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Abstract

Bryum argenteumis a fascinating, cosmopolitan, and versatile moss species that thrives in various
disturbed environments. Because of its comprehensive tolerance to the desiccation, high UV and extreme
temperatures, so it is emerging as a model moss for studying the molecular mechanisms underlying the
responses of plants to abiotic stresses. However, due to the lack of basic tools such as gene
transformation, targeted genome modification, molecular mechanisms underlying the survival of B.
argenteun in different environments are poorly understood. Here, we reported the protonema of B.
argenteum can survive up to 95.42% water loss. The genome size of B. argenteum is approximately 313
Mb by kmer analysis, smaller than reported 700 Mb. Then, we established a simple method for
protonema induction and an efficient protoplast isolation and regeneration protocol for B. argenteum.
Moreover, a PEG-mediated B. argenteum protoplast transient transfection and stable transformation
system was developed. Two homologues of AB/3(ABA-INSENSITIVE 3) gene were cloned from B.
argenteum. This genetic transformation system was further optimized for CRISPR/Cas9 system for
targeted delivery of the BaABI3A and BaABI3B gene into B. argenteum protoplasts, which triggered
mutagenesis at the target in about 2%-5% of the regenerated plants. Isolated AB/3A and AB/3B mutants
are all sensitive to desiccation, which suggested BaABI3A and BaABI3B play redundant roles in
desiccation stress. Our results provide a rapid and simple approach for molecular genetics in B.
argenteum. The results of this study will help to understand the molecular mechanisms of plant extreme
environmental adaptation.

Key message

To establish a sterile culture system and protoplast regeneration system for Bryum argenteum, and to
establish and apply CRISPR/Cas9 system in Bryum argenteum

Introduction

Bryophyte, including liverworts, moss and hornworts, belong to an independent species within the higher
plants and are an essential group for transitioning from aquatic to terrestrial plants, with all land plants
being its sister group, including the classes Bryopsida, Andreaeopsida, and Takakiopsida (Puttick et al.,
2018; Sousa et al., 2019). Unlike vascular plants, the gametophyte generation is the dominant generation
in the life cycle of bryophyte plants. These unique characteristics make it easier to study functional
genomics through homologous recombination and CRISPR technology to obtain mutants (Wiedemann et
al., 2010; Ponce de Ledn and Montesano, 2013; Lopez-Obando et al., 2016; Collonnier et al., 2016; Ikeda et
al., 2018; Trogu et al., 2020).

Bryum argenteum, dioecism, is a fascinating and versatile moss species because it can be widely
distributed in arid, humid, high UV and urban environments (Gao et al., 2017; Pisa et al., 2014; Hui et al.,
2013; Shaw et al.,, 1989; Shaw et al., 1990; Schroeter et al., 2012; Zaccara et al., 2020). This typical
drought-tolerant moss resurrection plant can achieve dehydration of more than 95% and rapidly recover
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within a few seconds when rehydrated. As an extremely desiccation-tolerant moss, B. argenteum can
survive under extremely dry air conditions (i.e., 0-30% RH or less than162 MPa), and it is classified as
category “A” among the most desiccation tolerant (DT) moss species (Wood, 2007). While Physcomitrium
Patens as a moss model, which was recently renamed from Physcomitrella patens, only can survive up to
92% water loss but cannot recover from complete desiccation (Frank et al., 2005; Khandelwal et al.,
2010). B.argenteum is dioecious with apparent alternation of generations and can be spread by spores
produced through sexual reproduction over short or long distances, as well as by short-distance asexual
reproduction through gemmae. Phenotypic plasticity has been shown to have ecotype-wide
thermotolerance in B.argenteum, which can reasonably be expected to have plasticity in other
physiological traits (He et al., 2016). There are also reports on the drought tolerance of B.argenteum
(Greenwood et al., 2019), the establishment of spore in vitro culture conditions (Sabovljevi'c et al., 2005),
and the effects of plant hormones in vitro development (Sabovljevi'c et al., 2010), as well as reports on
the cultivation of its protonema and gametophyte (Pandey et al., 2014). However, research on Bryum
argenteum is still in its early stages. In addition, B.argenteun lacks basic tools such as gene
transformation and genome editing technologies, which limits the study of its unique characteristics.

To survive on land, the earliest land plants had to develop mechanisms to tolerate desiccation. The
phytohormone abscisic acid (ABA) protects seeds in angiosperm and vegetative tissues in moss during
water stress by activating genes through transcription factors such as ABSCISIC ACID INSENSITIVE 3
(ABI3) (Meurs et al., 1992).AB/3belongs to the plant-specific B3 DNA binding domain protein family. B3
domain-containing proteins are divided into five major categories, including the REM (reproductive
meristem) subfamily, HIS family (high-level expression of sugar inducible), ARF family (auxin response
factor), RAV family (related to AB/3/VP17), and ABI3 family. Compared with other B3 domain transcription
factor families, the AB/3 family is relatively small and evolutionarily conserved. AB/3is a core component
of the ABA signaling pathway and was initially thought to be a seed-specific transcription factor that
controls seed maturation and the onset of dormancy. However, subsequent studies have shown that
ABI3 expression plays a role in cell differentiation in nutrient tissues, increases dehydration tolerance,
degrades chlorophyll, and extends seed lifespan (Zhang et al., 2018). ABI3 also plays a role in the
induced dehydration tolerance of P.patens (Khandelwal et al., 2010), suggesting that this transcription
factor may have a more conserved role in the evolution of non-biological stress tolerance in land plants
(Marella et al., 2006; Takezawa et al., 2011).

The advent of sequence-specific nucleases capable of genome editing is revolutionizing basic and
applied biology. Since the introduction of CRISPR-Cas9, genome editing has been widely used in
transformable plants to characterize gene function and improve trait. Because of its low cost, simplicity,
and high efficiency, the CRISPR-Cas system has become the most widely used system for plant genome
editing (Yin et al., 2017). This technology has been rapidly expanding and applied to major cereals such
as rice, wheat, and maize (Zea mays) and to other crops that are important for food security, such as
potato (Solanum tuberosum) and cassava (Manihot esculenta)(Chen et al., 2019; Zhu et al.,2020, Gao,
2021), which helps secure global food supplies. However, CRISPR-Cas is capable of https://doing more

than just editing specific genetic loci to improve crops. Among non-vascular plants, such as bryophytes:
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P.patens, Marchantia polymorpha, CRISPR-Cas system has also been used to explore the molecular
mechanisms underlying the transition from aquatic to terrestrial pioneer plants.

B. argenteun has gained increasing attention as a model organism for desiccation tolerance due to its
comprehensive tolerances to the drought, extreme temperatures and high UV, so it is important for
B.argenteum to create its molecular biology methods. In this study, we chose cosmopolitan and versatile
B.argenteum as our research model materials (http://www.discoverlife.org/mp/20m?
kind=Bryum+argenteum). We first explored the drought tolerance of B. argenteum and the ecotypes of
B. argenteus in different hydroponic environments for the first time. Next, we investigated the impact of
the protoplast isolation time on B.argenteum and observed the protoplast regeneration system. By
optimizing the Physcomitrium patens transformation strategy, we developed a transient transformation
and a stable transformation method for B.argenteum. In addition, we also established a genome editing
method for B.argenteum using CRISPR/Cas9 technology and investigated the function of the two ABI3
homologue genes in this species. The establishment of B. argenteum transformation method has
multiple uses, such as identifying the molecular mechanisms by which B.argenteum adapts to diverse
environments worldwide and developing more medicinal and economic value products from

B. argenteum.

Materials & Methods

Plant Collection and Culture

The gametophyte or capsula of B.argenteum was collected from various regions across the country,
naturally dried, and brought back to the laboratory for aseptic treatment. The collected gametophyte
materials were washed several times with tap water, separated into individual plants, and placed on
moist, sterile filter paper. The single stem tips were sterilized with different gradients of NaCIO (5%, 10%,
15%) for 1 min, 2 min, or 5 min. After sterilization, the moss was inoculated onto a sugar-free BCD solid
culture medium and grown in a culture box at 22°C, with a light cycle of 16 hours light/8 hours dark and a
light intensity of 50 pE/s.

It is important to establish a stable protonema culture system for moss genetics transformation. To
observe the protonema growth of B.argenteum in liquid BCD, we used BCD as the primary medium (Zhao
et al., 2018), adding glucose as the carbon source, and adding ammonium tartrate as the nitrogen source.
We prepared four media with different carbon and nitrogen sources: carbon + nitrogen, no carbon +
nitrogen, carbon + no nitrogen, and no carbon + no nitrogen. The stem and leaf of B. argenteum were
suspended in a liquid medium on a shaker at 120 rpm/min, 25°C, with a light cycle of 16 h/8 h and light
intensity of 100 pE/s. The growth of stem and leaf, as well as protonema, were observed.

Phylogenetic Analysis

The total genomic DNA was extracted from the protonema of B.argenteum using the CTAB method (Byun
et al.,, 2021). The extracted genomic DNA was used as the template for PCR analysis with a reaction
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system consisting of 1 ul of genomic DNA template, 1 ul of 10 uM forward and reverse primers, and 25 ul
of PCR Master Mix (Novozymes). The amplification program was as follows: pre-denaturation at 98°C
for 3 min, denaturation at 98°C for 10 s, annealing at 58°C for 20 s, and extension at 72°C for 30 s/Kb.
The primer sequences were used to amplify trnL-F, trnG, atpB-rbcL, nad5, and 26S and are listed in
Supplementary Table S1. To construct a phylogenetic tree including B.argenteurn, the concatenated
sequences of trnL-F, trnG, atpB-rbcL, nad5, and 26S were compared with the concatenated sequences of
other species (obtained from GeneBank) (Taberlet et al., 1991; Pedersen N et al., 2006 Table 1). The
sequences were aligned using Bioedit software, and downstream analysis was performed using 1Q-
TREE program and Figtree. A maximum likelihood method was used to construct the phylogenetic tree,
and 1000 bootstrap replicates were used to test the support for internal branches.

Estimation of Genome Size

DNA samples were broken into fragments with a length of 300 bp by an ultrasonic disruptor. DNA library
was constructed and subjected to Paired-end sequencing using the lllumina Hiseq sequencing platform.
Finally, clean reads were used to estimate the genome size using K-mer frequency (K-mer 17 bp).

Protoplast Isolation

A strain CNU51 of female material obtained from capsula collected by in Capital Normal University in
Beijing, China (N39°9'E116°3', 2015) was used as the model material for protoplast isolation.

Using 8% of mannitol buffer and enzyme concentration for protoplast isolation based on the moss P
patens method(Collonnier et al., 2016 Hohe et al., 2004) as a reference, 0.8% driselase was dissolved in
8% mannitol and rotated gently at 4°C to isolate protoplasts. Transfer protonema to a petri dish and mix
carefully with a 0.8% driselase solution (Sigma), dissolved in 8% mannitol. Place in darkness on a tumble
shaker at low speed. After 10min, 20min, 30min, 40min, 50min, the sample were observed. All further
steps follow the protocol described in Hohe et al. (2004) and have been adapted considering protoplast
density and regeneration. The isolated protoplasts were centrifuged at 200 rcf for 2 min at 4°C, the
supernatant-containing enzyme was removed, and the protoplasts were resuspended in 8% mannitol and
centrifuged again. This process was repeated twice, and the protoplasts were collected and finally
counted and subjected to PEG transformation using a 3 M mannitol solution.

RT-PCR Analysis

Total RNA was extracted from protonema tissue using a classic TRIzol method with some
modifications by RNA adsorption column(TIANGEN). The quantity and quality of RNAs were determined
by spectroscopic analysis using a NanoDrop Lite Spectrophotometer (Thermo Scientific, United States)
and agarose gel electrophoresis. First-strand cDNA was synthesized from 500 ng of total RNA using
using Prime-Script® RT Reagent Kit with gDNA Eraser (TaKaRa, Shiga, Japan). RT-PCR analysis was
performed in 10 pL reactions containing adjusted cDNA template, 10 uM of each primer, and 5 pL of Taq
master mix(Vazyme). The amplification procedure was as follows: 5 min of denaturation and enzyme
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activation at 95-C followed by 28 cycles at 95-C for 15 s, 58-C for 15 s, and 72-C for 15 s. The actin gene
was used as an internal control. The DNA sequences of the primers used for PCR amplification are listed
in Supplementary Table S1.

RT-qPCR Analysis

The dynamic transcript levels of the GFP gene were analyzed by RT-gPCR. The cDNA is derived from the
RT-PCR analysis described above. The sample mixture of RT-qPCR was prepared based on the procedures
described in TB Green® Premix Ex Taq™ Il (Tli RNaseH Plus) (TaKaRa, Shiga, Japan).The relative
expression levels of GFP were calculated using the comparative threshold cycle method 2724CT(Livak
and Schmittgen, 2001 ).

Immunoblot assay

Protoplast or protonema of B.argenteum were ground to a fine powder using polishing stone and
suspended in extraction buffer [50 mM Tris, 50 mM NaCl, 10% glycerinum 0.1% Tween 20, pH 7.4, 20
mM B-mercaptoethanol]. The homogenates was lysed on ice for 30 min and the lysis was accelerated by
gentle shaking at 15min intervals. Cleavage products were centrifuged at 16,000 x g for 15 min at
4°Cand total protein was separated by 10% SDS-PAGE and blotted to a PVDF membrane (Merk Millopore,
Ireland). The membrane was subjected to immuno-blot analysis using anti- green fluorescent protein
antibody (ABclonal, United States) or anti- tubulin antibody (Sigma), and then HRP-conjugated anti-
mouse IgG (Huaxingbio, China). Anti-GFP antibody was used to detect Citrine because of its high
similarity to GFP (Griesbeck et al., 2001). The blot was analyzed using SuperSignal Chemiluminescent

Substrates (BOSTER) and CHAMPCHEMI™ Chemiluminescent Imaging System (SINSAGE, China).
Confocal Microscopy

Transient expressed GFP signals in 16 h protoplast cells and stable transfection transgenic lines
protonema cells were observed by by a laser scanning confocal microscope (LSM780; Zeiss). GFP
fluorescence was excited by a laser at 488 nm and chlorophyll was excited by 550 nm laser (Ahn et al.,
2018).

PEG-Mediated Transfection and Analysis of Transgenic Lines

The MMM solution and PEGT solution were sterilized by filtration with 0.22 ym bottle top filter to assure
stability of pH and osmolarity. Then, 300 pL of protoplast suspension was added to each tube with
plasmid and gently mixed at room temperature for 15 minutes. Next, 300 pL of PEGT solution was added
to each tube and gently mixed until the solution became homogeneous. The mixture was then heat
shocked at 45°C for 5 minutes, followed by 10 minutes of recovery at 20°C with gently shaking on a
shaker. During this time, the cooled ABCG solution was prepared. 300 pL of the ABCG solution was added
to each tube every 2 minutes, total five times. Then, 1 mL of the ABCG solution was added to each tube
seven times every 3 minutes. After each addition, the mixture solution was gently mixed to make the final
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volume of the solution 9 mL (the process should be done gently and slowly by shaking back and forth).
The transformation mix was wrapped in tin foil to avoid light and gently shaken for 1 hour at room
temperature. The mixture was then centrifuged at 14°C for 2 minutes at 200 g, and the supernatant was
aspirated using a 5 mL pipette tip and discarded. Next, 9 mL of PRMT (0.3% agar) culture medium was
added to the resuspend the protoplasts. The resuspended protoplasts were spread on PRMB culture
dishes with glass paper, with about 2-3 mL of the mixture per dish. The plates were then cultured under
full sunlight at 22+1°C (Supplementary Figure S1).

After nine days of culture following the PEG transformation of protoplasts, the material is transferred to
BCDG medium containing 25 ng/uL G418 resistance and grown at 22+1°C under continuous light. After
seven-day screenings, the surviving material is transferred to a standard BCDG medium and grown under
the same conditions. When single plant growth is visible to the naked eye, the surviving strains are
identified as positive transformation strains and await identification.

Results

The Sterilization of B.argenteum

Because moss leaves have only one layer of cells, it is difficult to get the sterilized moss. To obtain sterile
materials, NaClO was used to detoxify the gametophyte materials collected from the wild. we explored
the effect of NaClO treatment time on the sterilization efficiency of B. argenteum. The results showed that
5 minutes of treatment with 5% NaClO had the best sterilization effect. Treated with 5% NaClO for 5 min,
the gametophyte was grown on sterile culture media, B.argenteum became lighter in color. After several
days of cultivation, almost all the materials became whitened and died. Still, after seven days, new green
filamentous structures could grow from the top of some stems and leaves under a dissecting microscope
(Fig. TA). We divided the sterilization status of each stem tip into three categories: sterilization leading to
the death of the entire plant, survival with bacterial growth, and survival without bacterial growth. The
rates of sterilization and survival of B.argenteum were obtained (Fig. 1B).

An Efficient Method for the Protonema of B. argenteum Using Liquid BCD with Ammonium Tartrate as
additional N sources

Some gametophyte shoots were taken about 4 mm into liquid BCD medium with or without additional N
or C sources. In liquid culture, the protonema cells grow from gametophyte stem and leaves and forms
fuzzy balls. As shown in (Fig. 1C), on the 7th day of liquid culture, the gametophytes with additional
carbon sources developed new gametophyte. In contrast, the samples without carbon sources mainly
remain in the original fllamentous phase. Continuing to culture until the 14th day, the gametophytes with
added carbon sources grow longer, and the spherical bodies become more extensive. In contrast, the
samples without carbon sources remain filamentous. After 21 days of culture, the spherical bodies of the
two groups with added carbon sources continue to grow, and the number of gametophytes increases
further. However, the gametophytes with added carbon and nitrogen sources are covered with more

original protonema. The spherical bodies of the two groups without added carbon sources continue to
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grow larger, and more original protonema emerge. The sample with added nitrogen source but no carbon
source has a much larger diameter, the longest original protonema, and almost no stem and leaf tissues,
indicating that glucose promotes the development of protonema into gametophytes. Similar to
overapplication of nitrogen (N) fertilizer delaying flowering in angiosperm (Yuan et al., 2016), ammonium
tartrate as N sources inhibits moss development and can maintained moss at the protonema stage.

The Filaments of B. argenteum Can Survive Up to 95.42% Water Loss

This typical drought-tolerant moss resurrection plant can achieve dehydration of more than 95% and
rapidly recover within a few seconds when rehydrated. The filaments of P patens only can survive up to
92% water loss but cannot recover from complete desiccation (Frank et al., 2005; Khandelwal et al.,
2010). It was reported that Ppatens was desiccated inside a laminar flow hood for 24 h, but the rate of
water loss is instability because of the different levels of humidity in different places (Khandelwal et al.,
2010). Still, this method cannot guarantee the experimental material’s dehydration level each time. We
first attempted to use silica gel to dehydrate the material and observed the level of dehydration and
stability. In the experiment, protonema material was selected. First, an excess amount of 5 cm in height of
silica gel was added to a crystallization dish. Then the 7-day-old homogeneous slurry subculture material
was transferred onto the silica gel in the crystallization dish and air-dried on a clean bench. The water
loss rate of the material was measured at regular intervals (the weight of the filter paper was obtained
after weighing the material, the filter paper was scraped clean after drying the material, and the weight of
the filter paper was obtained after drying it under the same conditions). The results showed that the
dehydration rate of the moss reached 95.42% (Supplementary Table S2). In order to test whether the
moss material could revive after rehydration after the condition of extremely dehydration, we placed the
dehydrated B.argenteum material into BCD medium after rehydration and grew it for one week, and found
that the plants could grow normally. This indicates B.argenteum has a strong drought resistance and the
ability to rapidly recover to the normal state after rehydration.

Identification and Molecular Phylogenetic Analysis of B.argenteum

With the development of molecular genetics, more and more molecular markers are used for species
identification and classification. Some molecular markers can be used for the identification and
classification of mosses. We used three molecular markers (trnL-F, trnG, atpB-rbcL) on the chloroplast
genome and a molecular marker (nad5) on the mitochondrial genome, and two fragments of the 26S
gene in nuclear to identify B.argenteum. The lengths of the sequenced molecular markers were 520 bp,
638 bp, 684 bp, 1976 bp and 1132 bp, 1095 bp, respectively. Sequencing results for other species can be
obtained from GenBank. The concatenated sequences of these five molecular markers were used to
construct a phylogenetic tree using the Maxmum likelyhood method using IQ-TREE program, and
B.argenteum was found to be most closely related to reported B.argenteum Hedw (Pedersen et al., 2007),
indicating that B. argenteum also belongs to the Bryaceae branch (Fig. 2).

Material Selection and Genome Size Determination
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Although the transcriptome data of B. argenteum was reported (Gao et al., 2015; Gao et al,, 2017), but the
genome size of this plant is still uncertain. the genome size of B.argenteurn CNU51 is 313 Mb using k-mer
(Supplementary Figure S2). The genome size of CNU51 is smaller than 700 Mb reported (Wang, 2016),
which suggests different B.argenteum populations might have the different genome ploidy type
B.argenteum CNU51 has a relatively small genome, making it a good model material for subsequent
experiments. While, the moss model P, patens with about 500 Mb genome size has a disadvantage for
that it has experienced multiple events of polyploidization during evolution that has resulted in a number
of families of duplicated genes and functional redundancy (Rensing et al., 2008).

Protoplast Isolation of Bryum argenteum from Protonema and Protoplast Regeneration

The 15-day-old protonema tissues in liquid were used to isolate protoplasts. Protonema were pre-
incubated for 1 hin 0.5 M mannitol with slow rotation. As the enzymatic digestion time increased, the cell
walls were gradually broken down, and the protoplasts were gradually separated, increasing the number
of protoplasts. At 100 minutes, there were almost no protoplasts in the field of view (Fig. 3A a-l). Counting
the number of protoplasts isolated at different treatment times showed that the longer the breakdown
time, the more protoplasts were isolated (Fig. 3B). The protoplasts produced after breakdown showed
intense activity after FDA staining (Fig. 3C).

We chose BCDG solid medium containing 8% mannitol for protoplast regeneration and used a single cell
to illustrate the different stages of protoplast regeneration. The process of protoplast regeneration in
Bryum argenteum is similar to that of other mosses observed under a microscope. First, the protoplast
regenerates a cell wall (Fig. 4A a-b), and injured cells will die within 1-2 days. From days 2 to 5, cells with
newly formed cell walls divide into 2-3 cells (Fig. 4A cf). By day 10, they further develop into new
protonema (Fig. 4A g-). Young gametophytes are visible to the naked eye at 20 days (Fig. 4Aj).

After protoplast differentiation and cell wall formation, the protoplasts begin to differentiate. about 50%
of the cells divide into two, with one cell ceasing division and only the other cell dividing to produce the
next daughter cell. After several days, it grows into a single filamentous cell (Fig. 4B a). 23% of the cells
produce two daughter cells with equal division ability, each of which subsequently divides independently.
Ultimately, one protoplast cell grows into two filaments (Fig. 4B b). A small number of cells divide twice,
producing three or four daughter cells, but only one or two of these daughter cells continue to divide into
single filaments, while the other cells cease division (Fig. 4B c-d). From the statistical results, it can be
seen that the splitting mode of splitting into two is the most common (Fig. 4C). The phenomenon of
initial division during protoplast regeneration is very similar to spore germination.

Transient Transfection of Protoplasts via PEG-Mediated and Screening of B.argenteum Stable
Transformation Strains

To establish a transformation system for B.argenteumn, we firstly explored suitable transformation
conditions using a transient expression system. We directly transformed the protoplasts of B.argenteun
with the pCambia1302:GFP and evaluated the transformation and transient expression efficiency. The
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PEG-mediated transformation method was based on the method of Ppatens. After transformation, the
regenerated cells were cultured on a liquid BCDG medium containing 8% mannitol for 16h.To assess the
transient transformation efficiency, we observed GFP fluorescence. GFP fluorescence was dispersed
throughout the cytoplasm after 16 hours of transient transformation with pCambia1302:GFP (Fig. 5A) At
the same time,We used the method mentioned above to transform the pCambia1302:GFP into the
protoplasts of the B.argenteum. After transformation, the regenerated cells were cultured on a solid BCDG
medium containing 8% mannitol for ten days. Then, the screened cells were transferred to a hygromycin-
containing medium at a 25 ug/mL concentration for the first seven-day selection round. After that, the
recovered cells were transferred to a drug-free medium for growth recovery. Ten days later, they were
transferred to a BCDG medium containing 50 ug/mL hygromycin for the second selection round. After
five days of the second selection, almost all B.argenteum cells turned white and died. We obtained seven
resistant plants. PCR analysis confirmed that seven plants contained the GFP fragment. Meanwhile, The
expression of GFP was observed in the stable transformed positive plant 35S:GFP#2 (Fig. 5B).To
examine chromosomal integration of transgenic constructs in transgenic lines, we assessed GFP
transgene expression by semi-quantitative RT-PCR real-time quantitative PCR (Fig. 5C&S4). 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 (Fig. 5D). These results
indicate that the transfection method described here can be used to generate CNU51 transfectants.

Establishment of CRISPR/Cas9 Knockout System in B.argenteum

Based on the transcriptome data of B.argenteum (Gao et al., 2015; Gao et al., 2017) and our unpublished
genome data of B.argenteum, we retrieved two homologous sequences of AB/3 and named them
BaABI3A and BaABI3B. We constructed a phylogenetic tree using the maximum likelihood method (ML)
with the cloned amino acid sequences of AB/3in moss. The phylogenetic analysis showed that mosses
formed one branch, and seed plants, including Arabidopsis thaliana, Populus trichocarpa, and rice,
formed another branch, with the three homologous genes of the AFL subfamily in rice and FUS3 forming
a separate branch. BaABI3A and PpABI3C clustered in the moss branch, while BaABI3B clustered with
PpABI3A and PpABI3B (Supplementary Figure S3). Comparative analysis of the phylogenetic tree and
sequence proved that there are two homologous genes of AB/3in the B.argenteum, which belong to the
ABI3 family. To investigate the functions of the two BaABI3 genes in B.argenteum, we explored their
expression patterns under various stress treatments. We selected CNU51 progeny cultures growing for
nine days as the source material. We subjected them to four non-biological stress conditions, namely 10
MM ABA, 300 mM mannitol, drought/rehydration, and 250 mM NaCl. Under ABA stress treatment, the
BaABI3A gene responded first, and its expression reached its maximum level in 2 hours, while the
BaABI3B gene reached its maximum expression level in 8 hours. Under drought/rehydration treatment,
both BaABI3 genes were highly expressed under drought/rehydration treatment, with BaABI3A mainly
expressed during the drought stress period and BaABI3B primarily expressed during the rehydration
period after the drought. The response and expression patterns of the two BaABI3 genes to salt stress
were different, with BaABI3A being expressed in the later stages and BaABI3B being expressed in the
earlier stages. Both BaABI3 genes responded to osmotic stress caused by mannitol more slowly (Fig. 6A).
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Currently, no reports of the CRISPR/Cas9 gene editing system in B.argenteum. Here, we used the
CRISPR/Cas9 gene editing method from Ppatens (Collonnier et al., 2016) to explore its application in
B.argenteum. Using CNU51 moss as the material, we targeted two sites for BaABI3A, sgRNA 1 and sgRNA
2. Four mutant plants, Baabi3a-5, Baabi3a-14, Baabi3a-20, and Baabi3-a21 were obtained through
screening with the G418 antibiotic and sequencing identification. For BaABI3B, six target sites were
designed, sgRNA 3, sgRNA 4, sgRNA 5, sgRNA 6, sgRNA 7, and sgRNA 8, and two mutant plants, Baabi3b-
16 and Baabi3b-36 were obtained through screening with the G418 antibiotic and sequencing
identification (Fig. 6B). We attempted different combinations of sgRNAs and found that only the
plasmids containing sgRNA 1 and sgRNA 4 underwent gene editing. The statistical results showed that
the editing efficiency of the BaABI3A gene in B.argenteum was 4.5%, and the editing efficiency of the
BaABI3B gene was 1.9%. This result provides us with confidence to further explore the functions of other
genes in B. argenteum (Table 1).

Table 1

Targeting efficiency of genome editing on BaABI3A and BaABI3B gene using the CRISPR-
Cas9 system in Bryum argenteum

Gene sgRNAused for G418 clones! Number of GT efficiencies (%)
transformation analysed clonest

BaABI3A  sgRNA1 89 4 4.5

BaABI3B  sgRNA4 103 2 1.9

sgRNA1 and sgRNA4 target BaABI3A and BaABI3B genes respectively (see Supplementary Table S3).
G418 clones are the stable antibiotic-resistant clones that survived after subculture on G418 medium.
Number of analysed clonest where the donor DNA template have been edited with deletions or insertions.

GT efficiencies (%) $express the frequency of edited clones among the population of antibiotic-resistant
transgenic clones.

There are no relevant literature reports on drought, salt stress, and osmotic stress treatment conditions in
B.argenteum. Therefore, BaABI3 gene mutants were used to explore the tolerance of B. argenteun to
various abiotic stresses. A gradient of 100 mM, 200 mM, and 400 mM NaCl was set to analyze the
optimal concentration for NaCl stress treatment. We found that wild-type and mutant strains could grow
well under low-concentration salt treatment for three days and then transferred to a standard BCDG
medium, which indicates that B. argenteurn material is tolerant to short-term low-concentration salt
stress. After two days of growth on BCDG medium containing 400 mM NaCl, Baabi3a Baabi3b mutant
and wild-type B. argenteurn materials appeared whitish, indicating significant salt stress. When
transferred to a normal culture medium, the wild-type could recover the growth. In contrast, Baabi3a-14
mutant strain could also recover growth (subsequent repeated experiments showed that Baabi3a-14
could only partially recover growth, and its status was not as good as that of the WT plants, while
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Baabi3a-5, Baabi3a-20, and Baabi3a-21 mutant strains could only partially or not recover growth,
showing a salt-sensitive phenotype) (Supplementary Figure S5).

To determine whether wild-type and mutants have salt-sensitive phenotype of B.argenteum, we treated
the original prostrate material of the wild-type and mutants with 500 mM NaCl. The experimental results
showed that the material treated directly with 500 mM NaCl turned white after 2 days of growth on the
medium. The mutant strains Baabi3a-5, Baabi3a-14, and Baabi3b-16 did not recover or only partially
recovered during the recovery process. The results showed that the AB/3 genes have the function in
tolerating salt stress (Fig. 6C).

B. argenteum is a typical desiccation-tolerant (DT) plant. In this study, drying treatment was also
performed on five mutants (Baabi3a-5, Baabi3a-14, Baabi3a-20, Baabi3a-21, Baabi3b-16) and the wild-
type. Rehydration after 24 hours of drought, it was observed that the wild-type materials were able to
survive, while only a little portion of the mutants resumed growth compared to the control. These results
indicate that the Baabi3a and Baabi3b mutants are sensitive to drought stress, and both gene BaABI3A
and BaABI3B function in desiccation for B. argenteum protonema (Fig. 6D)

Discussion

Moss plants are small and have a simple structure, making them the second largest group of existing
land plants (Wang et al., 2022). The gametophyte of moss plants is leaf-like tissue or differentiated into
root-like, stem-like, and leaf-like structures. This structure is intermediate between green algae and
vascular plants, so moss plants are considered to have appeared shortly after the origin of land plants
(Bowman et al., 2017; Christenhusz & Byng, 2016). Therefore, the phylogenetic position of mosses,
liverworts, and hornworts in terrestrial plants is receiving increasing attention (Donoghue et al., 2021). For
over two decades, P, paten has been developed and used as a model species for comparative studies in
plant biology, widely applied in early land plant gene function research. The publication of its genome
sequence has stimulated genetic studies (Rensing et al., 2008). The availability of various functional
genetic tools, such as single gene knockout in Physcomitrium patens, has been effectively achieved
through gene targeting due to its high homologous recombination rate and easy protoplast
transformation (Schaefer, 2001; Schaefer & Zryd, 1997). In addition, the haploid state of most of the P
patens life cycle and its stem cell potential (Prigge & Bezanilla, 2010) have facilitated the study of P
patens genes and mutants. Recently, the use of sequence-specific nucleases, particularly the clustered
regularly interspaced short palindromic repeats (CRISPR) and CRISPR-associated (Cas) system
(Makarova et al., 2015), has been employed for gene targeting in different organisms (Wright et al., 2016).
In nonvascular plants, the CRISPR-Cas9 system has been used in Marchantia polymorpha (Sugano et al.,
2014)d patens (Collonnier et al., 2016). However, the CRISPR-Cas9 system has not been applied in
B.argenteum.

In this study, we successfully established their sterile culture and hydroponic systems of B. argenteum. B.
argenteum is one of the most desiccation tolerant (DT) moss species (Wood, 2007). We found that
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dehydration capacity of its protonema reached about 95%, and B. argenteum protonema could grow
normally after rehydration, demonstrating the high tolerance of B. argenteum (Fig. 1). P patens can
survive up to 92% water loss, but cannot recover from complete desiccation (Khandelwal et al., 2010). In
addition, using molecular markers trnL-F, trnG, atpB-rbcL, nad5, and 26S for molecular systematics
analysis, we determined the phylogenetic position of B.argenteum in the genus Bryum (Fig. 2). Next, to
establish a genetic transformation method for B.argenteum, we first determined the time of protoplast
isolation and the state of protoplast redifferentiation. The results showed that the longer the collapse
time, the more protoplasts could be isolated, but the activity of the protoplasts decreased after 60
minutes. Therefore, the digestion time was controlled within 60 minutes (Fig. 3). The regeneration
process of protoplasts of B.argenteum is similar to that of monospores (Fig. 4). The enzyme
concentration, mannitol concentration, and antibiotic concentration involved in the transformation
process were consistent with those for Ppatens, the concentration of mannitol was 8%, and the antibiotic
screening concentration was 25 pg/mL. Howeverthe concentration of enzymes was 0.8% in B.argenteum,
which is higher than 0.5% of Ppatens (Cove et al., 2009a). Maybe the cell wall components in different
species is different, the concentration of driselase enzymes required varies (Roberts et al., 2012).

Polyethylene glycol (PEG)-mediated protoplast transformation is a routine method for studying nuclear
gene function in moss plants (Nomura et al., 2016). We modified the transformation method of Ppatens
to achieve transient transformation and stable genetic transformation of B.argenteum by using pCambia-
1302: GFP vector. Microscopic observation of the protoplasts and filamentous material showed stable
fluorescence signals (Fig. 5). With the development of CRISPR/Cas9 technology and the high efficiency
of gene editing, this study is the first attempt to use the CRISPR system for gene editing in Bryaceae. The
CRISPR/Cas9 system was used for genetic transformation in B.argenteurn, and surviving positive strains
were identified after 6 weeks of selection and screening. The statistical results showed that the
transformation efficiency of B. argenteum was about 1.9-4.5% (Table 1). The transformation efficiency
of B.argenteum was lower than that of Ppatens (Collonnier et al., 2016). It may be that CRISPR/Cas?9 is
not the optimal choice for the transformation of Bryaceae, Further, the adjustment of promoter in sgRNA
and the improvement of Cas9 cleavage efficiency are the directions of our efforts. We can also try other
gene editing system to find the most appropriate editing method for B.argenteum. To some extent,
CRISPR's gene editing system applies to B.argenteumn, which promotes the exploration of gene function in
B.argenteum and enriches the understanding of the molecular biology of mosses. The experimental
results above demonstrate the feasibility of the genetic transformation of B.argenteum, which lays a solid
foundation for the future genetic transformation of more mosses and helps to identify more molecular
functions of mosses, enriching the molecular mechanism of mosses.

Currently, ABI3 plays an important regulatory role in cell maturation and plant development processes
such as quiescence of shoot apical meristem and regulation of flowering time (Rohde et al., 1999). AB/3
has also been found at junctions of ABA-auxin signaling crosstalk during seed germination, lateral root
formation, and stress physiological processes (Liu et al., 2013). In recent years, the role of AB/3 has been
extended from developmental to abiotic stress responses (Khandelwal et al., 2010). Here, ABI3 also play
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an essential role in the dehydration tolerance and salt stress tolerating of B.argenteum (Fig. 6). Perhaps
the widespread global distribution of Bryophytesis closely related to the role of AB/3in stress.

Although B.argenteum has a long history of research, most studies have focused on its environmental
adaptability and environmental indication, and the exploration of its genetic molecular mechanism is still
limited (Greenwood et al., 2019). This is the first report on establishing a genetic transformation method
for B.argenteum. Despite pioneering attempts to modify the genetic information of non-model mosses in
establishing the method, gene modification methods still lag far behind those for flowering plants or
Ppatens (Byun et al., 2021). It is believed that with the advancement of sequencing and gene editing
technologies, we will gradually improve B.argenteun' transformation methods and achieve higher
efficiency. The results of this study will contribute to both basic and applied science, such as
understanding mechanisms of extreme environmental adaptation and extracting useful substances from
B. argenteum.
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Figure 1

Establishment of aseptic culture system of Bryum argenteum. (A) Growth of aseptic seedlings after
detoxification. (B) Effects of detoxification time and concentration on obtaining aseptic seedlings. (C)
Cultivation of gametophytes on BCD mediumwith different carbon (C) and nitrogen (N) sources. Scale
bar: 5 mm.

Page 21/27



100

ium_cap

m

Plagiobryum_zierii

Bryum_caespiticium

Plagiobryum_pseudotriquetrum
Plagiobryum_capillare

100

1
O ooumrubens
Bryum_bornholmense

Plagiobryum_cyclophyllum

Acidodontium_heteroneuron

Rhodobryum_roseum

Figure 2

0.005

Acidod! _
64 e Anomobryum_conicum
Anomobryum_julaceum
Anomobryum_prostratum
99 — Haplodontium_r
Haplodontium_megalocarpum
Acidodonti - ve
Bryum_gemmiferum
100 Bryum_dyffrynense
60 T' Bryum_barnesii
71 97
Bryum_gemmiparum
a9 99 72
56 Bryum_versicolor
B 10, Bryum_dunense
105 Bryum_ruderale
90 Bryum_radiculosum
Bryum_coronatum
94 Bryum_violaceum
[ Bryum_argenteum Hedw
00 1% Bryum_arg CNU
Bryum_sauteri
4*‘97 | — Imbribryum_alpinum

&E- Bryum_subapiculatum
Bryum_tenuisetum

Bryum_bicolor

Bryum_gemmilucens

Molecular phylogenetic analysis of Bryum argenteum. Amplified trnL-F trnG atpB-rbcL nad5 and 26S
sequences were aligned with sequences from other mosses and analyzed using the maximum likelihood
method. The phylogenetic tree shows that Bryum argenteum is closely related to Bryum argenteum

Hedw.Sequencing results for other species can be obtained from GenBank (Taberlet et al., 1991; Pedersen

N et al., 2006 Table 1).
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Figure 3

Production of protoplasts after treatment with cellulase for different times. (A) Production of protoplasts
after treatment with cellulase for 0 min (a), 10 min (b), 20 min(c), 30min(d), 40 min(e), 50 min(f), 60 min
(9), 70 min (h), 80 min (i), 90 min (j), 100 min (k), last(l).Scale bar: a = 0.4 mm, b-k = 0.2 mm, | = 0.5 mm.
(B) Number of protoplasts under different treatment times in figure A. (C) Protoplast viability by FDA
testing. Scale bar: 50 pm.
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Figure 4

Cells division during the early stage of protoplast regeneration. (A) The cell division stage at 1 Day(a), 2
Day(b), 3 Day(c) , 4 Day(d) , 5 Day(e), 6 Day(f) , 7 Day (g), 8 Day(h) , 10 Day(i) 20 Day(j). Scale bars (a-f)
20 pm; (g-h) 50 pm; (i) 100 pm; (j) 1 cm. (B) The cell division ways: Protoplast without division(a),
Protoplast dividing into two cells(b), Protoplast dividing into three cells(c), Protoplast dividing into four
cells(d). (C) Division pattern rate of protoplasts.
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Figure 5

Gene expression analysis of transiently and stably transformed plants in Bryum argenteum. (A)
Fluorescence observation of wild-type protoplasts and transiently GFP-transfected protoplasts. 35S.GFP
represents the transiently transformed pCambia-1302 plant. Scale bar: 10 pm. (B) Fluorescence
observation of wild-type protonema and stably GFP-transformed protonema. 35S:GFP#2Zrepresents the
stably transformed pCambia-1302 plant. Scale bar: 20 um. (C) Reverse transcription (RT)-PCR analysis of
GFP expression in stably GFP-transformed protonema(#2 #5 #23 #26 #28 #38 #85). Actin was used
as an internal control. (D) Immunoblot Analysis for GFP expression in transgenic lines. #2 #5 #23
represents the stably transformed pCambia-1302 plant. GFP was detected using anti-GFP antibody. Blot
analyzed with anti-tubulin was used as an internal control.
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Figure 6

The phenotype of wild type and Baabi3 mutants under NaCl stress and drought stress. (A) Expression
patterns of BaABI3 under various stress treatments.10 uM ABA stress(a), drought/rehydration stress (b),
250 mM NaCl stress(c),300 mM Mannitol(d). (B) Sequence analysis of Baabi3 mutants. Red borders
indicate PAM sites. (C) Phenotypic analysis of mutants under salt stress. The plants were grown for 28
days on BCDG medium; then transferred to BCDG medium containing 500 mM NaCl and grown for 2
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days, followed by another 26 days of growth on BCDG medium. (D) Phenotypic analysis of mutants
under drought/rehydration stress. The plants were grown for 28 days on BCDG medium; then drought 24
h, finally rehydration 27 d.
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