'.\' frontiers
in Plant Science

ORIGINAL RESEARCH
published: 08 January 2021
doi: 10.3389/fpls.2020.609847

OPEN ACCESS

Edited by:
Vladimir Orbovic,
University of Florida, United States

Reviewed by:

Ahmad A. Omar,

Zagazig University, Egypt
Pierre-Francois Perroud,

INRA Centre Versailles-Grignon,
France

*Correspondence:
Hyoungseok Lee
soulaid@kopri.re.kr

Specialty section:

This article was submitted to
Technical Advances in Plant Science,
a section of the journal

Frontiers in Plant Science

Received: 24 September 2020
Accepted: 10 December 2020
Published: 08 January 2021

Citation:

Byun MY, Seo S, Lee J, Yoo Y-H
and Lee H (2021) Transfection
of Arctic Bryum sp. KMR5045 as
a Model for Genetic Engineering
of Cold-Tolerant Mosses.

Front. Plant Sci. 11:609847.

doi: 10.3389/fpls.2020.609847

Check for
updates

Transfection of Arctic Bryum sp.
KMR5045 as a Model for Genetic
Engineering of Cold-Tolerant Mosses

Mi Young Byun’, Suyeon Seo'?, Jungeun Lee’, Yo-Han Yoo’ and Hyoungseok Lee’?*

' Division of Life Sciences, Korea Polar Research Institute, Incheon, South Korea, 2 Polar Science, University of Science
and Technology, Incheon, South Korea

Mosses number about 13,000 species and are an important resource for the study
of the plant evolution that occurred during terrestrial colonization by plants. Recently,
the physiological and metabolic characteristics that distinguish mosses from terrestrial
plants have received attention. In the Arctic, in particular, mosses developed their own
distinct physiological features to adapt to the harsh environment. However, little is
known about the molecular mechanisms by which Arctic mosses survive in extreme
environments due to the lack of basic knowledge and tools such as genome sequences
and genetic transfection methods. In this study, we report the axenic cultivation and
transfection of Arctic Bryum sp. KMR5045, as a model for bioengineering of Arctic
mosses. We also found that the inherent low-temperature tolerance of KMR5045
permitted it to maintain slow growth even at 2°C, while the model moss species
Physcomitrium patens failed to grow at all, implying that KMR5045 is suitable for
studies of cold-tolerance mechanisms. To achieve genetic transfection of KMR5045,
some steps of the existing protocol for P patens were modified. First, protoplasts
were isolated using 1% driselase solution. Second, the appropriate antibiotic was
identified and its concentration was optimized for the selection of transfectants. Third,
the cell regeneration period before transfer to selection medium was extended to
9 days. As a result, KMR5045 transfectants were successfully obtained and confirmed
transfection by detection of intracellular Citrine fluorescence derived from expression of
a pAct5:Citrine transgene construct. This is the first report regarding the establishment
of a genetic transfection method for an Arctic moss species belonging to the Bryaceae.
The results of this study will contribute to understanding the function of genes involved in
environmental adaptation and to application for production of useful metabolites derived
from stress-tolerant mosses.

Keywords: Arctic moss, axenic culture, Bryum sp., protoplast, transfection

INTRODUCTION

Bryophytes include about 20,000 species across three phyla of the kingdom Plantae. Mosses
(phylum Bryophyta) are the most abundant of the three bryophyte groups and the second largest
(over 13,000 species) next to phylum Tracheophyta (about 345,000 species) in the number of
extant species. Liverworts (phylum Marchantiophyta) account for approximately 7,200 species,
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and the hornwort (phylum Anthocerotophyta) group numbers
about 220 species (Roskov et al., 2019). Mosses are evolutionarily
located intermediate between single-celled algae and complex
seed plants, which provides a significant opportunity to
investigate the evolution of a variety of plant traits (Prigge and
Bezanilla, 2010). Although the study of mosses has a long history
(Reski, 1998), most studies have focused on the model species
Physcomitrium patens (previously known as Physcomitrella
patens; Medina et al., 2019). Among several features of P. patens
that made it suitable as a model moss species, the development of
an easy and efficient transformation method for P. patens was the
most important advance for research on the fundamental biology
and biotechnology of mosses (Schaefer et al., 1991). Furthermore,
with the release of the complete P. patens genome sequence
(Rensing et al., 2008), precise and efficient genetic manipulation
to explore biological functions of genes responsible for the unique
features of the moss has become possible (Cove et al., 2009a).
Subsequently, several studies have reported the development of
powerful bioengineering tools for the production of high-value
compounds in mosses, such as terpenoids, biopharmaceuticals,
and cosmetic products (Bach et al, 2014; Reski et al., 2015;
Wandrey et al., 2018).

Until recently, only two species of mosses other than P. patens
could be genetically manipulated by PEG-mediated protoplast
transformation (Thiimmler et al.,, 1992; Trouiller et al., 2007;
Nomura et al., 2016). Ceratodon purpureus is a moss species
used as a model system for genetic studies (Wagner et al., 1997).
Genetic transformation of C. purpureus was demonstrated by
the transgenic expression of the oat phytochrome gene (phyA)
(Thiimmler et al., 1992), and the efficiency of gene targeting was
compared to that of P. patens (Trouiller et al., 2007). A recent
study showed efficient and heritable targeted mutagenesis using
the CRISPR/Cas9 system in the non-model moss Scopelophila
cataractae (Nomura et al., 2016). Despite pioneering attempts to
establish ways to modify the genetic information of non-model
mosses, genetic modification methods still lag far behind those
available for flowering plants or P. patens due to the distinctive
cellular and/or molecular properties of moss species.

The Arctic is a polar region located at the northernmost
region of the Earth and the climate is characterized by freezing
winters and cold summers. Therefore, plants grow relatively
close to the ground and form tundra consisting of dwarf trees,
herbaceous plants, lichens, and mosses (Walker et al., 2016).
Since mosses possess a variety of features that are adaptive to
the Arctic environment, such as high poikilohydry, pluripotency,
and cold/freezing tolerance, they contribute substantially to the
vegetative biomass and the species richness of vegetation in the
Arctic region (Oechel and Sveinbjornsson, 1978; Lewis et al,,
2017). More than 380 bryophyte species have been recorded from
the Svalbard Archipelago, which greatly exceeds the more than
175 species of vascular plants found there. Mosses may function
to promote the settlement of vascular plants by conserving soil
moisture and reducing soil temperature fluctuations in early
successional stages of barren land (Presto et al., 2014). Bryophytes
occasionally show variations among populations, indicating
distinct responses to unfavorable environmental stimuli and
adaptive attributes in physiological and morphological traits

representing subspecies, variants, or forms (Longton, 1988;
Meltofte, 2013). Phenotypic plasticity is one of the most
prominent characteristics enabling bryophytes to fit into and
colonize polar environments and confers considerable tolerance
to dehydration and frost stress (La Farge et al.,, 2013; Stanton
and Reeb, 2016). Several studies have reported metabolic and
physiological characterization of Arctic moss. The photosynthetic
CO;, fluxes for two sub-Arctic moss species, Polytrichum
piliferum and Sphagnum fuscum, exhibited seasonal changes in
photosynthetic capacity which were important in determining
total gross primary productivity (Street et al., 2013). Arroniz-
Crespo et al. (2011) showed that the effects of increased UV-B
radiation on three Arctic bryophytes were dependent on their
plasticity. Due to recent advances in next-generation sequencing,
the Sphagnum microbiome has revealed characteristics of the
microbiome community composition in peat mosses (Kostka
etal,, 2016). In addition, molecular phylogenetic analysis implied
that DNA barcoding with a combination of several markers
improves species identification of Arctic mosses (Lang et al.,
2014). However, the knowledge of Arctic bryophytes remains in
its infancy. Furthermore, the lack of genetic transfection of Arctic
mosses has limited research into their distinctive traits.

In this study, we selected the Arctic moss Bryum sp. KMR5045
as a research target. The most well-known species in the genus
Bryum is B. argenteum. Due to the nature of its cosmopolitan
distribution in a variety of climates, including dry, hot, medium
and cold habitats, various studies have been reported, including
the dessication tolerance for 13 ecotypes (Greenwood et al.,
2019), the establishment of in vitro culture conditions from
spores (Sabovljevic et al., 2005) and the effect of plant hormones
on in vitro development (Sabovljevi¢ et al., 2010). Also, it
has also been previously reported on the culture conditions
for protonema and gemetophore of B. coronatum, which is
known to contain various phytochemicals (Pandey et al., 2014).
However, there have been no reports of in vitro cultivation for
Arctic Bryum species, and no transfection studies have been
reported for species in the genus Bryum. As the first step to
building a model system for studying unique features of Arctic
mosses, a protonema-derived suspension culture of KMR5045
was established. In addition, a genetic transfection protocol was
developed by adapting the P. patens protocol to KMR5045.
Genetic engineering of this moss might serve multiple purposes,
such as identifying molecular mechanisms of environmental
adaptation of mosses and production of biological products using
bryophytes as a platform for molecular farming.

MATERIALS AND METHODS

Plant Collection and Culture

Bryum sp. KMR5045 plants growing under natural conditions
were collected in the vicinity of the Arctic Dasan station
(78°55" N; 11°56" E) on Spitsbergen Island of the Svalbard
Archipelago of Norway in July 2014. A dried specimen
was deposited in the KOPRI Herbarium' in Korea with the

'https://kvh.kopri.re.kr
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number KOPRI-MO00900. Dried gametophores were washed
with distilled water and subsequently sterilized with 0.2% NaClO
solution. Sterilized tissue was placed on solid Knop medium
(Schween et al., 2003). Surface-sterilized gametophore-derived
protonema tissue was subcultured using a T-10 basic ULTRA-
TURRAX disperser (IKA, Germany) and transferred to new
medium at 3-week intervals. Tissue was grown in a growth
chamber at 20°C under a 16/8-h photoperiod.

Phylogenetic Analysis

Total genomic DNA (gDNA) was extracted from the protonema
of KMR5045 using cetyl trimethylammonium bromide (CTAB)
buffer (2% CTAB, 2% PVP-40, 20 mM EDTA, 1.4 M NaCl,
and 100 mM Tris HCI, pH 8.0). Extracted gDNA was used
as a template for PCR. PCR analysis was performed in 20 pL
reactions containing 1 pL of gDNA template, 1 WM of each
primer, and 10 pL of Emerald Amp GT PCR Master Mix (TaKaRa,
Japan). The amplification procedure was as follows: 10 min of
denaturation and enzyme activation at 95°C followed by 30
cycles at 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s.
The DNA sequences of the primers used for rps4 and trnL-F
amplification are listed in Supplementary Table 1. To construct
a phylogenetic tree including KMR5045, rps4 + trnL-F combined
nucleotide sequences were compared with those of other species
obtained from GenBank (Supplementary Table 2) (Cox et al,
2000). Sequences were aligned using the MAFFT program (Katoh
and Standley, 2013) and downstream analyses were performed
using MEGA X software (Kumar et al., 2018). The phylogenetic
tree was constructed from the datasets using neighbor-joining
analysis and evolutionary distances were computed using the
Jones-Thornton-Taylor (JTT) matrix-based method. Supports
for internal branches were tested using bootstrap analyses of
1,000 replications.

Protoplast Isolation

Seven-day-old protonema tissues of KMR5045 were used to
isolate protoplasts. Protonema were pre-incubated for 1 h
in 0.5 M mannitol with slow rotation. Two experiments
were performed to optimize the mannitol buffer and enzyme
concentrations. The first experiment was designed to determine
the optimal concentration of mannitol buffer. Three mannitol
concentrations (0.4, 0.5, and 0.6 M) were tested in the isolation
procedure. The second experiment was designed to compare
the effect of enzyme concentration on protoplast yield and
viability. Three concentrations (0.5, 1.0, and 2.0%) of driselase
(Sigma-Aldrich, United States) dissolved in 0.5 M mannitol were
tested. After induction of cell plasmolysis with mannitol, the cell
suspension was treated with enzyme solution and incubated in
darkness for 2 h at 20°C with constant gentle agitation on a
rotary shaker. The digested cells were passed sequentially through
100 and 40 pm nylon sieves and the filtrate was centrifuged
in a swinging-bucket rotor (124 x g, 10 min). The pellet was
resuspended in 20 mL of 0.5 M mannitol and centrifuged
again. After centrifugation, the pellet was resuspended in 0.5 M
mannitol. The isolation yield of protoplast cells was determined
using a counting chamber under a visible light Axio Imager

A2 microscope (Carl Zeiss, Germany). The experiments were
conducted with four biological replications.

Antibiotic Treatment

The effects of antibiotics, hygromycin (AG scientific,
United States), G418 (Roche, United States), and kanamycin
(Sigma-Aldrich) on cell growth were tested for both protonema
tissues and protoplast cells. To compare sensitivities to
antibiotics, KMR5045 and P. patens protonema tissues were
subcultured onto solid medium containing antibiotics. After
2 weeks of treatment, protonemal growth was assessed and
photographed. To test the effect of antibiotics on the growth and
development of protoplast cells, cells overlaid onto cellophane
were transferred to solid medium containing antibiotics and
incubated for 2 weeks at 20°C, and then transferred to antibiotic-
free medium. After two rounds of antibiotic selection, the plates
were photographed and the surviving plants were counted. The
experiments were conducted with four biological replications.

PEG -Mediated Transfection

Protoplast transfections were conducted as described previously
(Cove et al, 2009a) with modification. Freshly isolated
protoplasts were counted and resuspended at 1.2 x 10° mL~!
in 3M medium (5 mM MgCl,, 0.1% MES, 0.48 M mannitol,
pH 5.6). Transfection was performed using a pAct5:Citrine
construct (Mueller et al., 2014). DNA was prepared using a
Plasmid DNA purification kit (Macherey-Nagel, Germany) and
linearized with Asel restriction enzyme (NEB, United States).
The digested DNA was isolated and purified using a NucleoSpin
Gel and PCR Clean-up kit (Macherey-Nagel) and resuspended
in 0.1 M Ca(NO3), at a concentration of 500 ng-uL~!. The 50
ig of DNA solution was transferred to a sterile round-bottom
tube (SPL Life Science, South Korea) and then 250 pL of the
protoplast-suspension was added to the tube and mixed gently,
followed by the addition of 350 wL of PEG solution (freshly
made 40% w/v PEG4000 dissolved in 3M medium). The mixtures
were incubated at room temperature for 30 min with occasional
gentle mixing. Subsequently, the solution was diluted at 3-min
intervals by adding 3M medium at increasing volumes of 1, 2, 3,
and finally 4 mL. Protoplasts were centrifuged (124 x g, 10 min),
resuspended in regeneration medium [250 mg-L~! KH,POy,
250 mg-L ™! MgSOy4 - 7H,0, 250 mg- L~ ! KCl, 1 g-L~! Ca(NO3),
- 4H,0, 12.5 mg-L™! FeSOy4 - 7 H,0, 50 g-L~! glucose, 30 g-L~!
mannitol, pH 5.8, sterilized through a 0.22 pm filter], transferred
to six-well plates, and incubated for 24 h in darkness. Thereafter,
regenerating protoplasts were transferred to Knop agar medium
overlaid with cellophane. After 9 days, the cellophane overlays
were transferred to Knop medium supplemented with 15 mg-L~!
hygromycin. Antibiotic-resistant plants were isolated after a
second round of selection. The experiments were conducted with
three biological replications.

Analysis of Transgenic Lines

RT-PCR Analysis

Total RNA was extracted from protonema tissue using a
MiniBEST Plant RNA Extraction Kit (TaKaRa) according to
the manufacturer’s protocol. The quantity and quality of RNAs
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were determined by spectroscopic analysis using a NanoDrop
Lite Spectrophotometer (Thermo Scientific, United States). First-
strand cDNA was synthesized from 2 pg of total RNA using
TOPscript reverse transcriptase (Enzynomics, South Korea) and
oligo (dT) primers. RT-PCR analysis was performed in 20 pL
reactions containing 1 pL of cDNA template, 2 WM of each
primer, and 10 pL of TB Green Premix Ex Taq. The amplification
procedure was as follows: 5 min of denaturation and enzyme
activation at 95°C followed by 28 cycles at 95°C for 30 s, 55°C for
30 s, and 72°C for 30 s. The tubulin gene was used as an internal
control (Gao et al., 2015). The DNA sequences of the primers
used for PCR amplification are listed in Supplementary Table 1.

Immunoblot Analysis

Protonema of KMR5045 were ground to a fine powder using
TissueLyser II (Qiagen, Germany) and suspended in extraction
buffer [100 mM HEPES buffer pH 7.5, 1 mM p-mercaptoethanol,
and protease inhibitor cocktail (Cat. No. C791Z41; Roche)]. The
homogenates were centrifuged at 16,000 x g for 15 min at 4°C
and 25 pg of total protein was separated by 10% SDS-PAGE
and blotted to a PVDF membrane (Millipore, Germany). The
membrane was subjected to immuno-blot analysis using anti-
green fluorescent protein antibody (Clontech, Japan) or anti-
tubulin antibody (Sigma-Aldrich), and then HRP-conjugated
anti-mouse IgG (Santa Cruz biotechnology, United States).
Anti-GFP antibody (Clontech) was used to detect Citrine
because of its high similarity to GFP (Griesbeck et al., 2001).
The blot was analyzed using SuperSignal Chemiluminescent
Substrates (Thermo Scientific) and LAS-3000 Imaging System
chemiluminescence analyzer (Fujifilm, Japan).

Confocal Microscopy

Stably expressed Citrine signals in 5-day-old protonema cells
were observed using a cooled CCD camera (PCO) by a laser
scanning confocal microscope (LSM510 META; Carl Zeiss). The
fluorescence signals were measured using a sliding 0.3 pm
detection window in a confocal microscope. Citrine fluorescence
was excited by a laser at 488 nm and chlorophyll was excited by
550 nm laser (Ahn et al., 2018).

RESULTS

Establishment of Axenic Culture of the
Arctic Moss KMR5045

Moss samples were collected from a population growing under
natural conditions near the Arctic Dasan station (78°55/ N;
11°56/ E), on Spitsbergen Island of the Svalbard Archipelago of
Norway in July 2014. Axenic clonal cultures were established
by surface sterilization of gametophore fragments from a
specimen (KOPRI-MO00900). Regenerated protonema samples
were subcultured on new medium at 3-week intervals. Five-day-
old protonema observed under an optical microscope showed
mixed filaments composed of green or brown-pigmented cells
(Figure 1A), as in in vitro cultivation of Bryum coronatum
protonema (Pandey et al, 2014). Older filaments developed
multilayered thickened and often slightly brown-pigmented
walls (Figure 1B). In addition, side branches formed from the
middle parent cell following filament elongation (Figures 1C,D).
Adjacent cells of branching point of the parent filament contained
less developed chloroplasts (Supplementary Figure 1), which
is a typical feature of caulonema cells of P. patens (Reski,
1998). The filaments were made up of short rectangular cells
which its length and width of the representative cell was 20
and 40 pwm, respectively. In addition, it showed transverse cross
walls and contained numerous peripheral ovoid chloroplasts
(Figure 1E). Next, we monitored KMR5045 gametophore
development on Knop plates. Within 1 month, new shoots
were produced from the protonema by apical elongation with
copious production of clusters of rhizoids scattered throughout
the base of the shoots (Figure 1F). Leaves were equally spaced
along the stem (Figure 1G) and broadly rounded and obtuse
to acuminate at the apex (Figure 1H). Rhizoids displayed
light-yellow to reddish-brown and filaments with oblique septa
(Figure 1I) and some points of side-branching were observed
(Supplementary Figure 2).

Because KMR5045 was collected from the Arctic region, the
growth characteristics of protonema tissues was examined at low
temperatures of 2, 4, 8, and 20°C using P. patens as a control.

FIGURE 1 | Characterization of axenic cultivation of KMR5045. Morphological analysis of cells in the protonema stage. (A) Filamentous protonema cells developed
after 5 days of cultivation. (B-D) Side branching and filament elongation are indicated by the arrow. (E) Chloronema cells composed of rectangular cells with
chloroplasts and transverse cross walls. Gametophore stages of KMR5045. (F) Gametophore cultivated for 1 month on solid Knop medium. (G) Growth of new
shoots. (H) Leaf structure of KMR5045 gametophore. (I) Rhizoids with brown-pigmented walls. Scale bars (A,G) 200 um; (B=D,H,l) 50 pm; (E) 20 um; (F) 1 mm.

Frontiers in Plant Science | www.frontiersin.org

January 2021 | Volume 11 | Article 609847


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Byun et al.

Transfection of Arctic Bryum

Growth of P. patens was severely repressed at 8°C relative to
growth at 20°C, and stopped almost completely at 2 and 4°C.
By contrast, KMR5045 exhibited marked growth at 4 and 8°C
and maintained viability even at 2°C (Figure 2). These results
imply that KMR5045 has inherent tolerance to low-temperature
conditions that enables this species to survive in the Arctic.

Identification and Molecular
Phylogenetic Analysis of KMR5045

Due to recent advances in molecular genetics, several molecular
markers are available for mosses (Cox et al., 2000). Two molecular
markers of the chloroplast genome (rps4 and trnL-F) were used
to identify KMR5045. The lengths of the sequenced markers
were 695 and 544 base pairs for rps4 and trnL-F respectively.
Corresponding sequences from other species were obtained from
GenBank (Supplementary Table 2). In the phylogenetic tree
constructed by the neighbor-joining method using rps4 and trnL-
F sequences, KMR5045 was most closely related to Bryum wrightii
with a bootstrap value of 76, and formed the Bryaceae clade
with B. wrightii, B. cyclophyllum, B. pallens, B. demissum, and
Rhodobryum giganteum, which was distinct from other bryophyte
families (Figure 3).

Protoplast Isolation and Evaluation of
Selectable Markers for Genetic

Transfection

Since most methods for the genetic transfection of mosses are
based on isolation of protoplasts and a PEG-mediated gene
transfer system (Thimmler et al., 1992; Trouiller et al., 2007;
Cove et al., 2009b; Nomura et al., 2016), protoplast isolation
was the first step in the effort to transfect KMR5045. We used
an aerated liquid culture and induced cell plasmolysis prior
to enzymatic cell wall digestion. Mannitol was used for the
plasmolysis step and as the buffer in enzyme solution. The
concentration of mannitol affects the protoplast isolation yield
and the viability of isolated cells (Yu et al, 2017). Therefore,
we tested various mannitol concentrations with the enzyme
solution (1.0% driselase), and found that 0.5 M mannitol
produced the highest protoplast isolation efficiency of 2.5 x 10°
cells per gram (Figure 4A). Additionally, the concentration

2°C 4°C 8°C

T ii
e

KMR5045

FIGURE 2 | Comparison of growth responses of P patens and KMR5045
under low-temperature conditions. Protonema tissues were inoculated onto
fresh Knop medium and then grown at 2, 4, 8, and 20°C for 5 weeks before
photographs were taken. Scale bars = 5 mm.

of the enzyme solution also determines the efficiency of
protoplast isolation (Duquenne et al., 2007). Therefore, the
protoplast isolation yield was compared using various driselase
concentrations (Figure 4B). A positive correlation was observed
between protoplast yield and the driselase concentration (0.5
and 2.0%). However, the increase in yield was not proportional
to the difference in enzyme concentration. Consequently, 1.0%
driselase solution dissolved in 0.5 M mannitol in the cell wall
digestion reaction was chosen as the optimal combination for
KMR5045 protoplast isolation (Figure 4C). When applying these
conditions, the regeneration rate (%) of protoplasts of KMR5045
was 16.75 + 2.9, and that of P. patens used as a control was
21.0 £4.7 (n=4).

Several selective agents and corresponding resistance genes
have been developed to distinguish transfected and non-
transfected cells (Simmonds and Grainger, 1993). The most
widely used agents are hygromycin, G418, and kanamycin,
which are aminoglycoside compounds that hinder translation
in eukaryotic and prokaryotic cells (Mingeot-Leclercq et al.,
1999). We determined the sensitivity of KMR5045 protonema
cells to various concentrations of antibiotics to determine the
suitability of the selection markers for genetic transfection. Cells
of P. patens cells were also tested for comparison. Subcultured
protonema cells were inoculated onto solid Knop medium that
was supplemented with various concentrations of antibiotics.
The plates were incubated for 2 weeks at 20°C and growth was
monitored and compared with that of cells grown on antibiotic-
free medium. Both species showed similar levels of sensitivity
to G418 and hygromycin, growth of healthy green protonema
was notobserved on medium containing >10 mg-L™! of G418
or >5 mg-L~! of hygromycin. By contrast, the responses of
the two mosses to kanamycin differed markedly. While reduced
P. patens growth was still observed on medium containing
100 mg-L~! kanamycin, KMR5045 growth was not detectable on
medium containing kanamycin at concentrations of 50 mg-L™!
or greater (Figure 5).

Next, we determined the sensitivity of KMR5045
protoplasts to various antibiotic concentrations to mimic
the regeneration procedure of genetic transfection methods that
use protoplast cells. Cellophane overlays carrying protoplasts
were transferred to solid Knop medium supplemented with
various concentrations of antibiotics. The plates were incubated
for 2 weeks at 20°C and then the overlays were transferred
to antibiotic-free medium and the number of surviving
plants was counted after 2 weeks. As shown in Figure 6, the
growth-inhibition effects of the antibiotics on the protoplasts
differed between the two species. KMR5045 protoplasts were
more resistant to G418 and survived fully at a concentration
of 2.5 mg-L™!, while 66.3% of the P. patens cells survived
(Figure 6A). By contrast, KMR5045 exhibited a somewhat higher
sensitivity to hygromycin, 40.8% of the KMR5045 protoplasts
died on 10 mg-L~! hygromycin, but all the P. patens protoplasts
survived under the same condition (Figure 6B). Furthermore,
the two species showed quite different responses to kanamycin.
KMR5045 displayed high sensitivity to kanamycin with only
1% of survival at concentrations of 50 mg-L™! and completely
no survival at greater concentration (Figure 6C). By contrast,
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Family Order
Mniodendron dendroides
o ) o Hypnodendraceae
Bescherellia brevifolia Hypnodendrales
Racopilum tomentosum Racopilaceae
Fontinalis antipyretica Fontinalaceae
Hypnales
Calliergonella lindbergii Pylaisiaceae
Philonotis fontana Bartramiaceae Bartramiales
Rhodobryum giganteum
Bryum demissum
% Bryum pallens
| i Bryaceae Bryales
Bryum cyclophyllum
6
"l - KMR5045
92 7L Bryum wrightii
Orthotrichum lyelli Orthotrichaceae Orthotrichales
Leptobryum pyriforme Meesiaceae
100 pladryum py Splachnales
Splachnum ampullaceum Splachnaceae
s Encalypta rhaptocarpa Encalytaceae Encalytales
Funaria hygrometrica Funariaceae Funariales
Syntrichia ruralis Pottiaceae Pottiales
e Polytrichum commune Polytrichaceae Polytrichales
58 I Dicranum scoparium Dicranaceae Dicranales
N Timmia sibirica Timmiaceae Timmiales
Diphyscium foliosum Diphysciaceae Diphysciales
Tetraphis pellucida Tetraphidaceae Tetraphidales
i Takakia lepidozioides  Takakiaceae Takakiales
Sphagnum palustre Sphagnaceae Sphagnales
Marchantia polymorpha Marchantiaceae Marchantiales

FIGURE 3 | Molecular phylogenetic analysis of KMR5045. Amplified rps4 and trnL-F sequences were aligned with sequences from other mosses and analyzed
using the neighbor-joining method. The phylogenetic tree shows that KMR5045 is closely related to Bryum wrightii.
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P. patens was more resistant to kanamycin and all protoplasts results show that the optimal choice of types and concentrations
survived at a concentration of 100 mg-L™! and 20.6% survived of antibiotics is specific for the moss species targeted for
even at a concentraion of 150 mg-L~! (Figure 6D). These genetic transfection.
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Transfection of Protoplasts via

PEG-Mediated Gene Transfer

To establish a method for PEG-mediated DNA transfer into
KMR5045 protoplasts, a construct containing the Citrine gene
driven by the actin 5 promoter (pAct5) from P. patens was
used as a reporter (Mueller et al, 2014; Kamisugi et al,
2016). Procedures for the genetic transfection of KMR5045 were
modified from those used for P. patens (Cove et al., 2009b). The
most critical difference was the incubation period for protoplast
regeneration before antibiotic selection. In the general process
of P. patens transfection, protoplasts are transferred to selection
medium after a 5-day regeneration period (Cove et al., 2009b).
Since KMR5045 protoplasts grow and become visible more
slowly than do P. patens protoplasts, the regeneration period
required modification. To establish the optimal conditions for
selection, the cellophane overlay carrying KMR5045 protonema
cells was transferred to selection medium containing 15 mg-L~!
hygromycin after 7, 9, and 11 days of regeneration. Under these

conditions, cells showed the highest survival rate and the most
distinct selection after regeneration for 9 days (Figure 7). Table 1
shows the detailed information on frequencies of surviving
plants depending on days of incubation before transfer to
selection medium.

Analysis of Transfectants

Surviving KMR5045 plants were selected after 6 weeks of
selection procedure composed of, 2 weeks of incubation on
medium with 15 mg L~! hygromycin, 2 weeks of incubation on
antibiotic-free medium, and another 2 weeks of incubation
on selection medium with 15 mgL~! hygromycin. To
examine chromosomal integration of the transgene construct
in the protonema tissue of surviving KMR5045 plants,
PCR was perfomed to test the presence of the hygromycin
phosphotransferase (hpt) gene. The hpt gene was detected in
all transgenic lines tested (Figure 8A). In addition, we assessed
Citrine transgene expression by semi-quantitative RT-PCR and
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TABLE 1 | Frequencies of surviving plants in the course of the selection.

Experiments Frequency? of surviving plants

(days before transfer to selection medium)

7 9 11
1stP 2nd® 1st 2nd 1st 2nd
1 43 1 154 3 72 6
97 0 133 5 32
3 115 3 178 4 81 0

afrequency of surviving plants per 10 protoplasts.

bSurviving plants after 1st incubation on selection medium with 15 mg-L~'
hygromycin.

CSurviving plants after 2nd incubation on selection medium with 15 mg-L~"
hygromycin.

selected six transgenic lines expressing Citrine in the protonemal
stage (Figure 8B). Next, the ectopic expression of Citrine protein
was examined by immuno-blot assay. Anti-green fluorescent
protein (GFP) antibody was used to detect Citrine because of
its high similarity to GFP (Griesbeck et al., 2001). As shown in
Figure 8C, Citrine protein was detected by anti-GFP antibody
in all six transgenic lines, which displayed different levels of
expression. Furthermore, florescence signals of the Citrine
protein was observed by confocal microscopy in pAct5:Citrine
line #1, which exhibited the highest level of Citrine protein
expression. The florescence signals were diffuse in the cytosol
and nucleus as expected (Figure 8D). These results indicate that
the transfection method described here can be used to generate
KMR5045 transfectants.

DISCUSSION

As bryophytes are located evolutionarily between algae and
terrestrial plants, they provide significant clues about the

evolution of plants (Prigge and Bezanilla, 2010). In particular,
P. patens has been actively studied for the past 20 years and
several recent reports have addressed the use of P. patens as a
platform for the production of high-value compounds (Reski
et al., 2018). This elevates the value of studying mosses as a
production platform in addition to their value as a research
subject for basic science. Efficient transfection and whole-
genome sequence information have been indispensable technical
advances that have increased the academic and industrial value of
P. patens (Rensing et al., 2008).

Diverse moss species have colonized the Arctic and Antarctic
regions and play a crucial role as primary producers (Street
et al., 2013; Walker et al, 2016; Robinson et al., 2018).
Study of the adaptive mechanisms of mosses living in extreme
environments is essential for the development of useful genetic
resources and the investigation of their unique physiological
traits. Recent studies on mosses, such as characterization
of physiological function and analysis of chloroplasts and
mitochondrial genomes, revealed features of extremophytes
(Longton, 1988; Pannewitz et al., 2005; Park et al., 2018; Byun
et al., 2019); however, the establishment of protocols for the
cultivation and genetic transfection of these plants is required for
further advances in both basic and applied research.

In this study, we collected the Arctic moss, KMR5045, from
the Svalbard Archipelago in the Arctic region and successfully
established an axenic culture method. We examined the adaptive
characteristics of KMR5045 at low temperatures and found that it
maintained its growth and displayed higher tolerance to cold than
P. patens, which typically inhabits temperate climates (Figure 2).
In addition, molecular phylogenetic analysis using the molecular
markers rps4 and trnL-F allowed us to identify the phylogenetic
position of KMR5045 within the genus Bryum (Figure 3).
Next, to establish a genetic transfection method for KMR5045,
the optimal protoplast isolation conditions and the antibiotic
resistance characteristics of this species were determined. The
KMR5045 protoplast isolation efficiency was highest when using
1.0% driselase solution dissolved in 0.5 M mannitol (Figure 4B).
This enzyme concentration is higher than that of the 0.5%
driselase solution used for isolation of P. patens protoplasts (Cove
et al., 2009a), which may be due to differences in the cell wall
compositions of the two species that affect the efficiency of
enzyme digestion reactions (Roberts et al., 2012).

Furthermore, the resistance of KMR5045 to various antibiotic
concentrations was compared with that of P. patens to
identify suitable selection conditions for mosses in the Bryaceae
family (Figure 5). The sensitivities to antibiotics differed
markedly between KMR5045 and P. patens in both protonema
and protoplast cells. In particular, KMR5045 showed higher
sensitivity to kanamycin compared to P. patens, implying that
the choice of types and concentrations of antibiotics depends
on the target species and is critical for the successful genetic
transfection of mosses (Figure 6). Since excessive hygromycin
can seriously inhibit normal plant development and interfere
with the acquisition of transfectants (Yan et al., 2000), it
was necessary to select a concentration that is not excessive
but effective for selecting transfectants. As can be seen in
Figure 6, 28.3% of KMR5045 protoplasts survived at 15 mg L ™!
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hygromycin, and almost all cells died at 20 mg L™ ! and only 2.5%
survived. In addition, the growth of KMR5045 protonema was
severely inhibited at 5 mg L™! or higher (Figure 5). Therefore,
it was expected that about 70% of untransfected cells could
be eliminated at 15 mg-L~! hygromycin, and their growth
would be severely retarded even if they survived. Therefore,
we determined the hygromycin concentration to be 15 mg
L~! for the selection of KMR5045 transfectants, and we were
able to obtain transfectants successfully in the course of the
subsequent experiment.

The PEG-mediated gene transfer method is the most
applicable and useful method to transform moss species
(Thiimmler et al., 1992; Trouiller et al, 2007; Cove et al.,
2009b; Nomura et al., 2016). We modified the P. patens protocol
to achieve genetic transfection of KMR5045 by extending the
protoplast regeneration period before antibiotic selection. While
P. patens generally requires a regeneration period of 5 days
(Cove et al., 2009b), the transfection efficiency was found to
be highest when KMR5045 protoplasts were transferred to
selection medium after 9 days of regeneration (Figure 7).
These results indicate that the regeneration time needs to be
modified according to the species to be transfected. The entire
experimental procedure for the genetic transfection of KMR5045
took 53 days from the first step of protoplast isolation to
transfectant selection, and a more detailed timeline is presented
in Supplementary Figure 3.

Nearly 16,000 species of mosses vary widely in physiological
and metabolic characteristics, but research on these topics is
limited (Shaw and Renzaglia, 2004; Laenen et al., 2014). In
particular, Arctic mosses have acquired unique physiological
traits during their adaptation to their harsh environments

(Longton, 1988; Meltofte, 2013; Lewis et al, 2017). In this
study, we succeeded in developing axenic cultivation and genetic
transfection of KMR5045 belonging to the Bryaceae, which had
not been transfected previously. This is the first paper to report
the establishment of genetic transfection of an Arctic moss
species that survives in an extreme environment. The results of
this study will contribute to both basic and applied science fields,
such as understanding the mechanism of cold adaptation and the
production of useful substances derived from Arctic mosses.
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