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Abstract Marchantia polymorpha is a model liverwort for which many molecular biological techniques are now available. 
We previously developed the S-AgarTrap method for easy genetic transformation of M. polymorpha using spores. In this 
study, we report production of a T-DNA insertion mutant library (approx. 10,000 lines) for M. polymorpha using the 
S-AgarTrap method. We further isolate and characterize a gain-of-function mutant that hyper-accumulates the flavonoid 
riccionidin A. The present study demonstrates that the S-AgarTrap-mediated production of a T-DNA insertion mutant 
library is a powerful tool for molecular biology in M. polymorpha.
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The whole-genome sequence for the model liverwort 
Marchantia polymorpha was recently reported (Bowman 
et al. 2017). In addition, several molecular biological 
techniques for M. polymorpha are available, including 
genetic transformation, genome editing, conditional 
gene expression/deletion, fluorescence imaging, and 
T-DNA insertion library (Honkanen et al. 2016; Ishizaki 
et al. 2008; Kodama 2016; Nishihama et al. 2016; Sugano 
et al. 2014; Ueda et al. 2013). We previously developed 
a simplified Agrobacterium-mediated transformation 
method for M. polymorpha, termed AgarTrap (Agar-
utilized Transformation with Poring Solutions) 
(Tsuboyama and Kodama 2018a). To date, we have 
described three types of AgarTrap methods, using spores 
(S-AgarTrap), gemmae (G-AgarTrap), and thallus tissues 
(T-AgarTrap) (Tsuboyama and Kodama 2014, 2018b; 
Tsuboyama et al. 2018; Tsuboyama-Tanaka and Kodama 
2015; Tsuboyama-Tanaka et al. 2015). Transformation 
efficiencies of S-, G-, and T-AgarTrap methods are 
approximately 20%, 100%, and 60%, respectively. Among 
the three, S-AgarTrap is appropriate for the large-scale 
production of transformants (e.g., T-DNA insertion 
libraries), because the abundant spores produced via 
sexual reproduction can be used as the starting material. 
In this study, we used S-AgarTrap (Tsuboyama and 
Kodama 2014) to produce a T-DNA insertion mutant 
library of M. polymorpha. We further report the isolation 

of a gain-of-function mutant as a case study.
To perform large-scale S-AgarTrap in M. polymorpha, 

we obtained spores by crossing the male strain Tak-1 
with the female strain Tak-2. Before crossing, the strains 
were asexually maintained on M51C medium with 1% 
agar under continuous white light of approximately 
70 µmol photons m−2 s−1 (FL40SW, NEC Corporation). 
The formation of sexual organs was induced with 
continuous white fluorescent light and fluorescent light 
containing the far-red spectrum (FL20S-FR-74, Toshiba 
Lighting & Technology Corporation). F1 spores were 
used for S-AgarTrap following the previously reported 
protocols (Tsuboyama and Kodama 2014, 2018a). The 
binary vector pMpGWB103-Citrine (Figure 1A) was 
used to prepare a T-DNA insertion mutant library for 
M. polymorpha of approximately 10,000 lines (Figure 
1B). We confirmed that all mutant lines expressed 
Citrine yellow fluorescent protein in the cytosol and had 
resistance to hygromycin (Figure 1A). Among the lines, 
we selected a red-colored line (#3483) for further analysis 
(Figure 1C).

To identify the region of the genome harboring the 
T-DNA insertion, we sequenced the genomic DNA of 
line #3483 using MiSeq (Illumina). The genomic DNA 
was isolated using DNeasy Plant Mini Kit (Qiagen) 
with the following modification. An extraction using 
TE-saturated 1-butanol was performed between 
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the QIAshredder and Buffer AW1 treatments in the 
Qiagen protocol: after the QIAshredder treatment, 
the supernatant was added to an equivalent amount of 
TE-saturated 1-butanol and mixed by pipetting; after 
centrifugation for 5 min at 15,000 rpm, the aqueous layer 
was mixed with Buffer AW1. The isolated genomic DNA 
was fragmented to approximately 550 bp using a Covaris 
M220 Focused-ultrasonicator (Covaris, MA). The 
fragmented DNA was used to prepare a library using the 
Illumina TruSeq® DNA PCR-Free Library Preparation 
Kit according to the manufacturer’s instructions. The 
resulting library was sent to the sequencing facility at 
Utsunomiya University, Japan for MiSeq sequencing 
analysis (301 bp, paired end). The raw sequence reads 
were cleaned using Cutadapt ver. 1.8.1 (Martin 2011) 
to trim adapter sequences, low-quality ends (quality 
score,<30), and reads of less than 150 bp. The obtained 
reads were de novo assembled using SPAdes ver. 3.5.0 
(Bankevich et al. 2012) with a k-mer size of 21, 33, 55, 
77, 99, and 127 bp with the careful option, and contigs 
<200 bp were eliminated. To identify the T-DNA 
sequence, a local BLASTn search was performed using 
the assembled contigs as a database. The sequencing 
analysis demonstrated that the T-DNA in the #3483 line 
was integrated with a 6-bp deletion at 942 bp upstream 
from the transcription start site of the gene encoding the 
transcription factor MpMYB14 (Figure 2A).

Previous studies reported that transgenic M. 
polymorpha overexpressing MpMYB14 exhibit red-
colored tissues in which flavonoids such as riccionidin 

A are hyper-accumulated (Albert et al. 2018; Kubo et 
al. 2018). Based on these studies, we hypothesized that 
the #3483 line might be a gain-of-function mutant 
overexpressing the endogenous MpMYB14 gene and 
hyperaccumulating riccionidin A.

First, using reverse-transcription PCR (RT-PCR), 
we tested whether MpMYB14 gene expression was up-
regulated in the #3483 line. To synthesize a cDNA library  
for M. polymorpha, total RNA was isolated from 3-week- 
old gemmalings, and cDNAs were synthesized using the  
ReverTra Ace® qPCR RT Master Mix (TOYOBO). For  
RT-PCR experiments, a cDNA fragment of the MpMYB14  
gene was amplified with EmeraldAmp® PCR Master  
Mix (TaKaRa) with primers: 5′-GTC CGA CAG ATT  
CCT GTG TAA A-3′ and 5′-GCC GCA AAC AAA CTT  
GTA AGA-3′. The ELONGATION FACTOR 1gene from  
M. polymorpha (MpEF1) was used as an internal control,  
with primers: 5′-GCA TCT TGT CTT CTG AAA GGT  
TGT C-3′ and 5′-CAC GCT TGT CAA TAC CTC CCA  
GCT TGT AGA TAA GG-3′. The results indicated that 
MpMYB14 gene expression in 3-week-old gemmalings 
was up-regulated in the #3483 line, compared with the 
wild type (WT) (Figure 2B and Supplementary Figure S1).

Second, we checked whether riccionidin A was 
hyper-accumulated in the #3483 line. We quantified 
riccionidin A using a triple linear ion trap instrument 
(LIT) (QTRAP5500; AB Sciex) with an electrospray 
ionization (ESI) source and coupled to a UHPLC 
system (Nexera X2; Shimadzu) in MRM (Multiple 
Reaction Monitoring) analysis mood. MS/MS spectra 

Figure 1. T-DNA insertion library and isolation of a red-colored line 
(line #3483). (A) Schematic illustration of the T-DNA region of the 
binary vector pMpGWB103-Citrine. RB, right border; PEF, promoter 
of elongation factor; Citrine, gene for yellow fluorescent protein; 
TNOS, terminator of nopaline synthase; HPT, gene for hygromycin 
phosphotransferase (hygromycin resistance gene); LB, light border. 
(B) Representative image of a T-DNA insertion mutant library for M. 
polymorpha. Each mutant was cultured in a 40-mm Petri dish. (C) 
Representative images of M. polymorpha thallus and gemma of wild 
type (WT) and the red-colored line (line #3483).

Figure 2. Gain of function of the endogenous MpMYB14 gene in the 
#3483 line. (A) Schematic illustration of the T-DNA inserted region of 
the #3483 genome. (B) Up-regulated gene expression of MpMYB14 in 
the #3483 line. RT-PCR experiments were performed for MpMYB14 
and ELONGATION FACTOR 1 (EF1) from M. polymorpha as a control. 
The PCR amplifications with 25 cycles are shown (Supplementary 
Figure S1). Closed arrowhead and arrow indicate MYB14 and EF1 
fragments, respectively. Open arrowhead indicates non-specific faint 
signal. (C) Hyper-accumulation of riccionidin A in the #3483 line. Gray 
line, wild type (WT); black line, #3483. Bars indicate standard deviation 
(three technical replicates).
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were recorded in product ion scan mode using LIT. 
The MRM analysis was performed at −35 V collision 
energy, and the transitions of m/z 283–255, 283–185 
and 283–173 were monitored for riccionidin A in 
the ESI negative mode. Data acquisition and analysis 
were performed with the Multi Quant software (ver. 
3.0.1). Quantification of riccionidin A was conducted 
using synthetic standards. Note that preparation of the 
synthetic standards was performed according to the 
previous study (Dyker and Bauer 1998). The exudate 
samples were dissolved in 50% aqueous methanol 
and filtered through a spin column (PVDF 0.45 µm, 
Millipore). An aliquot of the filtered 50% aqueous 
methanol sample solution was diluted with a volume of 
either pure 50% methanol or 50% methanol containing 
known amounts of riccionidin A standard. The increase 
in peak area on the chromatogram corresponded to the 
amounts of riccionidin A standards added, enabling the 
amount of riccionidin A in the samples to be deduced 
(Supplementary Figure S2). We quantified riccionidin A 
during a 1-month culture after detaching gemmae from 
gemma cups (Figure 2C). In 30-day-old gemmalings, 
the amount of riccionidin A in #3483 was 3-fold higher 
than that in the wild type (Figure 2C). Taken together, we 
conclude that the T-DNA insertion in line #3483 results 
in a gain-of-function phenotype that results from up-
regulation of endogenous MpMYB14 gene, followed by 
hyperaccumulation of riccionidin A.

In the previous studies of MpMYB14, overexpression 
of a MpMYB14 transgene induced hyper-accumulation 
of riccionidin A in transgenic M. polymorpha (Albert 
et al. 2018; Kubo et al. 2018). In our present study, we 
isolated a T-DNA insertion mutant overexpressing 
the endogenous MpMYB14 and hyper-accumulating 
riccionidin A. Although how the T-DNA insertion results 
in these phenotypes remains to be determined, it is likely 
that cauliflower mosaic virus 35S (CaMV35S) promoter 
elements within the T-DNA (Figure 2A) enhanced 
the expression of endogenous MpMYB14 gene. The 
CaMV35S promoter was inserted in the reverse direction 
upstream of the transcription start site of MpMYB14 
(Figures 1A, 2A). Because CaMV35S is a unidirectional 
promoter (Xie et al. 2001), the reverse-oriented 
CaMV35S itself could not initiate the transcription of 
the MpMYB14 gene in the #3483 line. However, given 
that the CaMV35S promoter contains a bidirectional 
promoter-activation element (Kay et al. 1987), the 
reverse-oriented CaMV35S promoter might activate the 
endogenous MpMYB14 promoter present in the 942 bp 
region upstream of the MpMYB14 transcription start 
site. Because the binary vector series for M. polymorpha 
contains the CaMV35S promoter at the LB and/or RB 
sides within the T-DNA region (Ishizaki et al. 2015), the 
M. polymorpha T-DNA insertion library produced using 
these binary vectors should contain not only loss-of-

function mutants, but also gain-of-function mutants such 
as the #3483 line.

The present study reported the S-AgarTrap-mediated 
production of a M. polymorpha T-DNA insertion library. 
In addition, we described the successful isolation from 
the library of a gain-of-function mutant overexpressing 
the endogenous MpMYB14 gene. Because S-AgarTrap 
is a simple transformation method suitable for large-
scale production of M. polymorpha transformants, 
individual laboratories can make their own T-DNA 
insertion libraries and screen M. polymorpha mutants. 
Furthermore, with the recently developed techniques for 
cryopreservation of gemmae and spermatozoa (Tanaka 
et al. 2016; Togawa et al. 2018; Wu et al. 2015), these 
T-DNA insertion libraries could be maintained in the 
laboratory.
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