� TCP transcription factors are key regulators of angiosperm cell proliferation processes. It is

unknown whether their regulatory growth capacities are conserved across land plants, which

we examined in liverworts, one of the earliest diverging land plant lineages.
� We generated knockout mutants for MpTCP1, the single TCP-P clade gene in Marchantia

polymorpha, and characterized its function by conducting cell proliferation and morphological

analyses as well as messenger RNA expression, transcriptome, chemical, and DNA binding

studies.
� Mptcp1ge lines show a reduced vegetative thallus growth and extra tissue formation in

female reproductive structures. Additionally, mutant plants reveal increased hydrogen perox-

ide (H2O2) levels and an enhanced pigmentation in the thallus caused by formation of sec-

ondary metabolites, such as aminochromes. MpTCP1 proteins interact redox dependently

with DNA and regulate the expression of a comprehensive redox network, comprising

enzymes involved in H2O2 metabolism.
� MpTCP1 regulates Marchantia growth in a context-dependent manner. Redox sensitivity

of the DNA binding capacity of MpTCP1 proteins provides a mechanism to respond to altered

redox conditions. Our data suggest that MpTCP1 activity could thereby have contributed to

diversification of land plant morphologies and to adaptations to abiotic and biotic challenges,

as experienced by liverworts during early land plant colonization.

Introduction

In multicellular plant development, final organ size and whole
plant body architecture are controlled by the spatiotemporal reg-
ulation of cell proliferation and cell differentiation processes,
integrating the response to environmental stimuli. Angiosperm
stem cell pools reside in meristematic regions of the shoot and
root and maintain indeterminate growth throughout plant life.
The meristematic cell division zone is surrounded by a differenti-
ation region where cell proliferation is terminated through cell
expansion. Determinate and indeterminate growth together gov-
ern plant morphogenesis, requiring a tight linkage and coordina-
tion.

The plant-specific TCP transcription factors (TFs) exert cru-
cial regulatory functions in diverse developmental processes.
Based on sequence similarity of the DNA-binding TCP domain,
TCP genes group into the TCP-P (class I) and TCP-C (class II)
clades (Martin-Trillo & Cubas, 2010). Analysis of TCP genes,
particularly TEOSINTE BRANCHED1 (TB1) and CYCLOIDEA
(CYC), revealed a contribution to the evolution of novel plant

morphologies. TB1 from the TCP-C clade is a key regulator for
apical dominance during the domestication of maize (Zea mays)
by repressing the outgrowth of axillary meristems (Doebley et al.,
1997). The TCP-C gene CYC from Antirrhinum mediates floral
zygomorphy, an evolutionary novelty, by activating and repress-
ing growth processes in dorsal petals and the dorsal stamen,
respectively (Luo et al., 1996). TCP-C genes belonging to the
CINCINNATA (CIN) clade have a negative effect on cell prolif-
eration during leaf development by modulating the switch from
cell proliferation to cell differentiation, ensuring the formation of
a plane leaf surface in Antirrhinum and Arabidopsis (Nath et al.,
2003; Palatnik et al., 2003; Efroni et al., 2008; Alvarez et al.,
2016). However, during petal development, CIN also activates
cell proliferation in Antirrhinum (Crawford et al., 2004). TCP-P
genes were shown to function predominantly as positive growth
regulators. AtTCP14 and -15 from Arabidopsis redundantly pro-
mote cell proliferation in young internodes; however, they also
repress cell proliferation in leaf and floral tissues (Kieffer et al.,
2011). Thus, TCP genes can either promote or repress cell divi-
sion depending on the given tissue or organ context.

TCP genes also gained attention for their impact on pigment
synthesis in Arabidopsis. The TCP-C clade gene AtTCP3*These authors contributed equally to this work.
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enhances flavonoid synthesis in Arabidopsis seeds and seedlings
(Li & Zachgo, 2013). On the other hand, the TCP-P gene
AtTCP15 restricts the expression of flavonoid biosynthesis genes,
which occurs under short periods of high light. The repression is
abolished under extended high light conditions, which is medi-
ated by a redox-dependent modulation of the AtTCP15 protein
activity, leading to the production of protective pigments and an
adaptive stress response (Viola et al., 2016).

During plant terrestrialization, likely c. 500 million yr ago
(Ma) in the Cambrian–Early Ordovician period (Morris et al.,
2018), streptophyte ancestors of land plants were exposed to
novel stresses, such as high irradiance, drought, and rapidly
changing temperatures (de Vries & Archibald, 2018). In aquatic
habitats of streptophytes, ultraviolet (UV) radiation is attenu-
ated by water (H2O), reducing exposure of harmful UV-B radi-
ation (Maberly, 2014). UV-B light leads to the formation of
reactive oxygen species (ROS), causing damage to membranes,
proteins, and DNA (Hideg et al., 2013), and the acquirement
of traits conferring UV-B light resistance was advantageous for
colonizing the new dry habitat. Land plants produce a broad
range of protective secondary metabolites, particularly through
the phenylpropanoid pathway (PPP; Vogt, 2010). The PPP
generates a diverse group of flavonoids, and these antioxidants
are known to function as ROS scavengers and as a sunscreen
against UV-B radiation (Jansen et al., 1998; Hideg et al., 2013).
TCP TFs emerged in streptophyte algae (Navaud et al., 2007;
Nishiyama et al., 2018), which already possess several flavonoid
synthesis genes (de Vries et al., 2017). The genome of the basal
land plant Marchantia encodes the core of flavonoid biosynthe-
sis enzymes (Bowman et al., 2017), and Marchantia was shown
to form protective flavonoid pigments in response to stress
(Albert et al., 2018).

Whereas redundant TCP activities often hamper their analysis
in angiosperms, genome analysis of the liverwort Marchantia
polymorpha revealed the presence of only a single TCP-P
(MpTCP1) and TCP-C (MpTCP2) gene in this basal land plant
(Bowman et al., 2017). We show that loss of MpTCP1 leads to
decreased thallus growth through reduced cell proliferation, indi-
cating a conserved, ancestral TCP-P function in growth regula-
tion. In addition, MpTCP1 regulates a complex network of ROS
producing and removing enzymes, modulating hydrogen perox-
ide (H2O2) levels. It is known that exposure to stress is often
accompanied by reduced cell proliferation and retarded growth.
ROS have long been recognized for their roles in mediating stress
response and are recently gaining increasing attention for their
roles in development (Schippers et al., 2016; Mittler, 2017;
Mhamdi & Van Breusegem, 2018; Noctor et al., 2018; Waszczak
et al., 2018). The molecular mechanisms, governing stress and
developmental processes, however, remain thus far largely
unknown. Here, we demonstrate that loss of MpTCP1 activity
leads to the accumulation of specialized and likely protective pig-
ments, such as aminochrome (ac) and two derivatives. Together
with an observed redox-dependent DNA binding of MpTCP1,
our data suggest that MpTCP1 proteins can sense ROS changes
and mediate adaptive regulatory responses to novel conditions
experienced during the conquest of land.

Materials and Methods

Marchantia growth and transformation

Analyses were carried out with M. polymorpha ssp. ruderalis, eco-
type BoGa, obtained from the Botanical Garden of Osnabr€uck,
Germany. Sterile plant cultivation, induction of reproductive
structures, and sporeling transformation were conducted accord-
ing to Althoff et al. (2014).

Generation of transgenic knockout lines

A double CRISPR/Cas9 approach was carried out to delete
c. 2.3 kb from the MpTCP1 locus, including the complete coding
sequence (CDS; Supporting Information Fig. S1). Two synthetic
guide RNAs (gRNA1, 50-ATGAAACACTGGATAGCTG
ATGG-30, and gRNA2, 50-GATTGGTTAAATGATAAGC
GTGG-30; Fig. S1), binding in the 50 and 30 untranslated regions
(UTRs), respectively, were generated. Cloning was conducted as
described (Sugano et al., 2018) using pMpGE_En03,
pMpGE010 for gRNA1, and pMpGE011 for gRNA2 (Addgene
entry nos. 71535, 71536, 71537). Agrobacterium-mediated
sporeling transformation was performed using both gRNA-con-
taining vectors, and transgenic T1 lines were screened via selec-
tion with 100 lg ml�1 cefotaxime, 10 lg ml�1 hygromycin,
0.5 lM chlorosulfuron, and sequencing. The three female lines
Mptcp1-1ge, Mptcp1-2ge and Mptcp1-3ge were used for further
analysis (Fig. S1).

RNA sequencing

For RNA sequencing (RNA-Seq), total RNA was isolated from
23-d-old wild-type and Mptcp1ge thallus as described in Busch
et al. (2014). Library preparation, including polyA enrichment
and sequencing of 150 nt paired-end reads on the Illumina HiSeq
3000-platform, was performed at the Max Planck Genome Cen-
ter, Cologne. Sequence datasets were deposited at the Short Read
Archive database at the National Center for Biotechnology Infor-
mation under project PRJNA551935. Quality and adapter-
trimmed paired-end reads were mapped to theM. polymorpha ref-
erence genome using STAR (v.2.5.3a). The read counts for each
gene were estimated using RSEM (v.1.3.0). Reference genome and
annotation were downloaded from marchantia.info. The R pack-
age DESEQ2 was used for statistical testing of pairwise comparison
of the samples. Expression data are based on three independent
wild-type lines and Mptcp1-1ge, Mptcp1-2ge, and Mptcp1-3ge.
Functional annotation of gene accessions was downloaded from
marchantia.info. Further analysis was done on differentially
expressed genes (DEGs) with a minimum fold change of 2 and an
adjusted P-value of < 0.0001 from comparisons of Mptcp1ge vs
wild-type plants. Gene Ontology (GO) term enrichment analysis
was conducted with AGRIGO v.2 (bioinfo.cau.edu.cn/agriGO/;
Tian et al., 2017) using standard settings. Significantly enriched
GO terms (false discovery rate FDR < 0.05) were visualized as
word cloud using WORDLE (www.wordle.net), where the weight of
terms was defined as�log10 of the FDR.
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In situ hybridization

For preparation of MpTCP1 antisense probe, a 2507 nt long
PCR template was generated from thallus complementary DNA
comprising the complete CDS. MpH4 (Mapoly0214s0009.1)
template preparation and analysis of sections and whole mount
tissue from 5-d-old gemmae were performed as described by
Althoff et al. (2014) and Busch & Zachgo (2007). All primer
sequences are given in Table S1.

Morphological analyses

For scanning electron microscopy, material was fixed (2%
formaldehyde, 5% acetic acid, 54% ethanol) for 48 h at 4°C,
washed, and dried in a series of increasing ethanol solutions.
Material was critical-point dried in CO2 using a CPD030 (Bal-
Tec AG, Balzers, Liechtenstein) and sputter coated (K575X;
Quorum Emitech, Quorum Technologies, Ringmer, UK).
Microscopy was performed with a Zeiss Auriga scanning electron
microscope. Pictures were taken from at least eight gemmae from
three wild-type and Mptcp1ge plants after 0, 1, 5, 9 and 12 d of
cultivation. Surface areas were measured with IMAGEJ (FIJI
v.2.0.0-rc-59/1.51n) and mean values of each line were averaged.
To measure the surface area of epidermal thallus cells, thallus
pieces from 40-d-old plants were fixed (4% formaldehyde, 0.1 M
phosphate buffer pH 7.2, 0.1% Tween-20) overnight, washed
and cleared in 70% ethanol. Cell sizes were determined micro-
scopically from thallus pieces, cut from the midrib region, adja-
cent to the first dichotomous branch-point, placed between a
glass slide and cover slip. Average cell sizes are derived from
Mptcp1-1/2/3ge and from two independent wild-type lines. For
each line, cell sizes were measured from three plants, and averages
are based on at least 200 cells per plant. Overall growth and cell
size differences were statistically evaluated by Student’s t-test
using SPSS v.23.0 (SPSS Inc., Chicago, IL, USA). For pigment
visualization, thallus halves of 22-d-old plants were cleared with
70% methanol (MeOH). Pictures were taken with a Leica (Wet-
zlar, Germany) M165FC or CTR5000 and the DFC490 camera.

5-Ethynyl-20-deoxyuridine staining

For detection of dividing nuclei, the Click-iTTM EdU Alexa Flu-
orTM 488 Imaging Kit (Life Technologies, Eugene, OR, USA)
was used. The modified nucleoside 5-ethynyl-20-deoxyuridine
(EdU) was incorporated into DNA during S-phase and detected
after covalent binding to a fluorescent dye. Nine-day-old gemmae
from wild-type and Mptcp1ge lines, grown on ½ Gamborg
medium on a cellophane disc, were processed as described by
Furuya et al. (2018), without propidium iodide staining of cell
walls. Stacks of images from apical notches were taken with the
Zeiss Laser Scanning Microscope 510 META mounted with a
910 objective. Images were taken from upper to lower sample
surface with 2 lm increments. Nuclei were counted for each stack
using the IMARIS (v.9.2) spot counting tool. Average nuclei num-
bers are based on data from two wild-type and Mptcp1-2ge and
Mptcp1-3ge lines. For each line, stained nuclei in apical notches

were counted from thallus halves for a minimum of eight gem-
mae. Significances were estimated using Student’s t-test.

Metabolome analysis

Three wild-type and Mptcp1-1/2/3ge lines were grown for 22 d
under standard conditions and sampled in liquid nitrogen. For
analysis of phenylpropanoids, ac, and ac derivatives, we used
MeOH : H2O (1 : 1) with 0.05% formic acid to extract red pig-
ments. For each line, frozen plant material was ground in a
Geno/Grinder (SPEX SamplePrep, Metuchen, NJ, USA) at
1100 rpm for 29 45 s and extracted with 1 ll extraction solution
per milligram plant tissue (FW) in an ultrasound bath for 15 min
at room temperature. For extraction of riccionidin (Fig. S2), the
extraction solution was composed of 80% MeOH in water with
1% hydrochloric acid. All samples were analyzed using a high-
performance liquid chromatography-diode array detector–high
resolution mass spectrometry (HPLC-DAD–HRMS) system
composed of an Agilent 1200 Series high-performance liquid
chromatograph coupled to a Bruker maXis ESI-qTOF mass spec-
trometer. The chromatographic separation was carried out in an
EC 250/4.6 mm Nucleodur Sphinx RP, 5 lm column
(Macherey-Nagel, D€uren, Germany), using H2O with 0.1%
formic acid (solvent A) and MeOH : acetonitrile (3 : 4) with
0.1% formic acid (solvent B). Two different approaches were
used to analyze the extracts. For the metabolomic analyses of
phenylpropanoids, ac, and ac derivatives, we used the following
chromatographic gradient: 1.5–15% B in 16.5 min and 15–100-
% B until 56.5 min and ionization in both positive and negative
modes. For detection of riccionidin (Fig. S2; Methods S1) the
chromatographic separation was carried out using a shorter gradi-
ent: 30–100% of solvent B in 10 min and samples were analyzed
in the positive mode.

H2O2 measurement and 30-diaminobenzidine staining

A potassium iodide (KI) assay was conducted for colorimetric
determination of the H2O2 content using the NanoPhotometer
NP80 (Implen, M€unchen, Germany) (Junglee et al., 2014).
Three wild-type and Mptcp1-1/2/3ge lines were analyzed at 9 and
23 d after germination (DAG). For 30-diaminobenzidine (DAB)
staining, gemmae at 3 and 11 DAG were incubated in a
0.5 mg ml�1 DAB staining solution for 20 min on a rotary
shaker, including 3 min preincubation under vacuum for gem-
mae at 11 DAG. Gemmae were washed in distilled H2O imme-
diately after incubation, with subsequent removal of Chl in 70%
ethanol.

In vitro DNA binding assay

Protein generation and redox electrophoretic mobility shift assay
(EMSA) studies were carried out according to Gutsche et al.
(2017). Probes containing two repeats of site IIb
(ACTCCATGGTCCCACCCATGGTCCCAC) and site IIa
binding motifs (GGTGGGCCCGTAGGTGGGCCCGTA),
similar to Kosugi & Ohashi (1997), and their mutagenized
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versions, site DIIb (ACTCCATGGTCGAACCCATGGTCGA
AC) and site DIIa (GGTGGGCGAGTAGGTGGGCGAGTA),
were analyzed (binding motifs underlined). Purchased oligonu-
cleotides are 50 labeled with 6-carboxyfluorescin (Sigma-Aldrich).
The CDS of MpTCP1 and MpTCP1C131S were amplified with
primers containing SalI (50) and HindIII (30) restriction sites and
cloned into the pMAL-c5X vector (New England Biotech,
Ipswich, MA, USA), resulting in N-terminal fusions to the mal-
tose binding protein (MBP). Exchange from Cys131 to serine
(Ser) in MpTCP1C131S was generated with site-specific mutage-
nesis PCR using internal primers. Experiments were repeated at
least three times using 500 ng of purified MpTCP1 protein
added to 0.4 pmol of each DNA binding motif. Reducing
sodium dodecyl sulfate polyacrylamide gel electrophoresis analy-
sis was performed to ensure successful protein purification
(Fig. S3; Methods S1).

Protein alignment

TCP-P sequences were obtained from databases provided by PHY-

TOZOME v.12.1 (phytozome.jgi.doe.gov), OneKP (db.cngb.org/
onekp/), OrcAE (bioinformatics.psb.ugent.be/orcae), and Mar-
polBase (marchantia.info), and TCP domains were aligned manu-
ally. Amborella trichopoda Amtr_sc00069.147; Arabidopsis
thaliana At1G69690; Cosmarium subtumidum Cs_WDGV
2052871; Chara braunii g6552; Oryza sativa LOC_Os
12 g07480.1; Picea abies Pa_contig25122; Physcomitrella patens
Pp3c3_24664V3; Selaginella moellendorffii Sm_404061.

Results

MpTCP1 controls thallus growth

To analyze the function of the single TCP-P gene MpTCP1 from
Marchantia (Bowman et al., 2017), we generated Mptcp1ge

knockout plants applying the CRISPR/Cas9 system (Sugano
et al., 2018). The MpTCP1 coding sequence was deleted using
two guide RNAs that target the MpTCP1 locus in the 50 and 30

UTRs (Fig. S1a,b). Three knockout lines, Mptcp1-1ge, Mptcp1-
2ge and Mptcp1-3ge, were further investigated, and all revealed
stable phenotypes during several rounds of vegetative propaga-
tion. Mptcp1ge plants showed a reduced thallus growth compared
with wild-type plants (Fig. 1a,b). The optical surface areas of
developing gemmae were determined over the course of 0–
12 DAG. Already at 0 DAG Mptcp1ge gemmae were 1.2-fold
smaller than wild-type gemmae (Fig. 1c; Table S2). Compared
with wild-type gemmae, the size difference increased during fur-
ther development, and at 9 DAG and 12 DAG the Mptcp1ge

gemmae were 2.4- and 3.3-fold smaller, respectively. Mutant
thallus lobes start to bend upwards 12 DAG, impeding size deter-
mination at later stages.

By applying the transcription activator-like effector nucleases
(TALEN) method (Kopischke et al., 2017), additional Mptcp1ge

mutants were generated that all show the same reduced thallus
growth phenotype (Fig. S1c,d). Mptcp1ge lines expressing
MpTCP1 under the ubiquitous Marchantia elongation factor 1a

(MpEF1a)-promoter (Althoff et al., 2014) show a wild-type-like
thallus growth (Fig. S1e), supporting a growth-promoting activ-
ity of MpTCP1. To investigate whether this function is realized
by modulation of cell size or cell division, epidermal thallus cell
sizes were measured close to the first dichotomous branch point
from 40-d-old Mptcp1-1/2/3ge lines and compared with those of
two wild-type lines. Mptcp1ge plants formed c. 1.2-fold larger
cells than wild-type lines (Fig. 1d; 2895� 634 lm2 vs
2447� 509 lm2), suggesting that smaller Mptcp1ge mutant thal-
lus growth is caused through a difference in cell proliferation. To
quantify cell division differences, S-phase cells in the apical
notch, the area of meristematic activity, were visualized applying
EdU staining (Furuya et al., 2018) in two wild-type and Mptcp1ge

lines. Microscopic analysis of EdU-stained meristematic regions
was feasible in gemmae till 9 DAG, but thereafter it was ham-
pered by increasing three-dimensional tissue complexity.
Labelling of S-phase cells at 9 DAG is reduced in the apical
notches of mutants compared with wild-type plants (Fig. 1f,g).
Quantification of nuclear signals revealed that Mptcp1ge plants
possess c. 2.4-times fewer dividing cells in the apical notch region
(647� 35) than wild-type plants (1521� 135) do (Fig. 1e). Our
data show that MpTCP1 has a positive effect on thallus growth
through the promotion of cell proliferation.

MpTCP1 is expressed in the apical notch

To determine where MpTCP1 exerts its activity, the MpTCP1
mRNA expression pattern was detected and compared with that
of Histone 4 from Marchantia (MpH4), a marker for S-phase cells
(Althoff et al., 2014). Serial thallus cross-sections through the api-
cal notch region were hybridized with MpTCP1 and MpH4
antisense probes (Fig. 2a,b). MpTCP1 expression was detected in
the apical notch (Fig. 2a) and overlaps with the area of MpH4
expression (Fig. 2b), revealing that MpTCP1 is expressed in
meristematic regions with cell division activity. To visualize the
expression pattern of MpTCP1 in intact apical notches, whole-
mount in situ hybridization was performed on young gemmae at
5 DAG. The expression of MpTCP1, as well as of MpH4,
encompasses the apical notch region (Fig. 2c,d), further support-
ing that MpTCP1 expression occurs in proliferating tissues. In
gemma cups (Fig. 2e,f), MpTCP1 is strongly expressed in young
and growing vegetative propagation units, the gemmae (Fig. 2e),
and overlaps with MpH4 expression (Fig. 2f), indicating cell divi-
sion activity. In older gemmae, where cell proliferation has likely
ceased, MpTCP1 and also MpH4 expression decreases. Together,
our in situ hybridization data support an MpTCP1 function in
thallus growth promotion through a positive effect on cell prolif-
eration in apical notches.

MpTCP1 exerts a function in archegoniophore develop-
ment

To investigate the MpTCP1 function in reproductive structures,
formation of archegoniophores, the female reproductive organs,
was induced by far red light in the three female Mptcp1ge and
three female wild-type lines. In wild-type archegoniophores, the
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capitulum forms about nine regularly shaped rays on an elon-
gated stalk (Fig. 3a; Shimamura, 2016). Groups of archegonia
are arranged between these rays at the bottom of the capitulum
and are surrounded by involucres, a protective tissue (Fig. 3a,c,e).
Contrarily, rays from Mptcp1ge archegoniophores are irregular in
size and shape. The Mptcp1ge stalk length is reduced, and addi-
tional archegoniophores can develop beneath the rays (Figs 3b,
inset, S4a,c). In early Mptcp1ge archegoniophore development,
accessory tissue is formed at the bottom of the capitulum
(Fig. 3d,f) that produces air pores (Fig. 3f, arrowhead), a dorsal
characteristic. These tissues likely develop further into rays or
additional archegoniophores. Abnormal archegoniophores bear-
ing secondary archegoniophores have also been observed in natu-
ral M. polymorpha populations (Terui, 1975). Microtome

sections support the observation that additional tissues form at
the bottom of the Mptcp1ge capitula, enclosed in structures that
resemble involucres (Fig. 3b). Differently from wild-type plants,
pin-like structures can also emerge from the center of Mptcp1ge

capitula (Fig. 3b, arrowheads). TALEN-generated Mptcp1ge

plants develop similar archegoniophores (Fig. S4d). Antisense
messenger RNA (mRNA) probes of MpTCP1 and MpH4 were
hybridized to longitudinal sections of wild-type archegonio-
phores. MpTCP1 is expressed in the lower region of the capitu-
lum tissue in a few cell layers above newly formed archegonia,
proximal to the stalk (Fig. 3g). MpH4 transcript is also restricted
to these cell layers, indicating regions of cell proliferation
(Fig. 3h). Mutant phenotype and expression analysis imply that,
in contrast to a positive role of MpTCP1 on thallus growth

(a) (b)

(c) (d) (e)

(f) (g)

Fig. 1 MpTCP1 has a positive effect on
thallus growth via promotion of cell
proliferation inMarchantia polymorpha.
Thallus of (a) wild-type (WT) and (b)
Mptcp1-3ge plants 28 d after germination
(DAG). The boxed region in (a) indicates an
apical notch region. (c) The average surface
area of complete gemmae was calculated
from four WT and the three Mptcp1-1/2/3ge

knockout lines after 0, 1, 5, 9, and 12 d of
growth. (d) Average epidermal cell sizes of
twoWT and Mptcp1-1/2/3ge lines,
measured adjacent to the first dichotomous
branch point, indicated with an arrow in WT
(a) and Mptcp1ge (b), at 40 DAG. (e)
Proliferating cells were detected by 5-
ethynyl-20-deoxyuridine (EdU) staining of
dividing nuclei in apical notches of gemmae
at 9 DAG and counted. Representative
projections of image stacks are shown from
(f) WT and (g) Mptcp1-3ge EdU-stained
apical notches. Bars: (a) 1 cm; (f, g) 100 lm.
All error bars display � SD, and P-values
were determined by Student’s t-test (**,
P < 0.01; ***, P < 0.001).
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through the promotion of cell proliferation, MpTCP1 restricts
cell proliferation in female reproductive structures and prevents
the development of extra archegoniophore tissue. In antheridio-
phores, the male reproductive structures, less severe developmen-
tal abnormalities were observed. Similar to mutant
archegoniophores, stalk growth is reduced, and occasionally an
extended growth of a few lobes (Fig. S4b,e,f) was observed, which
is in compliance with a lower MpTCP1 mRNA expression dur-
ing the development of these structures (Fig. S5).

Analysis of the MpTCP1-controlled downstream network

To gain insight into the molecular processes controlled by
MpTCP1, we sequenced 23-d-old thallus transcriptomes from
three wild-type and the three Mptcp1ge lines. Applying a fold
change ≥ 2 and an adjusted P-value < 0.0001, 876 deregulated
genes were identified, of which 426 genes were activated and 450
genes repressed by MpTCP1.

Enriched GO terms were determined to detect commonalities
amongst the DEGs. This identified in the category biological
process the GO term oxidation reduction process as the most signifi-
cantly enriched DEG group (Fig. 4a), which comprises several
genes with a known activity in H2O2 metabolism and transport
(Tables 1, S3a). H2O2 is a key ROS and potentially toxic, but
there is growing support that H2O2 exerts crucial roles in signal-
ing and also in developmental processes (Tsukagoshi, 2016; Mit-
tler, 2017; Mhamdi & Van Breusegem, 2018; Waszczak et al.,
2018). The largest group of DEGs comprises class III peroxidases
(PRXs), the expression of 25 of these PRXs being downregulated

and seven being upregulated by MpTCP1 activity. Apoplastic
class III PRXs are key antioxidant enzymes that reduce H2O2

molecules to H2O. However, substrate dependently, they also
generate superoxide radicals (O·�

2 ), which can spontaneously dis-
mutate to H2O2 (Francoz et al., 2015; Shigeto & Tsutsumi,
2016). Additionally, a copper-containing amine oxidase and two
polyamine oxidases, known to generate H2O2 (Tavladoraki et al.,
2016), are upregulated in Mptcp1ge mutants. Expression of a sin-
gle catalase (CAT) gene, known to be an integral part of the plant
antioxidative system for conducting the dismutation of H2O2 to
water (Mhamdi et al., 2010), is approx. nine-fold repressed. Fur-
thermore, two dehydroascorbate reductases (DHARs), which
constitute a class of glutathione S-transferases counteracting oxi-
dizing conditions (Dixon & Edwards, 2010) are downregulated.
Besides these enzymes involved in ROS metabolism, a group of
nine aquaporin transporters, comprising plasma membrane
intrinsic protein and tonoplast intrinsic protein homologues, are
between c. 2- and c. 21-fold upregulated in Mptcp1ge lines. Aqua-
porins not only mediate the transport of H2O across cell mem-
branes but also facilitate the diffusion of H2O2 into the
cytoplasm (Hooijmaijers et al., 2012; Bienert & Chaumont,
2014).

Comparison of H2O2 levels by KI staining of 12- and 23-d-
old wild-type and Mptcp1ge thalli detected an increased H2O2

content in mutant thalli (Fig. 4b). Additional H2O2 visualization
by DAB staining identified a stronger staining in Mptcp1ge gem-
mae at 3 and 11 DAG compared with wild-type lines, including
the apical notches, where MpTCP1 mRNA expression was
detected (Fig. 2c,d). In order to determine whether increased

(a) (b)

(c) (d)

(e) (f)

Fig. 2 MpTCP1 is expressed in regions of cell
proliferation in vegetative tissue. (a, b) Serial
cross-sections through apical notch regions
of Marchantia thalli were hybridized with (a)
MpTCP1 and (b) MpH4 antisense probes. (c,
d) Whole mount in situ hybridization with 5-
d-old gemmae detecting (c) MpTCP1 and (d)
MpH4 expression. (e, f) Serial cross-sections
through a gemma cup revealing (e) MpTCP1
and (f) MpH4 expression. Bars: (a, b, e, f)
100 lm; (c, d) 250 lm (insets, 100 lm).
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H2O2 levels cause a thallus growth response in wild-type plants,
gemmae were cultivated on medium supplemented with 3-
amino-1,2,4-triazole (3-AT) till 9 DAG. 3-AT is known to
specifically block catalase activity (Havir, 1992; Zeng et al., 2017)
and caused a 1.9-fold H2O2 increase in these gemmae (Fig. S6a).
In addition, we determined a growth defect, as 3–17 DAG the
gemmae reveal a 1.7- to 2.3-fold size reduction compared with
untreated gemmae of the same age (Fig. S6b; Table S4). These
data indicate that elevated H2O2 levels exert a negative effect on
thallus growth. Together, these observations support a function
for MpTCP1 in maintaining a proper ROS balance required for
normal Marchantia thallus growth and development.

Comparison of archegoniophore transcriptomes and H2O2 levels
did not indicate a participation of redox processes in governing
the overproliferation phenotype observed in archegoniophores
(Fig. S7a).

MpTCP1 represses violet pigment production in the thallus

When grown under standard light conditions, Mptcp1ge plants
produce violet pigment along the ventral midrib region, which
was barely visible in wild-type plants (Fig. 5a). We hypothesized
that this pigment could be related to riccionidin, an anthocyani-
din, whose synthesis has been shown to be enhanced under stress

(a) (b)

(c) (d)

(g) (h)

(e) (f)

Fig. 3 MpTCP1 affects Marchantia
archegoniophore development. (a) Wild-
type (WT) capitulum where the lower part of
the stalk was removed from the
archegoniophore (left) and a longitudinal
section through a complete archegoniophore
(right). (b) Mptcp1-3ge archegoniophore
with irregularly formed rays (left), where one
ray was removed to exhibit a secondarily
formed archegoniophore (arrow) shown in
the inset and longitudinal section through
Mptcp1-3ge archegoniophore (right). Pin-
formed tissue can emerge from the dorsal
center of the capitulum (arrowheads) that is
formed on a truncated stalk. (c–f) Scanning
electron microscope images of WT and
Mptcp1-3ge archegoniophores. (c) Bottom
view of WT capitulum with involucres
enclosing archegonia. (d) Side view on
Mptcp1-3ge capitulum. Some rays were
removed to visualize additionally formed
tissue, indicated by arrows. (e) WT
archegonia developing between two rays,
enveloped in involucres. (f) Close-up of (d)
showing newly emerged tissue that forms air
pores (arrowhead). (g, h) Serial longitudinal
sections throughWT archegoniophores were
hybridized with (g) MpTCP1 and (h) MpH4
antisense RNA probes. Arrows indicate
MpTCP1 expressing cell layers. a,
archegonia; i, involucre. Bars: (a, b) 2mm
(left), 500 lm (right), 500 lm (inset); (c–f)
200 lm; (g, h) 100 lm.
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conditions (Albert et al., 2018). The red pigment produced in
Mptcp1ge plants was recovered and analyzed by HPLC-DAD–
HRMS (Fig. 5b). In a UV chromatogram, three peaks were
higher in Mptcp1ge than in wild-type plants (Fig. 5b). UV spectra
related to these peaks revealed a maximum absorption at
c. 300 nm (Fig. 5c), suggesting that the compounds are unlikely
related to riccionidin (Kunz et al., 1994; Albert et al., 2018).
Additionally, molecular masses of the three major compounds
(m/z 166.0865, 150.0551, 180.0657; Fig. 5c; Table S5) were
much smaller than expected for riccionidin (Kunz et al., 1994;
Albert et al., 2018) (see Fig. S2). The UV profiles and mass
ranges are very similar to tyrosine oxidation products reported by
Dagnino-Subiabre et al. (2000) and Cui et al. (2017). Based on
the UV absorbance and HRMS data, we propose that the com-
pound related to peak 2 is aminochrome (ac), a tyrosine oxida-
tion product, and compounds related to peaks 1 and 3 are ac
derivatives, which we accordingly refer to as ac-derivative 1 and
ac-derivative 3. Relative quantification revealed that ac, ac-deriva-
tive 1, and ac-derivative 3 are 8.9-, 11.0- and 13.2-fold, respec-
tively, more abundant in Mptcp1ge than in wild-type thalli
(Fig. 5d; Table S5). Thus, MpTCP1 represses the synthesis of ac
and its derivatives, which have known functions in the formation
of neuromelanine in animals (Munoz et al., 2012), but to date no
function has been described for these compounds in plants. In
walnut, levels of the ac derivative 5,6-dihydroxyindole signifi-
cantly decreased upon silencing of the single polyphenol oxidase
(PPO; Araji et al., 2014), a copper-containing enzyme capable of
monophenol hydroxylation to o-diphenols as well as oxidation of
o-diphenols to o-quinones (Li et al., 2010; Araji et al., 2014;
Solano, 2014). PPOs are involved in ac synthesis by oxidation of
the phenolic tyrosine ring, the starting substrate in this reaction.

The increased amount of these three acs in Mptcp1ge plants is in
line with the observed three- to even 335-fold upregulation of 20
PPOs in Mptcp1ge mutants (Tables 1, S3a). The HRMS, UV,
and transcriptomic data strongly suggest that the red pigments
are related to acs. A definite chemical identification of these pig-
ments could be achieved by NMR studies or comparison with
standards. Comparative HPLC-DAD–HRMS analyses show that
riccionidin is not present in high amounts in Mptcp1ge thallus
and, thus, likely does not make a major contribution to the
observed red pigmentation phenotype of the mutants (Fig. S2).

Furthermore, we detected an increase of three additional com-
pounds, which absorb light between 280 and 340 nm and likely
derive from the phenylpropanoid pathway (PPP) (Table S5).
Supportively, RNA-Seq analysis detected three upregulated genes
encoding for relevant enzymes in Mptcp1ge plants (Tables 1, S3a):
3-deoxy-D-arabino-heptulosonate-7-phosphate synthase, an
enzyme from the shikimate pathway, feeds the starting substrate
phenylalanine into the PPP; a cinnamate 4-hydroxylase, which
catalyzes the aromatic hydroxylation to form 4-coumarate in
flavonoid biosynthesis (Vogt, 2010); and a member of the
Marchantia chalcone synthase (CHS) family, whose single homo-
logue TRANSPARENT TESTA 4 in Arabidopsis catalyzes the
committing step of flavonoid biosynthesis (Yin et al., 2012). Our
metabolic analysis proposes that MpTCP1 represses the forma-
tion of a comprehensive portfolio of pigments and secondary
compounds from different metabolic pathways in the thallus,
amongst them even some that are not commonly observed in
plants. In Mptcp1ge archegoniophores, no pigment formation was
observed (Fig. S7b). One CHS and one PPO were downregu-
lated upon loss of MpTCP1 (Fig. S7c), indicating, as described
for the growth control, a tissue-dependent MpTCP1 regulatory
activity.

MpTCP1 proteins bind DNA redox dependently

Given our observation that MpTCP1 regulates genes involved in
redox regulation processes, we investigated whether the DNA
binding capacity of the MpTCP1 protein is also redox regulated.
Recently, Viola et al. (2013) identified a conserved cysteine (Cys)
at the start of the first helix in the TCP domain of TCP-P pro-
teins and demonstrated that the respective Cyses of several
Arabidopsis TCP-P proteins mediate a redox-sensitive DNA
binding. A comparison of TCP-P domain sequences from evolu-
tionary informative representatives including algae, basal plants,
and higher land plants (Fig. 6a) also identified a conserved Cys in
MpTCP1 at amino acid position 131 (Cys131, Fig. S1a). It was
shown earlier that the TCP domain mediates binding of TCP
TFs to conserved DNA recognition elements, so-called site IIa
and site IIb motifs (Kosugi & Ohashi, 1997, 2002). We per-
formed EMSAs to investigate whether the Marchantia TCP-P
also binds to the consensus TCP binding sites and to determine
the effects of redox changes. MpTCP1 proteins were expressed in
Escherichia coli as fusion proteins with the MBP, lacking Cys
residues. We tested fluorophore-labeled probes comprising two
site IIb and two site IIa binding motifs in addition to their
respective mutagenized versions (Fig. 6b) (Kosugi & Ohashi,

(a)

(b) (c) (d)

Fig. 4 MpTCP1 regulates redox processes inMarchantia polymorpha. (a)
Gene Ontology (GO) enrichment word cloud (category biological process)
of deregulated genes detected by thallus transcriptome comparison (fold
change ≥ 2; adjusted P-value < 0.0001) between 23 DAGMptcp1ge and
wild-type (WT) plants. Font size corresponds to significance of GO terms.
FRD, false discovery rate. (b) Determination of hydrogen peroxide (H2O2)
in extracts from 12 and 23 DAGWT and Mptcp1ge thalli using potassium
iodide staining. Average values are derived from three independent
measurements of three WT and the three Mptcp1ge lines. Error bars
display � SD, and P-values were determined by Student’s t-test (**,
P < 0.01; ***, P < 0.001). (c, d) Visualization of H2O2 by 3

0-
diaminobenzidine staining in gemmae of WT and Mptcp1-2ge plants at
(c) 3 DAG and (d) 11 DAG. Bars, 1 mm.
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1997). Whereas the MBP protein alone does not interact with
the motifs, MpTCP1 binds to site IIa and site IIb motifs. For
both motifs, nucleotide exchanges in the core binding sites abol-
ish an interaction with DNA (Fig. 6c), supporting specificity of
MpTCP1 binding. Next, binding sensitivity of MpTCP1 was
tested under different redox conditions. MpTCP1 was incubated
with a reducing (0.9 mM dithiothreitol (DTT)) or oxidizing
(2 mM diamide) reagent before incubation with the motifs.
MpTCP1 binds to both motifs under reducing conditions,
whereas oxidizing conditions abolished interactions (Fig. 6d),
which could be reversed under highly reducing conditions
(20 mM DTT; Fig. 6d). The impact of Cys131 on the redox-de-
pendent binding of MpTCP1 was determined by replacing
Cys131 by a Ser (MpTCP1C131S). MpTCP1C131S was no
longer sensitive to altered redox changes and bound to both
motifs under reducing and oxidizing conditions (Fig. 6e). Our
data support a redox modulation of the MpTCP1 protein activ-
ity, which affects its DNA binding capacity and is mediated by a
highly conserved Cys in the TCP domain.

Discussion

The TCP-P TF MpTCP1 regulates cell proliferation context
dependently

TCP genes are key regulators known to control cell prolifera-
tion in angiosperms, for which the classical assumption has
been that TCP-P genes promote and TCP-C genes repress cell
proliferation. Here, we show that the single TCP-P gene
MpTCP1 exerts a context-dependent regulatory function in the
basal land plant M. polymorpha. MpTCP1 promotes cell

proliferation in apical notches, meristematic areas of vegetative
thallus tissues. Contrarily, during reproductive organ develop-
ment, MpTCP1 represses tissue proliferation. Several
angiosperm studies have shown a context-dependent TCP reg-
ulatory capacity. The TCP-C CIN gene from Antirrhinum con-
versely controls cell division of petals and leaves (Nath et al.,
2003; Crawford et al., 2004). Likewise, the Arabidopsis TCP-P
genes AtTCP14 and -15 promote cell division in young inflo-
rescence internodes and embryos, whereas they repress prolifer-
ation in developing leaves (Kieffer et al., 2011) and similarly,
AtTCP20 overexpression studies also support context-depen-
dent TCP-P activities (Herve et al., 2009). Angiosperm TCP
proteins are known to bind to DNA as dimers and predomi-
nately interact with members from their own TCP group
(Kosugi & Ohashi, 2002; Danisman et al., 2013). However,
interactions with non-TCP TFs can also affect TCP functions
(Li & Zachgo, 2013; Wang et al., 2015; Guan et al., 2017) and
provide a means to alter the outcome of the regulatory
MpTCP1 capacities in different developmental stages.
Together, context-dependent differences in the mode of cell
proliferation control by TCP-P already exists in liverworts, one
of the earliest diverging land plants, and could therefore have
contributed to the diversification of embryophyte body plans.

MpTCP1 controls a redox network

Interestingly, and thus far not reported by comprehensive
angiosperm TCP analyses, loss of MpTCP1 activity affects the
expression of several groups of enzymes involved in ROS
metabolism. Plant-specific class III PRXs that are up- and down-
regulated in knockout plants not only can catalyze the

Table 1 Genes regulated by MpTCP1.

Annotation
No. of
DEGs

FC range
(Mptcp1ge/WT) Putative metabolic function

PRXIII 25 2.3 to 20.7 Apoplastic generation and degradation of H2O2 in a substrate-dependent manner and oxidative
7 �76.3 to �2.4 Coupling of monolignols, precursors in lignan/lignin biosynthesis

Catalase 1 �8.5 Dismutation of H2O2 to H2O
Copper amine oxidase 1 12.4 Source of H2O2

Polyamine oxidase 2 2.3, 2.5 Source of H2O2

Glutathione-S-trans-
ferase (DHAR)

2 �5.1, �4.9 Reduction of dehydroascorbate and concomitant oxidation of GSH to GSSG

Aquaporins 9 2.4 to 20.7 Transport of H2O and H2O2 across cell membrane into the cytoplasm
Dirigent-like proteins 1 �5.9 Ensure stereoselectivity of monolignol coupling in lignan/lignin biosynthesis

8 2.1 to 65.2
PPO/tyrosinases 20 3.1 to 334.8 Synthesis of aminochrome and derivatives by oxidizing the phenolic ring of tyrosine
Chalcone synthase 1 4.6 PPP enzyme; synthesis of chalcone, a key step in flavonoid biosynthesis
C4H 1 3.0 PPP enzyme; catalysis of the aromatic hydroxylation forming 4-coumarate
DAHPS 1 2.0 Enzyme of the shikimate pathway, which provides phenylalanine to the PPP

Determination of differentially expressed genes (DEGs) by comparing Mptcp1ge and wild-type (WT) Marchantia thallus transcriptomes (fold change
(FC) ≥ 2; adjusted P-value < 0.0001) reveals an MpTCP1 function in regulating a reactive oxygen species metabolism network and genes involved in sec-
ondary metabolite synthesis, such as pigment formation. Putative gene functions are based on Marchantia functional gene annotations, downloaded from
marchantia.info and/or sequence comparison with Arabidopsis thaliana using BLAST v.2.2.8 provided by The Arabidopsis Information Resource (www.arab
idopsis.org/index.jsp). A list with all accessions from the gene groups mentioned is given in Supporting Information Table S3(a).
C4H, cinnamate 4-hydroxylase; DAHPS, 3-deoxy-D-arabino-heptulosonate-7-phosphate synthase; DHAR, dehydroascorbate reductase; GSH, glutathione;
GSSG, oxidized glutathione disulfide dimer; H2O, water; H2O2, hydrogen peroxide; PPO, polyphenol oxidase; PPP, phenylpropanoid pathway; PRXIII,
class III peroxidase.
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dismutation of H2O2 to H2O in the apoplast (Francoz et al.,
2015; Shigeto & Tsutsumi, 2016) but also generate H2O2 via
O·�

2 production, as shown for the liverwort Dumortiera hirsuta
(Li et al., 2010). The promotion or restriction of cell expansion
through class III PRX in Arabidopsis seems to be dependent on
the H2O2 level in the surrounding environment (Lu et al.,
2014). Additionally, a copper-containing amine oxidase and
two polyamine oxidases, also sources for apoplastic H2O2 pro-
duction, are upregulated in Mptcp1ge plants (Tavladoraki et al.,
2016). We identified one downregulated CAT, an ancient
H2O2 scavenger, dismutating H2O2 to H2O and oxygen
(Mhamdi et al., 2010). Similar to Mptcp1ge plants, the
Arabidopsis cat2 mutant shows a decreased growth rate, coincid-
ing with the induction of H2O2-responsive transcripts (Queval
et al., 2007). Furthermore, decreased expression of two
DHARs, catalyzing the reduction of dehydroascorbate to ascor-
bate with the concomitant oxidation of glutathione to oxidized
glutathione disulfide (Dixon & Edwards, 2010), could con-
tribute to enhance oxidizing conditions in Mptcp1ge thalli. The
opposing regulation of H2O2-producing and H2O2-degrading
enzymes by MpTCP1 likely together contributes to increased
H2O2 levels in Mptcp1ge mutants. Additionally, the expression
of nine aquaporins, integral membrane proteins, was increased
up to 21-fold in Mptcp1ge mutants. Plant aquaporins facilitate
not only H2O but also H2O2 translocation, namely in develop-
mental processes such as seed germination and lateral root
emergence, as well as during pathogen defense (Dynowski et al.,

2008; Bienert & Chaumont, 2014; Maurel et al., 2015; Tian
et al., 2016). By facilitating H2O2 transport into the cytoplasm,
aquaporins could close the cytological gap between apoplasti-
cally generated H2O2 through upregulated PRXs and an intra-
cellular H2O2 performance. Increased cytoplasmic H2O2 levels
can then trigger signaling processes and posttranslational pro-
tein modifications. The spatiotemporal regulation of H2O2 and
O·�

2 levels has recently been shown to control the balance
between cell proliferation and differentiation processes in
Arabidopsis shoot and root meristems (Tsukagoshi et al., 2010;
Zeng et al., 2017). The reduced cell proliferation in the
Mptcp1ge thallus could therefore be a consequence of misbal-
anced ROS levels, which is consistent with the observation that
the inhibition of catalases results in a reduced Marchantia thal-
lus growth. Here, similar to Arabidopsis, increased H2O2 levels
might promote a switch from cell proliferation to cell differenti-
ation processes. Differently, during archegoniophore develop-
ment, loss of MpTCP1 activity leads to an overproliferation
phenotype, which is independent of an altered ROS status, indi-
cating a context-dependent ROS regulation. Together with the
observation that aquaporins exert a function in osmoregulation,
as overexpression of a ginseng aquaporin in Arabidopsis was
associated with leaf cell expansion (Lin et al., 2007), this might
also explain the slight increase of epidermal cell sizes in
Mptcp1ge thalli.

Together, these data indicate that MpTCP1 affects a complex
ROS metabolic network that already exists in early diverging land

(a) (b)

(d)

(c)

Fig. 5 MpTCP1 controls the accumulation of aminochrome (ac) and ac-derivatives 1 and 3. (a) Images of Marchantia wild-type (WT) and Mptcp1-1ge

ventral midrib regions taken from thallus 22 d after germination (inset) after clearing. Bars, 500 lm (insets 2mm). (b, c) High-performance liquid
chromatography-diode array detector–high resolution mass spectrometry analysis of WT and Mptcp1ge Marchantia plants. (b) Ultraviolet (UV)
chromatogram at 480–500 nm of Mptcp1ge (red line) and WT (green line) plants detected three stronger peaks in mutant plants. Extracts fromWT and
Mptcp1ge thalli are shown top right. (c) The three peaks (1, 2 and 3) fromMptcp1ge plants were further analyzed using UV (top) and MS spectra (bottom).
The chemical structures determined are given underneath and resemble ac (peak 2) and ac-derivatives (peaks 1 and 3). (d) Relative quantification of the
three compounds according to their exact masses (m/z 166.0865,m/z 150.0551,m/z 180.0657) based on selected ion chromatography of three WT and
three Mptcp1ge plants. Error bars display � SD, and P-values were determined by Student’s t-test (*, P < 0.05; **, P < 0.01; ***, P < 0.001). k, wavelength;
m/z, mass divided by charge number of ions; Int., Intensity; mAU, milli-absorbance units.
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plants and likely contributes to the coordination of cell prolifera-
tion and differentiation processes.

MpTCP1 controls the formation of novel plant pigments

We detected the accumulation of a violet pigment on the ventral
thallus that comprises three compounds resembling ac and two
derivatives. Biosynthesis of acs from tyrosine is catalyzed by the
activity of PPOs, also referred to as tyrosinases (Remiao et al.,
2003; Munoz et al., 2012; Araji et al., 2014; Solano, 2014; Sugu-
maran, 2016). In strong correlation, RNA-Seq analysis detected
20 PPOs, where expression levels were enhanced up to c. 335-
fold in Mptcp1ge lines. In angiosperms, PPOs have been shown
to be involved in stress responses (Constabel & Ryan, 1998; Li &
Steffens, 2002; Thipyapong et al., 2004) and might contribute to
the formation of ROS (Komarov et al., 2005; Li et al., 2010). As
pigments, acs absorb light of two wavelengths, c. 300 and
480 nm, and might therefore render protection from UV-B radi-
ation with wavelength band ranges from 280 to 320 nm (Hideg
et al., 2013). Acs can polymerize to form melanin and, in the case
of animal neural cells, also neuromelanin, which both function in

protection from oxidative stress. Melanin is believed to function
as a photoprotectant and might play a role in plant resistance to
pathogens (Bell, 1981; Bindoli et al., 1992; Munoz et al., 2012;
Solano, 2014). Acs thus present a novel group of plant metabo-
lites that could be involved in specialized protective mechanisms
in Marchantia. In addition to controlling ac synthesis,
metabolome and transcriptome analyses also support a function
for MpTCP1 in repressing the production of three phenyl-
propanoid-derived compounds that similarly absorb light in the
UV-B range and that might, thus, also exhibit protective func-
tions. Furthermore, as oxidative enzymes, class III PRXs catalyze
lignin and lignan production, where stereoselectivity is conferred
by dirigent (DIR) and DIR-like proteins, of which eight were
identified as being upregulated in Mptcp1ge thalli (Table 1).
Lignin and lignans perform roles in secondary metabolism and
defense responses (Li et al., 2017; Paniagua et al., 2017).

Several hundred new chemical compounds have been isolated
from bryophytes, and Marchantia in particular accumulates sig-
nificantly more unique secondary metabolites than other
bryophytes analyzed (Asakawa et al., 2013; Peters et al., 2018).
Our data show that MpTCP1 is a regulator of a comprehensive

(a) (b)

(c) (d) (e)

Fig. 6 MpTCP1 DNA binding studies. (a) TCP-domain alignment of TCP-P transcription factors (TFs) from evolutionary informative plant species. All TCP-
P proteins analyzed share a conserved cysteine (Cys) in the DNA-binding TCP domain, indicated in green. (b) DNA-probe sequences contain either two site
IIa or site IIb DNA binding sites (underlined) (Kosugi & Ohashi, 1997). Mutagenized nucleotides in site DIIa and site DIIb probes known to abrogate DNA
binding of angiosperm TCP TFs are indicated in red. (c) Electrophoretic mobility shift assay (EMSA) analyses were conducted with maltose binding protein
(MBP)-MpTCP1 fusion proteins, and MBP protein was applied alone as control. (d) Redox-dependent MpTCP1 binding analysis under reducing (red,
0.9mM dithiothreitol (DTT)) and oxidizing (ox, 2mM diamide) conditions and after reversing oxidizing conditions by addition of 20mM DTT (ox/red). (e)
Redox EMSA to determine the impact of the conserved Cys using MpTCP1C131S, where Cys131 was mutagenized to serine. Asterisk marks unbound free
DNA probe.
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array of specialized secondary metabolites, which likely confer
protection against diverse abiotic and biotic stress factors and/or
directly scavenge ROS.

Redox control of the MpTCP1 protein activity

EMSAs demonstrate a redox-dependent DNA interaction of
MpTCP1 proteins. Whereas oxidizing conditions abolish an
interaction, binding under reducing conditions is mediated via
the exclusive Cys131, located in the first helix of the MpTCP1
TCP domain. For the Arabidopsis TCP-P protein AtTCP15, it
was recently shown that redox changes induced through pro-
longed periods of high light abolish DNA binding of AtTCP15
to enable anthocyanin production as an adaptation to light stress
(Viola et al., 2016). The authors suggested that oxidizing condi-
tions are associated with the formation of an intermolecular
disulfide bond between the two conserved TCP domain Cyses,
which affects TCP dimer conformation such that DNA binding
is no longer possible. Our data propose a posttranslational, redox-
regulated modulation of the single TCP-P protein activity in
Marchantia thallus tissue, likely through similar conformational
changes hindering DNA binding. This provides a means by which
MpTCP1 proteins can sense altered redox conditions, such as
imbalanced H2O2 levels generated in response to environmental
changes. Modulation of the MpTCP1 DNA interaction can then
rapidly mediate an adaptive transcriptome response by regulating
the synthesis of protective secondary metabolites. Reversibility of
a redox-regulated TF activity has been observed for
BRASSINAZOLE-RESISTANT1, a key regulator in brassinos-
teroid signaling, whose activity is enhanced by H2O2-mediated
oxidation and diminished after reduction via interaction with the
thioredoxin TRXh5 (Tian et al., 2018). For animals, the crucial
role of H2O2 in signaling and growth control is well established.
Recently, it also became an emerging perspective for angiosperm
development (Tsukagoshi, 2016; Waszczak et al., 2018), and the
role of redox regulation of TFs is gaining increasing attention
(Dietz, 2014; He et al., 2018). Our characterization of MpTCP1
suggests that redox processes and balanced ROS signaling are
important for the regulation of growth control of early diverging
land plants. Given the presence of a single, conserved TCP-P Cys
in charophycean algae and land plants, this Cys might already
have contributed to sensing and responding to redox changes in
water-living algae. Early diverging land plants, however, lost the
protective buffering capacities of water and, thus, encountered
increased and more variable abiotic stresses. Preexisting redox
sensing and redox protection mechanisms could have contributed
to an acclimation to environmental changes. The identification of
key regulatory TFs, such as the single TCP-P gene MpTCP1 ana-
lyzed here, provides, together with the recent advances in ROS
sensor and proteomic tool generation (Smirnoff & Arnaud,
2019), access to deepen our understanding of the impact of redox-
regulated processes. Future studies will shed light on the mecha-
nisms that allowed coping with novel challenges accompanying
terrestrialization over 500Ma and will elucidate how redox-con-
trolled cell division and differentiation processes contributed to
the diversification and increasing complexity of land plants.
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