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Introduction: Physcomitrium patens (Hedw.) Mitten (previously known as
Physcomitrella patens) was collected by H.L.K. Whitehouse in Gransden Wood
(Huntingdonshire, United Kingdom) in 1962 and distributed across the globe starting in
1974. Hence, the Gransden accession has been cultured in vitro in laboratories for half
a century. Today, there are more than 13 different pedigrees derived from the original
accession. Additionally, accessions from other sites worldwide were collected during
the last decades.

Methods and Results: In this study, 250 high throughput RNA sequencing (RNA-seq)
samples and 25 gDNA samples were used to detect single nucleotide polymorphisms
(SNPs). Analyses were performed using five different P. patens accessions and
13 different Gransden pedigrees. SNPs were overlaid with metadata and known
phenotypic variations. Unique SNPs defining Gransden pedigrees and accessions
were identified and experimentally confirmed. They can be successfully employed for
PCR-based identification.

Conclusion: We show independent mutations in different Gransden laboratory
pedigrees, demonstrating that somatic mutations occur and accumulate during in vitro
culture. The frequency of such mutations is similar to those observed in naturally
occurring populations. We present evidence that vegetative propagation leads to
accumulation of deleterious mutations, and that sexual reproduction purges those.
Unique SNP sets for five different P. patens accessions were isolated and can be
used to determine individual accessions as well as Gransden pedigrees. Based on
that, laboratory methods to easily determine P. patens accessions and Gransden
pedigrees are presented.
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INTRODUCTION

Single Nucleotide Polymorphisms (SNPs) represent a major
source of natural variation within any given species. In the plant
kingdom, they are studied both in ecological and evolutionary
context in order to understand population structure (Leaché
and Oaks, 2017). They are also employed to study the genetic
basis of variable natural traits such as resistance to flooding
(Vashisht et al., 2011), or for the identification of genetic
diversity in cultivars and admixed wild types through association
mapping (Niu et al., 2019). SNP analysis is now successfully
integrated in plant breeding for example in palm tree selection
(Xia et al., 2019). For the moss model Physcomitrium patens
(Hedw.) Mitten (previously known as Physcomitrella patens)
(Beike et al., 2014; Medina et al., 2019; Rensing et al., 2020)
whole genome SNP sets between the reference genome accession,
Gransden (Gd) (Rensing et al., 2008; Lang et al., 2018), and
the accessions Villersexel (Vx) (Kamisugi et al., 2008), Reute
(Re) (Hiss et al., 2017) and Kaskaskia (Ka) (Perroud et al.,
2011) have been reported (Hiss et al., 2017). Specifically,
the genetic difference between Gd and Vx has been used
to generate the first sequence-anchored genetic linkage map
(Kamisugi et al., 2008) and recently the P. patens chromosome
level genome assembly (Lang et al., 2018). Analysis of SNP
segregation is a powerful tool that can be employed to analyze
intra and inter accession fertility (Perroud et al., 2011, 2019;
Meyberg et al., 2020), gene specific segregation patterns, and
loci affected in segregants with specific traits. For example,
the analysis of Gd and Vx segregants has been used to
identify the ANR locus affected in mutants impaired in ABA
hormone signaling (Stevenson et al., 2016), as well as loci
involved in three-dimensional morphogenesis [nog1, (Moody
et al., 2018)] and a novel microtubule depolymerizing-end-
tracking protein [CLoG1, (Ding et al., 2018)]. Most recently,
SNPs between Gd and Re were associated with the loss
of fertility in the Gd background (Meyberg et al., 2020).
However, there is no comparative study on a broad set of
accessions, or within the different P. patens Gransden laboratory
strains (Gd pedigrees).

Model organisms cultivated in the laboratory are usually
considered to be genetically uniform due to their common
origin. The original P. patens Gransden plant was collected
by H.L.K. Whitehouse in Gransden Wood (Huntingdonshire,
United Kingdom) in 1962. Engel cultured Whitehouse’s sample
(Engel, 1968) and derived the ancestor of all current P. patens
Gransden strains from a single spore. In 1974 progeny of
P. patens Gransden started to be distributed across the globe
(Ashton and Cove, 1977; Cove, 2005). Since then, P. patens
became an important model organism inter alia to study cell
biology, evolutionary developmental biology and the water to
land transition of plant life (Rensing, 2018; de Vries and Rensing,
2020). During its decades of in vitro cultivation, P. patens
Gransden was predominantly propagated vegetatively (Ashton
and Raju, 2000). While many labs vegetatively propagate the
plants, others regularly let the plants go through the life cycle
(sexual reproduction through selfing) and establish fresh cultures
based on single spores. However, for most of the pedigrees

the frequency and number of sexual reproduction events the
plants went through is unknown. Phenotypic differences are
documented between laboratory strains, for example Gransden
strains have shown different levels of loss of fertility (Meyberg
et al., 2020). This recently led to the introduction of the
Reute accession for the study of sexual reproduction (Hiss
et al., 2017). Mutations underlying such differences as well as
potential silent mutations can occur during sexual as well as
vegetative propagation in the lab. Such laboratory divergences
haven been reported in both prokaryote (Smits, 2017) and
eukaryote laboratory models, for example in Chlamydomonas
reinhardtii (Flowers et al., 2015). Mutation and selection
underlie the forces of evolution. However, under laboratory
conditions natural selection usually is absent. Over time,
somatic mutations can thus accumulate in laboratory strains
that would not occur in natural populations. Indeed, repetitive
vegetative propagation of P. patens in the laboratory loosens the
selection pressure on genes required for sexual reproduction,
apparently leading to deterioration of the latter (Ashton and
Raju, 2000; Perroud et al., 2011; Hiss et al., 2017; Meyberg
et al., 2020). It should be noted that P. patens is predominantly
selfing in the (dominant) haploid stage, developing completely
homozygous diploid sporophytes. Hence, spores result that are
genetically identical to the parent even though they are the
product of meiosis.

Previous P. patens SNP studies analyzed genomic DNA
samples of different P. patens accessions (Hiss et al., 2017;
Lang et al., 2018). However, P. patens gDNA samples
are rare. Nevertheless, the recent publication of RNA-seq
datasets (Demko et al., 2014; Frank and Scanlon, 2015;
Stevenson et al., 2016; Szövényi et al., 2017; Perroud et al.,
2018; Fernandez-Pozo et al., 2019) provides a source of
information that can be used to detect SNPs. Due to the
high number of RNA-seq samples analyzed, efficient pipeline
processing is essential. A framework of a modular RNA-
seq pipeline was previously published (Perroud et al.,
2018). While adding to and modifying this pipeline, a
powerful solution for the here presented SNP analysis
was created. Due to the current lack of genomic DNA we
analyzed whether the SNP analysis of RNA-seq samples
leads to comparable results. Based on the called SNPs we
determined the rate and nature of somatic mutations among the
accessions and pedigrees.

To identify and track genetic variation in the laboratory,
restriction fragment length polymorphisms (RFLP) can be
employed. This technique is based on SNPs modifying restriction
enzyme recognition sites, which are covered by polymerase chain
reaction (PCR) amplicons to test for genetic variation in specific
DNA regions (Botstein et al., 1980).

Here, we identified SNPs using recently published RNA-seq
data as well as unpublished RNA-seq and gDNA-seq data for a
range of P. patens accessions and Gd pedigrees, i.e., laboratory
strains with a documented ancestry. We used the resulting data
to separate accessions as well as pedigrees via SNP analysis,
extracted unique SNP sets for all accessions and Gd pedigrees,
and developed RFLP analyses that are useful in maintaining
accession and Gd pedigree identification.
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MATERIALS AND METHODS

Sequence Sources
This study used data of five different P. patens accessions: 171
Gransden (Gd), 20 Kaskaskia (Ka), 32 Reute (Re), 27 Villersexel
(Vx), and 25 Wisconsin (Wi) samples. The dataset contains 206
previously published RNA-seq samples as well as 44 novel RNA-
seq samples. In addition, 25 novel gDNA samples of P. patens
accession Wisconsin (Wi) were analyzed. These 275 samples were
used for SNP detection. In addition, the Wi gDNA samples were
used to study variation in a naturally occurring population. All
samples used in the present study are available at the NCBI SRA
database and are detailed in Supplementary Table S1.

Plant Material, Nucleic Acid Extraction
and Sequencing
Physcomitrella patens accession Villersexel was collected in 2003
by M. Lueth in Haute-Saone (France) on dry mud at a fish pond
east of Villersexel, at the Villers la Ville junction (voucher 4296).
The accession Kaskaskia was also collected in 2003 in Illinois
(United States) on a periodically flooded drainage channel at a
corn field by D. Vitt and M. Sargent. The voucher information for
both accessions has previously been published (von Stackelberg
et al., 2006; Beike et al., 2014). Accession Reute has also been
collected by M. Lueth/M. von Stackelberg in 2006 close to
Freiburg, Germany on an agriculturally used field. The exact
location has previously been published (Hiss et al., 2017).

Reute Early Sporophyte 1 (ES1)
Physcomitrella patens accession Reute_2015 (Re_2015) (Hiss
et al., 2017) was cultivated on 9 cm petri dishes on solid Knop’s
medium enclosed with parafilm under long day conditions
(70 µmol m∗−2 s∗−1 white light, 16 h light, 8 h dark, 22◦C)
as described in Hiss et al. (2017). Re was regularly reproduced
sexually once per year since 2011. Re_2015 is the culture derived
from the sexual reproduction (selfing) performed in 2015.
Gametangia induction was performed by transfer to short day
conditions (see Hiss et al., 2017 for culture details). Sporophytes
were harvested 6–9 days after watering and immediately put into
50 µl RNA-later (Qiagen, Hilden, Germany). RNA was extracted
using 20 ES1 sporophytes (according to Hiss et al., 2017) using
the RNeasy micro kit (Qiagen, Hilden, Germany), following the
manufacturers’ protocol. RNA concentration and quality were
analyzed with the Agilent RNA 6000 Nano Kit on a Bioanalyzer
2100 (Agilent Technologies). Library preparation and subsequent
sequencing was performed by the Max-Planck-Genome-Centre
Cologne (mpgc.mpipz.mpg.de). A single library was prepared
using the IVT-based low input RNA-seq protocol followed by
sequencing with Illumina HiSeq 3000 (150 nt, single ended).

Kaskaskia RNA-seq
Physcomitrella patens accession Kaskaskia was isolated from
seven days entrained protonemal culture under long day
conditions (70 µmol m∗−2 s∗−1 white light, 16 h light, 8 h dark,
22◦C), if not stated otherwise (Supplementary Table S2). Tissue
was flash frozen in liquid nitrogen and the subsequent RNA
extractions were performed as described in (Perroud et al., 2018).

The library preparation and subsequent sequencing was
processed using the TruSeq RNA kit (Illumina) according to the
manufacturer’s instructions. The libraries were sequenced with
Illumina HiSeq (100 nt, paired-end).

Villersexel Laser Capture of Sexual
Reproduction Stages
Physcomitrella patens Villersexel (Vx) plants were routinely
grown under sterile conditions on ammonium supplemented
medium under 20 µmol m∗−2 s∗−1 of continuous light at 24◦C.
Protonemata were obtained from ground tissue and cultivated on
cellophane disks on the previous medium. After 2 weeks, small
patches of protonemata were transferred to low nitrate medium
and grown for about 2 months under 20 µmol m∗−2 s∗−1 of
a 16:8 light:dark cycle at 24◦C. Well-developed gametophores
were then transferred to 16◦C under the same light regime for
3 weeks to induce sexual organ differentiation. Fertilization was
synchronized in all cultures by flooding growing pots with sterile
deionised water for 30 h; flooded gametophores were transferred
to 24◦C under continuous light. 48 h after flooding, gametophore
tips were examined under a hand dissection microscope for the
presence of fertilized archegonia. Non-fertilized cultures were
treated as previously except for flooding.

Fertilized and unfertilized archegonia were hand dissected
and collected in 100% acetone. Tissue fixation was ensured by
infiltrating archegonia under low pressure for 2 min followed
by a 48 h incubation in 100% acetone. Acetone was then
exchanged with HistoClear by incubating fixed tissues in 50%
acetone/50% HistoClear for 2 h then 100% HistoClear for 2 h
under continuous shaking. Tissues were embedded in wax using
an automated Tissue Tek VIP 5 Vacuum Infiltration (Sakura)
machine with the following sequence: 3 baths in HistoClear for
1, 1 and 2 h then 4 baths in wax for 1, 1, 2 and 2 h. Thick
sections of 10 µm were prepared from the embedded tissues and
deposited on Nuclease-free 1.0 polyethylene naphthalate (PEN)
membrane slides (Carl Zeiss Microscopy, #415190-9081-000) in
drops of 1 X ProtectRNATM RNase Inhibitor (SIGMA #R7397),
air dried and stored at room temperature until further use. After
wax removal in HistoClear and 100% ethanol baths, zygote/early
embryos, egg cell and archegonium tissues were laser dissected
from the sections using a PALM MicroBeam unit (Carl Zeiss) at
a 40x magnification following the procedure described in Saint-
Marcoux et al. (2015). About 200 sections were captured per
sample and 3 biological replicates were prepared for each tissue.

RNA was extracted using the PicoPure RNA extraction kit
from Life Technologies (#KIT0204) and amplified into cDNAs
using the Ovation RNA-Seq System v2 kit from NuGEN (#7102-
32) as in Saint-Marcoux et al. (2015). cDNA quantity was
determined using a NanoDrop ND-1000 spectrophotometer.
cDNA quality was analyzed on a 2100 BioAnalyzer (Agilent
Technologies) using RNA nano chips (5067-1511, Agilent
Technologies) following recommendations in the NuGEN kit.

1µg of cDNA was paired-end sequenced on an Illumina HiSeq
2000 platform at the Beijing Genomics Institute in China. At least
2 × 10 million 100 nt reads were obtained per sample. Samples
containing “orphans” in the sample name contain reads where
the mate did not pass the quality filter.
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Wisconsin gDNA
Mature (brown) spore capsules of Physcomitrium patens were
collected in September 2017 in Wisconsin, United States
(original specimen in AUGIE herbarium) by Rafael Medina
(Augustana College Illinois). The surface sterilization procedure
was performed at a laminar flow bench with freshly prepared
1% sodium hypochlorite and autoclaved tap water for rinsing.
Five Single spore capsule were sterilized separately. After the
last rinsing step the water was kept in the tube and the spore
capsule was squeezed by sterile forceps so that the spores were
released into the water. This spore suspension was transferred
(using a micro pipette and autoclaved filter-tips) to solidified
(0.9% [w/v] agar) Knop’s medium containing 1% glucose in 9 cm
Petri dishes sealed using 3M Micropore tape or Parafilm. After 3–
5 days, when spore germination starts, five single sporelings were
isolated from each capsule batch and separately transferred to
fresh plates. After eight weeks under long-day conditions juvenile
gametophores (above agar) were harvested and immediately
frozen in liquid nitrogen. Genomic DNA was isolated from frozen
plant material as previously described (Lang et al., 2018). Library-
preparation and sequencing was performed at the Max-Planck-
Genome-Centre Cologne (mpgc.mpipz.mpg.de); 25 TPase-based
DNA libraries were sequenced in 1 × 150 bp single reads on
Illumina HiSeq 3000 Analyzers.

Wisconsin experiment 2 was contaminated by prokaryotic
sequences. The read contamination removal was done as
described in Lang et al. (2018) and Nguyen et al. (2019). The
leftover reads were used for further analysis.

Read Analysis
For easier manageability of the data, all original sample names
were converted to a new nomenclature. Separator is always
an underscore; the first two characters identify the accession
(Gransden [Gd], Reute [Re], Kaskaskia [Ka], Villersexel [Vx]
and Wisconsin [Wi]), the next one the origin/pedigree of the
sample (e.g., MR-WT11), followed by the experiment defined by
roman numbers (e.g., XX). Sample replicates (1-5), library type
(SE or PE) and experiment type (mutant [MUT] or wild type
[WTY]) are the last parts (Supplementary script “rename and
extraction”, Supplementary File 1). An example sample name
is Gd_MR-WT11_XX_1_PE_WTY. Each RNA-seq sample went
through a modified pipeline, build on top of the RNA-seq pipeline
previously described (Perroud et al., 2018). The pipeline was
modified by updating all software versions, enabling single-end
(SE) read processing and adding SNP calling and post processing
parts (Figure 1).

Read Quality
For read quality filtering and adapter removal, Trimmomatic
(Bolger et al., 2014) version 0.39, was used. Adapter trimming
of appropriate adapters (SE.fna or PE.fna; standard sequences
included in the Trimmomatic package) was performed with
a seed mismatch of 2, a palindrome clip threshold of 30,
and a simple clip threshold of 10 for the paired-end reads
(PE.fna:2:30:10). Base pairs with a quality score less than
three were removed from the start (LEADING:3) and end
(TRAILING:3) of the reads. Reads were further filtered using a

sliding window of four base pairs with a minimum average quality
score of 15 (SLIDINGWINDOW:4:15), removal of the first 10
base pairs (HEADCROP:10), and kept reads of 30 base pairs or
more (MINLEN:30).

Poly-A clipping was performed by Prinseq-lite (Schmieder
and Edwards, 2011) version 0.20.4. A minimum length of five
poly-A/T nucleotides at the 5′- or 3′-end were required to remove
the poly-A/T tails (TRIM_TAIL_LEFT 5; TRIM_TAIL_RIGHT
5). Only reads longer than 30 nt were kept (min_len 30).

Reference Genome Mapping
All filtered RNA-seq samples were mapped to the P. patens
reference genome V3 (Lang et al., 2018) by GMAP-GSNAP
(Wu and Nacu, 2010) version 2018-7-04. SAM and BAM file
processing was performed by samtools (Li et al., 2009) version
1.9. Only uniquely mapped reads were used for further analysis.

Removing Duplicate Reads
De-duplication based on the unique mapped BAM files was
done using samtools package markdup with the remove duplicate
reads option (r).

Variant Detection
The SNP calling pipeline (Figures 1B,C) uses GATK version
4.0.9.0 (McKenna et al., 2010). The workflow was setup according
to the classic GATK best practices workflow for RNA-seq1,2 by
modification of the approach published earlier (Hiss et al., 2017).

SNP Calling
GATK HaplotypeCaller was performed in default mode.
To account for P. patens being haploid, the option
“ploidy 1” was used.

The python script GetHighQualVcfs.py (Wang et al., 2012)
was used for quality score recalibration. The option for haploid
genomes (ploidy 1) was chosen. In addition, the alternative
nucleotide quality (ALTQ) needed to be higher than 90%
(percentile 90) and the genotype quality (GQ) value had to be
greater than 90 (GQ 90).

The GATK tools BaseRecalibrator, ApplyBQSR and
PrintReads were used in default mode.

Ploidy test
To test the samples’ ploidy, GATK HaplotypeCaller was
performed in default mode for diploid genomes (ploidy 2).

The python script GetHighQualVcfs.py was used for quality
score recalibration. The option for diploid genomes (ploidy 2)
was chosen. In addition, the alternative nucleotide quality needed
to be higher than 90% (percentile 90) and the genotype quality
(GQ) value had to be greater than 90 (GQ 90).

The results of both ploidy runs (1n and 2n) were compared.
The results were interpreted taking into account the knowledge
of previously haploid tested samples (Supplementary Table S10;
cf. Results). We observed that the differences in the defined
genotypes (GATK output 0/0, 0/1, 1/1, and 1/2) correspond to
the differences in the number of called SNPs. Therefore, we chose
the number of called SNPs to compare the two ploidy runs.
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FIGURE 1 | RNA-seq SNP calling pipeline. Part (A) of this pipeline was previously published (Perroud et al., 2018). The additional SNP calling branch (B) on the right
side starts with removing read duplications, using Samtools package “markdup” and continues with the GATK toolbox for SNP calling (C). The last steps of this
pipeline are post processing steps like SnpEff and EMBOSS restrict together with UNIX shell scripts. This figure has been modified based on a figure published in
The Plant Journal (Perroud et al., 2018; https://onlinelibrary.wiley.com/doi/full/10.1111/tpj.13940).

Filtering Wisconsin gDNA SNPs
Single nucleotide polymorphisms called from the Wisconsin
accession gDNA were filtered by using only reads uniquely
mapping to the P. patens v3.3 gene annotation (to make the data
comparable to the RNA-seq data). Bedtools intersect (Quinlan
and Hall, 2010) version 2.29.0 was used, with the option (u) to
write the original entry only once if multiple overlaps are found,
to extract all gene models intersecting SNPs (Supplementary
script “rename_and_extraction”).

Post SNP Calling Filter
The JGI gene atlas samples contain spike-in RNAs, which should
not harbor SNPs. Hence, based on SNPs detected in these reads,
filters were adjusted so that none of the RNA-seq spike-in base
changes (sequencing errors) pass it. Filter values were allelic

depths for the reference and alternative alleles (AD), mapped read
depth (DP) as well as their fold change (FC) plus a minimum of
three samples per SNP.

The above described values were adjusted through three
consecutive filter steps. (i) The first filter was the read coverage
filter with a minimum read depth of nine reads and a minimum
of seven reads supporting the SNP. FC of AD and DP has to be
greater than 0.77 (Supplementary script “SNP_filtering”). (ii) The
second filter step removes all SNPs not present in at least three
samples. This filter ensures the use of SNPs found by all technical
triplicates of an experiment. (iii) While the third filter removed
all indel positions.

The GO bias analyses were conducted as described previously
(Widiez et al., 2014) to contrast gene sets affected by SNPs
vs. the background of all genes. Visualization of the GO terms

Frontiers in Plant Science | www.frontiersin.org 5 July 2020 | Volume 11 | Article 813

https://onlinelibrary.wiley.com/doi/full/10.1111/tpj.13940
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-11-00813 July 3, 2020 Time: 20:15 # 6

Haas et al. P. patens SNP Detection

was implemented using word clouds generated by https://www.
wortwolken.com. Word size is proportional to the –log10 (q-
value), and over−represented GO terms were colored dark green
if –log10 (q-value) ≤ 4 and light green if –log10 (q-value) > 4.

Plots were done by using R version 3.6.2 and ggplot2 version
3.2.1. Upset plot for the SNP intersection was performed with
the R package UpSetR (Conway et al., 2017). All regression
lines and confidence intervals were calculated by the R package
ggplot2, method “lm” and the R package ggpubr version 0.2.5 to
calculate R1,2.

SNP Normalization
Several plots (Supplementary Figures S3–S6) were generated to
check for potential normalization methods. The number of read
covered base pairs (coverage), the number of reads per sample
(reads), and the number of genes, respectively their accumulated
length (genes) were taken into account.

Coverage method
The dependency of called SNPs based on the number of read
covered based pairs was determined with the following method.

To find all read covered base pairs, the mapping output (BAM
format) was analyzed by samtools package depth. All sequence
positions, including unused reference sequence positions, were
printed (aa). The output was filtered for depth ≥ 9 (similar to
the SNP DP value). The number of filtered SNPs were divided by
the number of read covered base pairs. To compare the values
directly with the results found in the division was done vice versa
to derive the format “one SNP per X bp”.

To plot the values, the number of SNPs were corrected
by the maximum number of read covered base pairs
(Supplementary Figure S4).

Reads method
To detect the relation between the number of filtered SNPs and
the number of sequenced reads, the values were plotted using the
R packages described in section “Post SNP Calling Filter.”

Genes methods
To answer the question whether SNPs accumulated at specific
chromosomes and to observe the relation between the number
of genes or their length with the number of detected SNPs, gene
information extracted from the P. patens v3.3 annotation GFF file
(Lang et al., 2018) was used. Both, the number of genes and the
gene length, were summarized per chromosome. The extracted
gene values were divided by the number of filtered SNPs to derive
relation in the gene number and gene length plots, respectively.
To test for significance Fisher’s exact test was performed. The
number of base pairs w/o SNPs for each of the 27 individual
chromosomes (and for all unassigned, merged scaffolds) was
compared. All p-values were corrected using the R method
p.adjust using the method (Benjamini and Hochberg, 1995).

1https://gatkforums.broadinstitute.org/gatk/discussion/3892/the-gatk-best-
practices-for-variant-calling-on-rnaseq-in-full-detail
2https://gatk.broadinstitute.org/hc/en-us/articles/360035531192-RNAseq-short-
variant-discovery-SNPs-Indels

Extracting Exclusive SNPs
In the context of SNPs found only in a specific accession or Gd
pedigree, the terms unique and exclusive are used synonymously.
Exclusive SNPs were extracted for each accession and for each
Gransden pedigree, using bash/awk scripts (Supplementary
scripts “rename_and_extraction”, “SNP_clustering” and
“SNP_filtering”). First, all SNPs found in all GATK VCF files
were grouped into a single file. Subsequently, the groups were
inspected for SNPs exclusive for a specific accession or Gd
pedigree (Supplementary script “SNP_filtering”). For further
accession analysis, the SNPs were sorted by the number of
supporting samples. SNPs supported by > 90% of the samples
of one accession, and not found in others, were defined as
exclusive. The read coverage filter was not applied for the
accession exclusive SNP selection. For the Gd pedigrees, the
Gd exclusive SNPs were ranked by the number of supporting
samples. The SNP with most sample support received the highest
rank, the five SNPs with the most sample support were chosen
and defined as exclusive.

Accession Clustering
Detected nucleotide variation was clustered by two different
methods. The first method was an artificial FASTA alignment
(Supplementary File 4). This method clusters only SNPs, no
InDels. Only SNPs that passed all filter steps were used. Each
SNP is a single column in the alignment. If the sample contains
a SNP at a specific position, the SNP nucleotide was added
to the FASTA sequence of the sample, otherwise the reference
nucleotide was used.

The second method was chosen to cluster SNPs and InDels.
Instead of nucleotides, numbers were chosen to represent a SNP,
InDel or the reference. A matrix was created by substitution of
reference and variant nucleotides: reference 0; SNP 1; indel 2.
This converted numbers were added to the matrix similar to
the nucleotides in the above described FASTA file. Each row is
a single sample and each column a unique SNP/indel position
(Supplementary script “SNP_clustering”).

The artificial FASTA alignment was imported to SplitsTree
(Huson and Bryant, 2005) version 4.14.8. A network was
calculated using default parameters. The tree was generated by
the NJ option and stored in NEXUS format. FigTree (Bouckaert
et al., 2014) version 1.4.4 was used to draw a circular tree based
on the SplitsTree NEXUS file.

The SNP/indels 0-1-2 matrix was loaded into R version 3.6.2
using the function dist with the method euclidean. To get a
three dimensional PCA plot, the results were transferred to the
R package rgl version 0.100.30.

SNP Effects
Synonymous and non-synonymous SNPs for each sample were
detected by SnpEff (Cingolani et al., 2012) version 4.3T in default
mode. SnpEff used a database created of the P. patens genome
annotation v3.3 to locate SNP positions at gene regions. Only
SNPs that passed all three filter steps (minimum nine reads have
to cover the SNP position and minimum seven reads have to
support the SNP, at least three samples have to support the SNP,
indels are removed) were used.
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Synonymous and non-synonymous SNPs were extracted from
the SnpEff CSV file output and all involved genes were extracted
from the SnpEff gene.TXT file. Functional analyses were done via
GO-bias analysis, described in chapter “Post SNP Calling Filter.”

Identification of Restriction Sites
Overlapping With SNPs
EMBOSS restrict3 was used to detect SNPs in putative restriction
endonuclease recognition regions. The enzyme database,
containing all necessary information about the recognition
sites, was loaded with the tool EMBOSS rebaseextract4. The
rebase restriction endonucleases databases, withrefm.907 and
proto.907, were downloaded at ftp://ftp.neb.com/pub/rebase.
EMBOSS restrict was performed with a minimum length of the
restriction enzyme recognition site of five base pairs (sitelen 5)
and all enzyme at the database were used (enzymes all).

SNP Verification via PCR and RFLP
(Restriction Fragment Length
Polymorphism)
Exclusive SNPs for each P. patens accession overlapping with
a restriction enzyme recognition site were selected as described
above. SNPs affecting six or eight nt long recognition sites were
chosen. Additionally, enzyme requirements for easy usability and
frequency of cuts in ± 2 kbp around the SNP were analyzed to
ensure an interpretable gel band pattern. Primers were designed
to result in an amplicon of 700-1,400 bp and similar annealing
temperatures (∼ 59◦C, Supplementary Tables S7, S8).

Plant Material and gDNA Extraction
To analyze SNPs located within restriction enzyme sites
(comparison of accessions) and SNPs without restriction enzyme
site (comparison of Gd pedigrees) the P. patens accessions
and Gd pedigrees Gransden DE Marburg 2015 (Gd_DE_MR),
Gransden Japan (Gd_JP, Gd_JP_Okazaki and Gd_JP_St.Louis),
Gransden Grenoble (Gd_CH), Reute 2015 (Re), Kaskaskia
(Ka) and Villersexel (Vx) were cultivated as described above.
Genomic DNA for PCR amplification was isolated, using a
fast protocol using one to two gametophores as published in
(Cove et al., 2009).

PCR Analysis and Sequencing
Polymerase chain reaction was carried out with OneTaq
polymerase (NEB) following the manufacturers’ protocol.
Annealing was carried out between 55◦C and at 59◦C and
elongation time was adjusted to the longest fragment chosen
(95 s). For primer sequences see Supplementary Tables S7, S8.
5 µl PCR product, 2.5 µl of the forward primer (10 µM)
and 2.5 µl water were Sanger sequenced (Macrogen, Germany)
(Supplementary Table S9 and Supplementary File 6). PCR
products and all subsequent fragment analyses were visualized
via gel electrophoresis (0.7% agarose, Roth, Germany) using
peqGREEN (VWR, Germany) as dye. The 1 kbp size standard
was purchased from NEB.

3http://emboss.sourceforge.net/apps/cvs/emboss/apps/restrict.html
4http://emboss.sourceforge.net/apps/cvs/emboss/apps/rebaseextract.html

Restriction Analysis
For each tested SNP, 15 µl PCR product of all accessions were
used as input for the enzymatic digestion. Restriction was carried
out for the SNPs Re_c3_17747483_A-T, Vx_c3_2712099_A-G
and Ka_c01_25061888_C-A using 2U of the corresponding
enzyme (Supplementary Table S7, NEB) for 3 h at 25◦C for
SwaI and at 37◦C for NdeI and XbaI. Fragments resulting from
the restriction were visualized via gel electrophoresis as described
before (PCR analysis and sequencing).

Natural Population Diversity
To determine variation within a naturally occurring P. patens
population, the accession Wisconsin gDNA SNP results were
used. Because of bacterial contamination, sample Wi_2 was
excluded from this study. The experiment was designed with four
capsules and five spores each. Each spore represents one sample.
The number of exclusive SNPs for each sample (spore) within a
spore capsule were detected as well as the number of exclusive
SNPs for each spore capsule. The results were compared with
the results of exclusive SNPs found in laboratory accessions and
pedigrees of Gransden, Gd_DE 2011, 2012 and 2015, and Reute
2007, 2012 and 2015. To highlight the results Venn diagrams were
created by venny5.

All samples described above were used to generate an artificial
FASTA alignment (for methods see section “Extracting exclusive
SNPs”) which was analyzed by Splitstree. Here, only gDNA
SNPs which intersected with the P. patens v3.3 annotation
file were kept. The branch lengths were adjusted by coverage
normalization (see section “Coverage method”).

RESULTS

Read Analysis and SNP Discovery
The analysis was conducted with a total of 4.7 billion RNA-
seq reads (Supplementary Table S3). 68% of all reads are from
Gransden, Reute reads account for 18%, Kaskaskia for 12%
and Villersexel for 2% (Supplementary Table S4). After pre-
processing and mapping to the reference genome (Figure 1A)
81% of all reads remained (Supplementary Table S3). De-
duplication (to account for potential PCR bias) further reduced
the amount of reads by 20%, leaving 3.0 billion reads as
input for the GATK SNP pipeline (Figures 1B,C). The
unfiltered Wisconsin gDNA samples amounted to 1.0 billion
reads. Processing, mapping to the reference and deduplication
discarded more than half of the raw reads; 473 million reads were
used for the SNP pipeline (Supplementary Table S3).

Funariaceae are known for naturally occurring
polyploidization (Rensing et al., 2013; Beike et al., 2014),
this has also been demonstrated during P. patens mutant
generation using protoplasts (Schween et al., 2005). We
performed a ploidy test using GATK with n = 1 vs. n = 2
and generally detect a lower number of SNPs when assuming
haploidy (n = 1), on average 65.4% of n = 2. The percentage range
of samples confirmed to be haploid (36.2 – 92.2%) approximately

5https://bioinfogp.cnb.csic.es/tools/venny/index.html
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coincides with the percentage range of all samples (30.7 –
92.9%) (Supplementary Table S10 and Supplementary File 7).
Moreover, manual inspection of the VCF files for the Wi gDNA
SNP calls showed very minor differences, that are smaller than
those of the RNA-seq data of confirmed haploid plants. Taken
together, we do not find evidence for polyploid plants among
the samples used.

For the Wisconsin gDNA samples 2,473,107 SNPs were called
by the GATK pipeline (Figure 1C). After intersecting the gDNA
SNPs with the gene coordinates of the P. patens v3.3 annotation,
140,832 SNPs were kept that represent the transcriptome, to be
comparable to the RNA-seq SNPs. Merging the Wi v3.3 SNPs
with the results of the RNA-seq accessions ended up in a total
number of 1,233,585 transcribed gene space SNPs. Gd has the
lowest number of SNPs relative to the reference assembly. This
fits the expectation, since the reference genome was derived
from a Gd pedigree. The accessions Wi and Ka have the
highest number of SNPs per sample (Supplementary Figure S1).
The highest SNP reduction can be observed after the (i)
read coverage filter, which was, together with the (ii) sample
support filter, adjusted using spike-ins (see section “Materials and
Methods” for details). (i) Read coverage and (ii) sample support
filter, together with the (iii) indels removal, were reducing
the SNP set by 88% (146,816 SNPs shared by five accessions,
Supplementary File 5). A comparison of SNP intersection
between SNPs called in this study and SNPs previously published
(Lang et al., 2018) demonstrates a large overlap of 89% of the
previously called Vx SNPs (as compared to those that were
detected in this study) and minor overlaps for Re (26%) and Ka
(28%) (Supplementary Table S5).

SNP Comparison Between Accessions
Most SNPs can be observed in the intergenic regions (up- and
downstream of the gene bodies according to the v3.3 annotation).
The SNP distribution for all accessions is around 40:60 (gene
regions/intergenic regions). The accessions Wi and Vx have
almost no SNPs flanking the two base pairs next to the splice site
(splice site region).

Most of the SNPs shown in Figure 2 are accumulated in non-
coding regions. Exonic SNPs can be synonymous, not affecting
the coding sequence, or non-synonymous, leading to a change
in the amino acid sequence of the protein encoded by the
gene (for average number of SNPs per sample see Table 1
and for total numbers of SNPs see Supplementary Table S11).
The two accessions from North America, being geographically
most far away from the reference sample, are the ones with
the most changes affecting the coding sequence. Individual SNP
effects in the exclusive accession SNPs list can be found in
Supplementary File 3.

Less than 12% of all SNPs called by the GATK pipeline
passed all three filter steps: Gd has 39,614 and Re has
42,094 SNPs left, Vx has 52,960 SNPs and Wi has 63,597
SNPs. The highest number of SNPs are found in Ka with
76,076 SNPs (Supplementary Figure S1 and Figure 3, left
horizontal bars). The number of SNPs coincides with the
geographical distance to the reference Gransden (Figure 3,
horizontal bars; Supplementary Figure S2). After applying

TABLE 1 | Average number of SNPs affecting gene coding sequences per sample.

Gd Re Vx Ka Wi all

Start changesa 3 8 8 18 29 8

Stop changesb 6 23 22 97 237 41

Sequence changesc 774 2,978 2,942 11,794 13,090 3,168

Synonymous 411 1,232 1,272 4,698 4,737 1,300

Non-synonymous 363 1,746 1,670 7,096 8,353 1,868

aStart changes include start codon gains and losses. bStop changes include gains
and losses of stop codons. cSequence changes include non-synonymous changes
affecting the encoded amino acids, synonymous sequence changes, and insertions
or deletions that do not change the sequence frame.

four different normalization methods (see section “Materials
and Methods” for details), Gransden and Reute exhibit always
the lowest SNP rate (Supplementary Table S6), mirroring
previous results (Beike et al., 2014; Lang et al., 2018). The
approximate linear relationship between number of reads and
called SNPs (Supplementary Figure S3) led to the normalization
by read number. The coefficient of determination (R2) is
found to be 0.6 – 0.93 (Supplementary Figure S3). To
compensate for unequal distribution of reads we also normalized
by the fraction of the sequence space that carries enough
read support to allow SNP calling (see section “Coverage
method,” Supplementary Figure S4). By applying the SNPs
to read covered base pairs, instead of the raw read number,
the R2 values increased. Wi, Ka and Vx reach almost 1, Re
and Ge 0.77 and 0.85. Based on the coverage normalization
(Supplementary Figure S5), Gd has 1 SNP per 4,666 bp, Reute
has 1 SNP per 1,912 bp followed by Ka (1 SNP per 630 bp),
Wi (1 SNP per 206 bp) and Vx (1 SNP per 143 bp). The gene
normalization methods (Supplementary Figure S6) indicate
that chromosome 19 and chromosome 26 exhibit significantly
(q ≤ 0.05) more SNPs than the other chromosomes.

The SNP intersection shows 1,541 SNPs are shared by
all accessions (Figure 3). There are accession specific SNPs
(exclusive SNPs) as well. Most exclusive SNPs are present in Vx
(31,818), followed by Wi (22,014), Ka (7,905), Re (4,793) and Gd
(2,184) (Figure 3, vertical black bars). Gd is sharing 94% of its
SNPs with other accessions, Ka and Re share > 87%, Wi shares
65% and Vx 40% SNPs with all other accessions.

Applying a filter to extract exclusive SNPs supported by≥ 90%
of the samples, Wi and Ka have most exclusive SNPs/InDels, Wi
has 4,007 unique SNPs, Ka 3,393. 890 SNPs are only present in
the Re accession while in the Vx accession 21 exclusive SNPs were
found (Supplementary File 3).

100 kbp SNP hotspot regions were detected to survey
the P. patens accessions (Supplementary Figure S7 and
Supplementary File 2). On Chr26, starting at 300,000 bp,
a hotspot region is present in all accessions. All accessions
but Gd share one region on Chr19. Gd, Re and Ka share
100 kbp hotspot regions on Chr03 and one on Chr06.
Ka, Wi, and Vx share regions on Chr04, 07 and 13
(Supplementary Figure S7 and Supplementary File 2).
Biased GO terms of the described regions are shown in
Supplementary Figure S8. Most 100 kbp SNP hotspot
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FIGURE 2 | Average snpEff output for each accession. Shown are average numbers of SNPs affecting specific regions, highlighted in a schematic gene structure
shown below the corresponding grouped columns. Most SNPs are up- and downstream of genes (intergenic). SNPs at splice site regions are intron SNPs, located
on the first and last two intron base pairs.

FIGURE 3 | SNP intersection of the five accessions. The horizontal colored bars on the left show the total number of SNPs per accession after applying all three filter
steps. The bars to the right show the geographic distance to the reference Gd. The colors represent the five accessions throughout the text. The vertical black bars
show the number of intersecting SNPs, marked by the dots below.

regions are overlapping with the SNP hotspots found
by (Lang et al. (2018); Supplementary File 2, Table B).
However, there are also a few hotspot regions only found in
the present study.

Using an artificial FASTA alignment of all SNPs, we performed
a clustering analysis (Figure 4). Samples of the accessions Gd,
Re, Ka, Vx and Wi are clustering with each other, respectively,
indicating that our approach is able to detect the respective
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FIGURE 4 | Circularized SplitsTree network based on an artificial FASTA SNP alignment file. The Neighbor-Joining tree of five P. patens accessions is shown. All
libraries cluster within their accession and applied treatment, except for the marked libraries: (A) Sample Re_REUTE-2012_CI_3 has 100 x lower read coverage than
the other Re samples. It clusters next to the low read coverage Vx samples. (B) Sample Gd_WT-Grenoble_CIV_1 is a Gd outgroup. (C) Ka sample which was falsely
annotated as Gd at the NCBI SRA (XVIII_1_PE_WTY), determined by exclusive SNP analysis (Supplementary File 3, Sheet Ka_exclusive_SNPs).

genetic background. The three European accessions form a clade
to which Ka and Wi are sister. One Re sample, belonging to
the experiment CI_3 (NCBI BioProject PRJNA411193), does not
cluster with the other Reute samples (Figure 4A). The number of
reads in this sample is 100 x lower than in the other samples of
experiment CI, potentially causing biased SNP calling and hence
incorrect clustering. The Gd sample CIV_1 (Figure 4B) possesses
an outlier position with regard to the other European samples.
The sample of the NCBI BioProject PRJNA411163 is annotated

as Gransden accession. However, it could be shown by clustering
(Figure 4C) and exclusive SNP analysis that the sample belongs
to the accession Kaskaskia. Principal component analysis (PCA)
of SNPs as well as InDels recapitulates the SNP clustering results
(Supplementary Figure S9). The samples from Szövényi et al.
(2017) went into the SNP calling pipeline as a blind test. The
sample origin was originally marked as unknown. Both clustering
methods assigned the samples to Vx, with corresponds to the
origin confirmed by the authors.
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SNP Comparison of Gransden Pedigrees
Gransden is more widely used in laboratories than any of
the other P. patens accessions. Based on information retrieved
from the laboratories involved, the Gransden accession was
classified into four pedigrees, Germany (DE), United Kingdom
(UK), Switzerland (CH) and Japan (JP) (Figure 5). The original
Gransden accession from the United Kingdom made it first to
Hamburg, Germany (founding the DE pedigree), before it was
sent to Lausanne, Switzerland (CH) and Okazaki, Japan (JP).
The Lausanne strain was sent to Versailles, France and further
distributed to Padova, Italy and Grenoble, France. In 1998,
Gransden DE arrived in Freiburg, Germany. In Freiburg the Gd
plants went through sexual reproduction (selfing) once per year.
Starting 1999 the Freiburg pedigree went through nine rounds of
selfing leading to WT9. The offspring were labeled by consecutive
numbers or the year of sexual propagation. Gransden Freiburg
(WT9) was sent to Uruguay, Beijing (China) and Marburg,
Germany. Gransden Marburg started in 2011 and went through
selfing each year except 2013. The Gd United Kingdom 2004
sample was sent to St. Louis, United States (Figure 5a) for gDNA
isolation and used to sequence the P. patens reference genome
(Rensing et al., 2008). However, the Gd UK 2004 reference sample
was not broadly distributed. In 2007, another Gd sample was sent
to St. Louis, USA from Okazaki, Japan. These plants were used
for further analysis and also sent to Columbia. It should be noted
that most papers that cite the reference genome paper with its Gd
2004 sample are actually using different pedigrees.

Our analyses show that Gransden accumulated different
mutations in different laboratories during prolonged in vitro
culture. To eliminate misleading SNP background noise, the
exclusive SNPs for the Gd pedigrees were detected after applying
read coverage and sample support filters. The intersection of
the four Gd pedigrees (Supplementary Figure S11) shows
that Gransden Germany (DE) has 1,112 exclusive SNPs while
Gd_CH has 67 exclusive SNPs, Gd_JP 187 and Gd_UK features
four (Figure 5). Because there is no SNP supported by at
least 90% of all samples of a specific pedigree, the extraction
of exclusive SNPs was done by getting the best supported
SNPs. SNP ranking by the number of samples that support
it was used to select the five most supported SNPs for a
given pedigree. The Gd_DE top five SNPs are supported by
76–77 samples, Gd_CH between 12 and 18 samples, Gd_JP
by 12 to 29 samples. For Gd_UK three samples support
the top five list (Supplementary File 3). A clear clustering
based on the FASTA alignment file, as for the accessions,
is not possible (Supplementary Figure S10). In some cases,
the samples grouped by experiments instead of Gd pedigree,
which could be due to the low number of SNPs, and similar
genes being expressed, biasing the number of available SNPs
for the comparisons. If samples are highly specific for a single
tissue (e.g., antheridia bundles or spores), not all genes are
covered by the extracted transcripts and consequently SNPs
cannot be detected.

Since some of the samples have a documented sexual
propagation history (i.e., we know how many years/cycles
of sexual reproduction lie between samples) we used the

opportunity to determine whether SNPs were generally lost or
gained in these samples. We find that for samples that were
subject to regular sexual reproduction, SNP numbers generally
decreased along the timeline (Supplementary Table S12
and Supplementary Figure S12). The observed mutation
rate was found to be similar across the different pedigrees
(Supplementary Table S13).

Experimental Confirmation of Selected
SNPs via Sequencing and RFLP Analysis
For all primer pairs (Supplementary Tables S7, S8) covering
SNPs specific for different accessions, PCR amplicons could be
generated. Sequencing analysis of the PCR products showed in all
tested positions (9/9 positions, Supplementary Tables S7, S8) the
presence of the predicted SNP in the corresponding accessions’
and Gd pedigree background (Supplementary Figures S13–
S17). To provide an easy and cheap tool to distinguish
the different accessions, RFLP analysis (Figure 6) was
successfully established for the SNPs Re_c3_17747483_A-
T, Vx_c3_2712099_A-G and Ka_c01_25061888_C-G
(Supplementary Figures S13–S15). The Re_c3_17747483_A-T
amplicon (1,255 nt) was digested with NdeI resulting in two
fragments (990 nt and 265 nt) for the accessions Gd, Ka and Vx,
and absence of digestion in Re (Supplementary Figure S13).
For Vx_c3_2712099_A-G, the amplicon of 1,366 nt was digested
with SwaI leading to two fragments (1,063 nt and 303 nt) in
Gd, Ka and Re but not in Vx (Supplementary Figure S14). For
Ka_c01_25061888_C-G, the 1,342 nt amplicon was digested with
XbaI resulting in two fragments (984 nt and 358 nt) in Gd, Re and
Vx, but no digestion in Ka (Supplementary Figure S15). Results
for SNPs not tested by RFLP (Supplementary Table S8) for two
accession primer pairs (Re_c04_21933417 and Vx_c13_4764050)
and five Gd pedigree primer pairs (Gd_DE_c02_12750876,
Gd_DE_c05_3105395, Gd_DE_c12_2095061, Gd_JP_c20_868
8243, Gd_CH_c23_11248087), show the presence of the
predicted accession and Gd pedigree SNPs on the sequence level
(Supplementary Figures S16, S17).

Natural Population Variation and
Selection
Samples of pedigrees with known propagation history were
chosen to estimate the annual number of mutations per base
pair (observed mutation rate). The time period covered is six
years for Gd and eight years for Re. The number of SNPs
called for all pedigrees generally decreases under regular sexual
propagation. The same is true for the estimated mutation rate
(Supplementary Table S13). The lowest annual mutation rate
with 2E-07 was detected for the Freiburg WT11 (FR_WT11)
pedigree, the highest rate for Reute-2012 with 4E-06.

The diversity of genome-wide SNPs found within the
Wisconsin natural population single spore isolates is lower
compared with three selfed generations (pedigrees) of
laboratory accessions. The lower numbers can be observed
both on sample/spore and on pedigree/capsule level
(Supplementary Figure S18). However, on the level of the
artificial FASTA alignment of the gene body SNPs, represented
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FIGURE 5 | Gransden pedigree. The pedigree diagram shows Gransden strains of 13 different labs used in the present study. The Gransden accession was
arranged in four different pedigrees, Germany (DE), United Kingdom (UK), Switzerland (CH) and Japan (JP). The United Kingdom pedigree was sent to St. Louis,
United States in 2004 and used to sequence the reference genome (a). However, this strain was not used or broadly distributed afterwards. The plants analyzed in
St. Louis are derived from the Japan pedigree (2007). Pedigrees shown in stacked boxes went through yearly selfing. + Since 2011 yearly selfing except 2013.
* Since 1999 Gransden Freiburg went through nine generations leading to WT9. The numbers of samples and exclusive SNPs for each of the four pedigrees are
shown to the right (also shown in Supplementary Figure S11).

by a Splitstree tree (Figure 7), similar normalized branch lengths
for Wi samples and most Re and Gd pedigrees can be observed.

The ploidy test using GATK with n = 1 and n = 2 resulted
in a high rate of congruence for Wi. The n = 1 explained
84.3% – 95.6% (average 88.1%) of the SNPs called in the n = 2
run (Supplementary File 7). Approximately 18% of the Wi
SNPs are heterozygous, a lower number than for any of the
other accessions/pedigrees (Supplementary Table S14). Hence,
the naturally occurring heterozygosity of the Wi population is
lower than that observed in cultured samples. Much of what is
detected as heterozygous is probably due to very closely related
(identical and near-identical) paralogs that are known to be
present in the P. patens genome (Rensing et al., 2008). Yet,
the low apparent Wi heterozygosity reinforces that P. patens is
a predominantly selfing species (Perroud et al., 2019; Meyberg
et al., 2020; Rensing et al., 2020).

We calculated the rate between non-synonymous
nucleotide changes (Ka) and synonymous changes (Ks)
per sample and accession (Supplementary Table S11 and
Supplementary File 7). Over all samples, the Ka/Ks rates follow
a clear linear trend (R2

adj = 0.98, Supplementary Figure S19),
suggesting neutral evolution (no global selective pressure).
However, most individual samples deviate from the 99%

confidence interval of the linear regression and hence
putatively show evidence of negative selection (Ks � Ka),
or positive (Darwinian) selection (Ka � Ks). The accession
Gd, which represents the genome reference, apparently is
under negative selection, all the other four accessions show
evidence of positive selection (Supplementary Table S11 and
Supplementary File 8). The GO bias of genes affected by
non-synonymous changes was calculated and visualized via word
clouds (Supplementary Figure S20).

DISCUSSION

Read Analysis and SNP Discovery
Here, we analyzed sequence variants in P. patens accessions
and Gransden pedigrees using mainly sequences from gene
expression (RNA-seq) experiments. Therefore, this study is
limited to the gene space, lacking information of most of
the intergenic regions, where the selection pressure is lower
and more changes accumulate (Krasovec et al., 2017). On
the other hand, the advantage of using RNA-seq data is
the much higher availability of data. Very few genomic data
sets, and with low sequencing depth, are currently available
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FIGURE 6 | Schematic visualization of the restriction fragment length polymorphism (RFLP) analysis. (A) Electropherogram of the sequenced amplicons generated
via PCR using forward and reverse primers. (B) PCR amplicons of the samples I and II covering the same genomic position in two different P. patens accessions.
Sample I sequence includes a restriction enzyme site for NdeI (orange). Sample II contains a single nucleotide polymorphism (SNP, red) resulting in the loss of the
restriction enzyme site. (C) If amplicons are digested via the corresponding restriction enzyme NdeI, sample I results in two bands when separated via gel
electrophoresis, whereas sample II results in one band. See Supplementary Figures S13–S15 for experimental verification of the accession-specific RFLP regions.

for P. patens accessions and Gransden pedigrees. However,
hundreds of RNA-seq experiments could be used in this study,
allowing much higher resolution to detect sequence variants
in genes. To ensure the quality of the SNPs found, several
filters were applied. Finding a feasible filter for the called SNPs
is a major step during the analysis due to risk of over- or
underestimation. The presence of RNA spike-ins in some of
the samples, which mimic natural eukaryotic mRNAs, gave us
the opportunity to distinguish sequencing/mapping errors from
actual sequence variants.

Single nucleotide polymorphisms filtering is required to
reduce the false-positive rate of SNP detection. Amplification
errors during sample preparation and sequencing (Ma et al.,
2019) can lead to incorrectly called SNPs as well as software
issues while mapping and SNP calling (Ribeiro et al., 2015). We
used RNA spike-ins to detect such false-positive SNPs. Spike-
ins do not exhibit SNPs. Hence, all called SNPs in spike-in
mRNAs represent sequencing or computation errors. The read
depth filter was adjusted to remove spike-in SNPs without losing
too much sensitivity. GATK output VCF files contain a lot of
information about the background data of the SNP, inter alia,
read coverage at the SNP position. By extracting all spike-in
SNPs and evaluating different parameters, the read coverage
parameter [DP] and the parameter of how many reads at that
position were supporting the SNP [AP], seemed to be the most
feasible parameters to filter out spike-in SNPs. The number

for DP of nine reads was chosen because only 4/381 spike-
in SNPs were left after applying that filter (equaling 1% false
positives; at DP = 10 the sensitivity breaks down). Another
observation led to the sample support filter. SNP variation of
more than 30% between replicate RNA-seq samples could be
observed (Supplementary Figure S18,A). Using only SNPs found
in at least three samples removed the last four false positive
spike-in SNPs and makes the remaining SNPs more reliable. The
improvement of filtering can also be observed by comparing
the results with previously detected SNPs. The intersection of
SNPs called in this study and SNPs found by Lang et al. (2018)
shows an increasing number of intersection by applying the three
filtering steps (Supplementary Table S5). The SNPs found for
Re and Ka maybe have been under-estimated by Lang et al.
(2018). The accessions Re and Ka have a 10 x lower number of
SNPs compared to the accession Vx (Lang et al., 2018). Here,
the number of intersecting SNPs between (Lang et al., 2018)
and our results shows an almost 90% intersection of Vx SNPs
at the strictest filter step. For Re and Ka, the intersection is less
than 30% (Supplementary Table S5). Potentially, the absence
of Re and Ka SNPs in the previous study is a result of sub
optimally adjusted filter parameters or it could be an effect of
low read coverage. Sufficient read depth at library level, large
number of read mapping/coverage and high sequencing quality
are major foundations for high quality SNP calling results. In
some cases, it is possible that some SNPs were not found in one
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FIGURE 7 | Splitstree tree of Wisconsin natural population and three
generations of Gd and Re. The tree is based on part of the artificial SNP
FASTA alignment containing Wi samples (without the bacterial contaminated
spore capsule experiment 2) and three generations of Re (2007, 2012 and
2015) and Gd (2011, 2012 and 2015). The Splitstree network tree was branch
length-corrected by the maximum number of covered base pairs (see
coverage normalization in section “Materials and Methods”).

accession or strain because the data available for that position and
accession was not enough to detect it in a reliable way. Samples
with low read coverage show inconsistency in SNP-to-read
correlation (Supplementary Figures S3–S5). A reason for this
behavior could be non-linear relation between number of SNPs
and number of reads for very high and very low read numbers.
Samples with a low number of reads can lead to incoherent SNP
calling results due to stochastic coverage fluctuation. The high
variability in such low read coverage samples can be observed
in Supplementary Figure S5: the data range of Wi and Vx are
wider than all the others. The low number of reads available for
the Vx laser capture experiment (BioSample PRJNA602303) is
probably related to the RNA-seq extraction technique, yielding
small amounts of RNA that might be prone to bias before and/or
after amplification.

To reduce the SNP per read effect, we normalized the
SNPs by the coverage method, resulting in an observable
increase of linear relationship (Supplementary Figures S3, S4).
The number of SNPs called for each sample became more
reliable in terms of comparability and reflect well previous
studies and expectation of genetic distance coinciding with
geographic distance (Supplementary Figure S2). The RNA-
seq based SNP pipeline described here can in future be
applied to stringently call SNPs for P. patens accessions
and pedigrees, or can be adjusted to suit data sets from
other model organisms for which a reference genome or
transcriptome is available.

SNP Comparison Between Accessions
When locating the position of the SNPs in the genome, most
of them were found in non-coding regions upstream and
downstream the gene body (UTRs), as well as in introns and
splicing sites within the introns. Many changes were observed
in the coding sequences of the five accessions. These changes
may lead to alterations in the protein sequence of the final gene
product, by changing start or stop codons, or producing frame
changes (Table 1).

The total number of filtered raw SNPs per accession (Figure 3)
in comparison to the Gd genome reference shows (as expected)
the Gd accessions as the one with the smallest number of changes
followed by Re, Vx, Wi and Ka. This order agrees with the
distance to the Gd geographical location in the Southeast of
England (Supplementary Figure S2): Re (Hiss et al., 2017) and
Vx (Kamisugi et al., 2008) in close vicinity to each other at the
border of France and Southwestern Germany, and Wi and Ka
(Perroud et al., 2011) in North America.

Results from Lang et al. (2018), where variance at genomic
level was detected using the accessions Re, Vx and Ka, showed
a SNP rate of one SNP per 1,783 bp for Re, per 644 bp for Ka
and 188 bp for Vx while another study found a SNP rate of one
SNP per 207 bp for Vx (Ding et al., 2018). Similar results for
the number of base pairs per SNP can be found for the RNA-
seq analysis in this study (Re 1 SNP each 1,912 bp, Ka 630 bp
and Vx 143 bp) (Supplementary Figure S5). The SNP density
based on RNA-seq (this study) and gDNA (Lang et al., 2018) is
similar, although more SNPs are expected to be detected based on
gDNA due to the presence of intergenic regions that are not under
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selection. This could be another indication of an underestimated
SNP number as discussed above. In any case, our method using
RNA-seq data for gene space SNP calling yields appropriate
results allowing to estimate differences in accessions by SNPs.

We have chosen two different methods to cluster the SNPs
related to each sample. An artificial FASTA alignment with all
SNPs as well as a matrix including SNPs and indels. Both methods
show similar results (Figure 4 and Supplementary Figure S9).
The outlier sample Re_CI_3 has a very small read number,
probably yielding misleading results. Sample Gd_CIV_1
also appears as an outlier (Figure 4). However, in the
PCA 3D plot, the sample clusters according to expectation
(Supplementary Figure S9). Our SNP pipeline had proven its
functionality by blind tests as well as by pointing out unexpected
metadata errors. The sample Ka_XVIII_1 was re-sequenced
to replace a previous Gd experiment in which one of the
triplicates failed (Perroud et al., 2018). For this sample, our SNP
clustering (Figure 4) shows clear evidence for the accession
being Ka, not Gd. Indeed, manual checking exclusive SNPs
there is no doubt that it is Ka (Supplementary File 3, Sheet
Ka_exclusive_SNPs). Most probably, the plant material was
accidentally mislabeled.

The extraction of exclusive SNP sets for each of the five
accessions helps to identify unknown P. patens sequences. Here
we provide a set of SNPs for all examined accessions that will be
useful for molecular identification of accessions. The low number
of exclusive Vx SNPs are based on the uniqueness of the single Vx
samples. Each Vx sample provided a big list of SNPs, but a high
number of these SNPs were only available in one or two other Vx
samples. A higher read coverage or more standardized mRNA
could solve this issue. For low coverage reasons, we were not
using the read coverage filter for the detection of exclusive SNPs.
High sample support was chosen as an alternative and promoted
exclusive SNP selection in a reasonable way, yielding confirmable
molecular identification.

Observed approximate linearity between number of called
SNPs and reads per sample (Supplementary Figure S3) lead to
the read normalization method. When applying the coverage
method that takes into account the fraction of the gene space
covered by enough reads to allow SNP calling, linearity increased
even further (Supplementary Figure S4). While both raw and
normalized counts lead to the same conclusions in terms of
genetic distance, we suggest the coverage normalization to most
accurately describe the data.

SNP Comparison of Gransden Pedigrees
Gd is the current reference accession for P. patens, and was used
to generate the genome sequence (Rensing et al., 2008; Lang
et al., 2018). However, over the years of cultivation in the lab,
it has shown an accumulation of somatic mutations which was
confirmed in this study and observed before, culminating in
observable phenotypic changes (Meyberg et al., 2020). One of the
characteristics of laboratory models is the capacity to maintain
the organism cultivated in the lab for multiple generations, being
able to progress through the complete life cycle. The reduction
of fertility of Gd accessions in the lab limits experimental
design, especially when studying sexual reproduction or when the

generation of off-spring is required for the experiments. For this
reason, the accession Reute, which shows the lowest number of
differences with the Gd genome reference, and which has a much
higher fertility than Gd (Meyberg et al., 2020) has been proposed
as an alternative to study sexual reproduction (Hiss et al., 2017;
Meyberg et al., 2020).

Due to changes in land use, at the original Gransden
collection site no P. patens can be found anymore. However,
phenotypic data suggest that Gransden was not always infertile,
because Gd_JP shows intermediate fertility between Re and
extant Gd_DE pedigrees (Hiss et al., 2017; Meyberg et al.,
2020). Our data show that, as expected, Gd_UK shows
the lowest number of SNPs as compared to the reference
genome that was derived from Gd_2004 (UK). All other
pedigrees show substantial and unique SNPs (Figure 5 and
Supplementary Figure S11), demonstrating that during in vitro
culture somatic mutations occur and accumulate in independent
fashion. The practice of regular sexual reproduction of the
cultured strains has the advantage that by this procedure
it is ensured that the full life cycle can be followed. On
top of that there is evidence that even during selfing
P. patens is able to effectively purge deleterious mutations
(Szövényi et al., 2017).

By comparing the normalized gene space SNP count of the
Wi natural population samples with those of selfed progressions
of Re and Gd laboratory strains we can estimate the genetic
variability occurring in natural vs. laboratory samples (Figure 7
and Supplementary Figure S18). Interestingly, the variation of
three generations of homozygous (selfed) Re and Gd offspring
is similar to that observed in naturally occurring Wi samples
(representing the same generation but four spore capsules
and five spores each). Based on the normalized data, the
three generations of selfed laboratory cultures might even have
acquired and retained slightly more mutations than visible
in the single Wi natural population. We conclude that a
substantial amount of genetic variation occurs both through
somatic mutation during vegetative propagation (Meyberg
et al., 2020) as well as during sexual propagation by selfing.
However, since the practice of regular selfing selects for fertility
it seems preferable to follow that practice over exclusive
vegetative propagation.

Like for the accessions, specific SNPs for each pedigree were
extracted. The diversity of Gd pedigrees is lower than that
of the accessions and hence there were not enough samples
supporting the same SNP. To detect exclusive SNPs for each
pedigree ranking the SNPs by sample support gave us the
opportunity to extract the SNPs supported by most of the
samples. Obligatory for this method is a correct metadata
grouping of the samples. If samples would be described to
be the wrong pedigree, exclusive SNPs cannot be accurately
determined. Another issue is the sub-clustering of samples.
We can observe this for the Gd_JP pedigree as well as for
Gd_UK. There are SNPs in the Japan pedigree that occurred
in St. Louis, after it was brought to the USA. Our Gd_JP
sample set is mostly represented by samples from the USA.
Extracted exclusive SNPs with high sample support can thus
be scored for the JP- > USA pedigree, but maybe not for the
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full Gd_JP pedigree. Nevertheless, our provided exclusive SNP
list can be used to classify the origin of unknown samples
(Supplementary Figure S17).

Experimental Confirmation of Selected
SNPs
In large experiments that handle many samples, mistakes might
occur during the management of the samples in the lab,
in the sequencing facility or during later data analysis. The
identification of exclusive SNPs in the P. patens accessions
allows the detection and correction of mistakes in experimental
metadata, such as the ones mentioned earlier (Figure 3), in silico.
Moreover, the exclusive SNPs found in the different accessions
were used to identify unique targets for restriction enzymes,
allowing the development of RFLP assays to differentiate between
the P. patens accessions. The presence of the predicted SNPs
in all tested sequences confirms the successful and stringent
SNP selection presented here. The successful establishment
of the RFLP analysis for the P. patens accessions provides
a fast and cheap tool to test the accession background
of laboratory strains as well as newly collected P. patens
accessions. With regard to the Gd pedigrees so far, no
SNPs within a restriction enzyme site with enough sample
coverage could be identified. However, differentiation between
Gd_DE, Gd_JP and Gd_CH could be performed successfully
based on the sequencing data (Supplementary Figure S17).
Thus, SNPs between the Gd pedigrees need to be analyzed
via sequencing so far, but including more Gd data sets
in the presented approach and/or analyzing a small subset
of Gd pedigrees could help to improve and identify SNPs,
which could be used within a future RFLP approach to
differentiate Gd pedigrees.

Independent of the RFLP method, the origin of P. patens
plant material can be discovered by using the presented primers
(Supplementary Tables S7, S8) and sequencing the amplicon. If
sequencing data is already available (single fragments, RNA-seq
or gDNA sample[s]), our pipeline and the exclusive SNP sets can
be used to easily identify plant origins.

Natural Population Variation and
Selection
The number of observable mutations on the level of a naturally
occurring population (Wi single spore isolates) is in the
approximate same range as the mutations occurring in
culture undergoing annual sexual reproduction (Figure 7 and
Supplementary Figure S18). For samples mainly propagated
vegetatively, observed mutations are somatic in nature.
For samples that regularly go through sexual reproduction,
changes introduced via meiotic recombination cannot
be distinguished from somatic changes. Intriguingly, the
number of detected SNPs was found to decline over time in
samples with a known heritage of regular sexual reproduction
(Supplementary Tables S12, S13). We take this as evidence that
sexual reproduction, even in a haploid, selfing species is able
to efficiently purge deleterious mutations, as previously shown
(Szövényi et al., 2017).

Consequently, the majority of the observed mutations
probably are somatic. The observed mutation rates (changes
per year and site) are in the range of 7E-07 to 4E-06
(Supplementary Table S13). Studies in other plants found
rates in the E-08 range (Hanlon et al., 2019; Schoen and
Schultz, 2019). The observed P. patens mutation rates are
approximately two orders of magnitude higher than the estimated
rate of synonymous substitutions per synonymous site per
year, 9E-09 (Rensing et al., 2007). Hence, in vitro propagation
of P. patens apparently leads to the fixation of a higher
number of mutations than occur naturally, and maybe more
than described in other plant propagation systems. Many labs
perform regular shredding of protonemal tissue for propagation.
This mode of propagation might increase the number of
fixed somatic mutations via induction of the DNA repair
system through cell damage, potentially resulting in higher
mutational load.

The Ka/Ks ratio of the Gransden pedigree generally is
below 1, suggesting potential negative (purifying) selection on
many loci (Supplementary Table S11). All other accessions, to
the contrary, exhibit ratios larger than 1, suggesting potential
positive (Darwinian) selection. The latter is regardless of whether
they are naturally occurring (Wi) or cultured (Ka, Re, Vx).
Potentially, the decades-long vegetative culture of Gd, most of it
vegetatively, led to the expression of negative selection. All other
accessions are much more recent isolates and in particular all Re
samples studied went through annual sexual reproduction, which
apparently effectively purges deleterious mutations. Interestingly,
the GO terms over-represented among those genes affected
by non-synonymous changes (Supplementary Figure S20)
include microtubule-based movement (Re) and reproduction
(Vx), fitting recently published data that show these terms
contrasted between male infertile Gd and fertile Re (Meyberg
et al., 2020). It appears probable that the artificial environment
of vegetative in vitro Gd propagation led to a loss of fertility
due to loss of selection pressure on genes required for
sexual reproduction.

CONCLUSION

Our study of sequence variants in P. patens laboratory strains
revealed the accumulation of somatic mutations over years of
cultivation, some of which can be detrimental e.g., with regard
to fertility. It appears to be good practice to regularly let
the lab cultures reproduce sexually, in order to keep selective
pressure and to purge deleterious mutations. Since the original
Gd accession is not available any more, and Gd JP shows less
fertility than Re, it appears sensible to use Re (with its low number
of SNPs as compared to Gd) for any studies that shall involve the
life cycle. The identification of exclusive sets of SNPs for P. patens
laboratory strains and accessions allowed the development of
RFLP tests to identify the different accessions. Similarly, Gd
pedigrees can be identified by sequencing of PCR products based
on the pedigree-exclusive SNPs determined in this study. The
variation of selfed laboratory strains is on the same order of
magnitude as that of a natural population analyzed.
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