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, The measure of intelligence is the ability to change.”

Albert Einstein
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4  Abstract

Physcomitrella patens belongs to the bryophytes and is an extant species of the first land plants. This
phylogenetic informative position allows the analysis of key evolutionary steps in (land) plant
evolution employing P. patens as a model organism. Decades of research mainly focused on the
gametophytic generation, probably also due to the lack of sexual reproductive events in the primarily
used ecotype Gransden. Long term in vitro vegetative reproduction probably led to the accumulation
of somatic (epi-) mutations which eventually led to a nearly male sterile phenotype. So far, only few
P. patens ecotypes are used for scientific work. Thus, to overcome the fertility issues and to apply
comparative analyses to study sexual reproduction and sporophyte development as well as species
and population divergence in P. patens, the establishment of more ecotypes is highly needed. In
comparison to other plant model organisms as e.g. Arabidopsis thaliana, genome wide epigenetic
modifications especially with regard to sexual reproduction are still barely studied in P. patens

ecotypes.

Here | present the characterization of the sexual reproduction of the recently introduced fertile
ecotype Reute which was collected 2006 in Germany. Reute is the most closely related ecotype to
Gransden reported so far. In a comparative analysis between the ecotypes Gransden, Reute and
Villersexel, | could show no differences in timing and morphology of the sexual reproductive tissues.
However, while Reute was as fertile as the more distant ecotype Villersexel, Gransden was nearly
self-sterile. Also, | present the fluorescent marker strain Reute-mCherry which can be used in
crossing analyses e.g. to determine if female or male sexual reproductive organs are impaired. By
employing this method, a clear male defect could be shown in Gransden. Further, | present a
comparative multi-omics analysis between Gransden and Reute using different tissues during sexual
reproduction. Single nucleotide polymorphisms (SNPs), DNA-methylation and RNA-expression
pinpoint a flagellar defect, which presumably leads to the observed male fertility impairment in
Gransden. Finally, | present the characterization of key-players which are highly conserved within

eukaryotes and are required for flagellar motility in humans as well as in the moss P. patens.



5 Zusammenfassung

Das Moos Physcomitrella patens ist ein rezenter Nachkomme der ersten Landpflanzen. Diese
phylogenetisch interessante Position ermdglicht die Analyse von Schliisselmomenten in der Evolution
der (Land-) Pflanzen. P. patens wird seit vielen Jahrzehnten als Modellorganismus verwendet.
Dennoch konzentrieren sich die meisten Arbeiten bisher auf die gametophytische Generation,
welches sich durch das seltene Vorkommen der sexuellen Reproduktion im vorwiegend verwendeten
Okotyp Gransden erkldren lasst. Seit vielen Jahren wird das Gewebe in der in vitro Kultur
ausschlieBlich vegetativ vermehrt. Die vermutlich daraus resultierende Anhdufung von somatischen
(Epi-) Mutationen hat die mannliche Sterilitdt von Gransden zur Folge. Bisher werden nur wenige der
bekannten P. patens Okotypen fiir wissenschaftliche Arbeiten verwendet. Daher ist die Etablierung
von weiteren Okotypen relevant. Zum einen kénnen so Analysen der sexuellen Reproduktion und des
daraus resultierendem Sporophyten durchgefiihrt werden, zum anderen erméglichen Okotypen
vergleichende Analysen der Spezies- und Populationsvielfalt in P. patens. Im Vergleich zu anderen
Pflanzenmodellorganismen wie z.B. Arabidopsis thaliana, gibt es in P. patens bisher nur wenige
genomweite Analysen von epigenetischen Modifikationen, vor allem im Bezug auf Gewebe, die in der

sexuellen Reproduktion involviert sind.

In dieser Arbeit prasentiere ich die Charakterisierung der sexuellen Reproduktion des vor kurzem
vorgestellten fertilen P. patens Okotyps Reute, welcher 2006 in Deutschland gesammelt wurde.
Reute ist im Vergleich mit allen sequenzierten Okotypen genetisch gesehen am nidchsten mit dem
bisher verwendeten Okotyp Gransden verwandt. In einer vergleichenden Studie zwischen den drei
Okotypen Gransden, Reute und Villersexel konnte ich zeigen, dass die zeitliche und morphologische
Entwicklung der Geschlechtsorgane sich nicht unterscheidet und Reute so fertil wie der genetisch
etwas entferntere Okotyp Villersexel ist. Im Gegensatz dazu konnte ich zeigen, dass Gransden nahezu
steril ist. AuRerdem prasentiere ich den fluoreszenten Stamm Reute-mCherry, welcher fir
Kreuzungsanalysen verwendet werden kann um z.B. zu bestimmen, ob die mannlichen und/oder
weiblichen Geschlechtsorgane funktional sind. Mithilfe dieser Methode konnte eindeutig gezeigt
werden, dass Gransden einen Defekt im mannlichen Reproduktionsapparat zeigt. Des Weiteren
beinhaltet diese Arbeit zwischen Gransden und Reute vergleichende Datensdtze von
Nukleotidpolymorphismen, der Genexpression und des DNA-Methylierungsstatus von Geweben die
in die sexuelle Reproduktion involviert sind. Genetische und epigenetische Unterschiede zwischen
den Okotypen weisen auf Defekte in den Flagellen der mannlichen Spermatozoide hin, welche
vermutlich zur mannlichen Sterilitat des Okotyps Gransden beitragen. AbschlieRend présentiere ich

die Charakterisierung von Schllsselgenen die in Eukaryoten konserviert sind und fir die flagellare



Motilitat der menschlichen Spermien sowie der Spermatozoide des Mooses P. patens bendtigt

werden.



6 Introduction

6.1 Advantages of using Physcomitrella patens as a model organism

The moss Physcomitrella patens belongs to the Funariaceae and the main laboratory strain Gransden
(Gd) has initially been collected in Gransden Wood (UK) in 1962. In vitro, P. patens completes its
lifecycle within two to three months and predominantly self-fertilizes (Nakosteen and Hughes, 1978;
Perroud et al., 2011). For the well-established model organism, in vitro culture and a large set of
methods are established, and it can be propagated via vegetative and sexual reproduction (Hohe et
al., 2002; Cove, 2005; Cove et al., 2009; Strotbek et al., 2013). Also, a single cell of any tissue is
sufficient to regenerate a whole plant (Cove, 2000), which is employed for transient and stable
transfections via protoplasts. Combined with the presence of a highly efficient homologous
recombination, which allows precise gene targeting, P. patens is a well-established model organism
to analyze gene function via reverse genetic approaches in stable mutants (Schaefer and Zryd, 1997,

Schaefer, 2001; Kamisugi et al., 2006).

P. patens is, as all land plants, a haplo-diplont with the haploid gametophyte representing the
dominant phase. The prevalence of the dominant haploid generation has the advantage, that genetic
modifications are directly visible in the first (haploid) generation and no crossing is necessary to
generate a homozygous F2 to analyze the effect of introduced mutations. Also, embryo-lethal
mutations as observed in dominant diploid model organisms like e.g. Arabidopsis thaliana, are not
necessarily lethal in the gametophytic phase, which is highly reduced in angiosperms, but easily
accessible in bryophytes like P. patens (Cove, 2005). In comparison to gymnosperms and
angiosperms, bryophytes develop easily accessible multicellular sporophytes and gametophytes as
well as separated male and female reproductive organs. Easily accessible tissues of most
developmental stages in both generations makes it applicable for research with regard to the
alternation of generations, which is defined as the alternation between a multicellular gametophyte
and a multicellular sporophyte (Hofmeister, 1851; O’'Donoghue et al., 2013). In 2008, the P. patens
genome has been published (Rensing et al., 2008) as the first non-seed plant genome. Additionally,
DNA methylation (Zemach et al., 2010) and histone modification (Widiez et al., 2014) data are
available. Several transcriptomic analyses are available using both array- and RNA-seq approaches
covering diverse treatments and developmental stages (Ortiz-Ramirez et al., 2016; Perroud et al.,
2018). Since its introduction, P. patens has been used for several morphological and genetic (Engel,

Paulinus P., 1968; Cove, 2005; Cove et al., 2006), evolutionary-developmental (Sakakibara et al.,



2008; Aya et al., 2011; Sakakibara et al., 2013; Kofuji and Hasebe, 2014) as well as functional studies,

analyzing mammalian homologs in plants (Horst et al., 2016; Ortiz-Ramirez et al., 2017).

6.2 Phylogenetic background

All eukaryotes evolved from the last eukaryotic common ancestor (LECA). The LECA already held
many key features of eukaryotes, namely the nucleus, mitochondria, an actin/microtubule skeleton,
an endomembrane system, flagella and machineries for splicing and meiosis (Stewart and Mattox,
1975; Mast et al., 2014). It is proposed that mitochondria, and later during the evolution of plants
also chloroplasts, derived from bacteria, which were taken up by eukaryotic ancestors and gave rise

to the first unicellular algae (Fig. 1, (Keeling, 2004; Keeling, 2010; Zimorski et al., 2014)).

Chlorophytes Charophytes Bryophytes Vascular plants
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B

Figure 1: All eukaryotic life originates in the last eukaryotic common ancestor (LECA). The LECA gave rise to all five
kingdoms of eukaryotic life whereas the Archaeplastida include the green lineage, the plants. Chlorophytes and
streptophytes, which comprise the charophytes and all embryophytes (land plants), diverged approx. 1 billion years ago.
Within the streptophytes the Zygnematophyceae, Choleochaetophyceae and Charophyceae (ZCC) form a clade with the
embryophytes. The water to land transition is indicated by a cyan dot and first land plants were probably akin to
bryophytes, which comprise hornworts, liverworts and mosses of which the last two form the Setaphyta clade. Wether
hornworts and setaphytes form bryophytes or bryophyta and if hornworts or setaphytes are sister to all land plants still has
to be solved. Unsolved branches in the bryophytes indicated with a dashed line. Redrawn from (Mast et al., 2014; Puttick et
al., 2018; de Vries and Archibald, 2018), images are not to scale, SAR: Stramenopiles, Alveolates, Rhizaria.
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Most green algae are haplontic plants showing a diverse growth pattern ranging from unicellular
algae like Chlamydomonas reinhardtii to the highly complex Chara braunii. The MRCA of all algae,
gave rise to the chlorophytic algae, which have a rather simple body plan, and the streptophytic
algae, which show complex two- and three-dimensional body plans (Umen, 2014). Interestingly, the
haplo-diplontic lifecycle was invented independently in the chloro- and streptophytes (Niklas and
Kutschera, 2010). In comparison to the chlorophytic algae, all streptophytic algae are haplonts and
haplo-diplonts appeared within the first land plants, the bryophytes. The streptophytic algae
comprise the paraphyletic KCM (Klebsormidiophyceae, Chlorokybophyceae, Mestostigmatophyceae)
grade and the ZCC (Zygnematophyceae, Choleochaetophyceae, Charophyceae) grade whereas the
Zygnematophyceae were shown to be the sister group to all land plants (Wickett et al., 2014; de
Vries and Archibald, 2018). Streptophyte algae and all land plants together comprise the
monophyletic Phragmoplastophyta (Nishiyama et al., 2018). The bryophytes which comprise
hornworts, liverworts and mosses as P. patens, are probably the sister group to all vascular plants
and positioned at a phylogenetically interesting position, since their ancestors are thought to akin
the first land plants after the water to land transition which occurred approx. 430-500 mya (million
years ago) (Kenrick and Crane, 1997; Morris et al., 2018). Here, new emerging model organisms
slowly start to fill up the gap between streptophytic algae and angiosperms, to get deeper
evolutionary insights into (land) plant evolution (Rensing, 2017). This informative phylogenetic
position makes them ideal model organisms for the analysis of key evolutionary steps in the (land)
plant evolution (Michael J. Prigge and Magdalena Bezanilla, 2010). To gain deeper knowledge about
evolutionary forces, acting on the ancestral embryophytes, a comparative analysis between
members of this group is needed as well as the solution of the phylogenetic relationship. In the last
two years, several laboratories have worked on this topic and could show that bryophytes might be
monophyletic and that, based on a parsimonious model, a setaphyta clade is formed, which is
comprising mosses and liverworts (Renzaglia and Garbary, 2010). Employing morphological features
of the motile male gametes of mosses and liverworts, this relationship recently was reinforced
(Renzaglia et al., 2018). Still, it has to be determined if hornworts, or moss and liverwort ancestors
emerged first after the water to land transition and if bryophytes are truly monophyletic (Rensing,

2018).
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6.3 Physcomitrella patens ecotypes and strains

P. patens has been reported to grow in North America, Europe, Africa, China, Japan, Australia and the
land masses of the Holarctic. Thus, several accessions/ecotypes are available (Von Stackelberg et al.,
2006; Frey et al., 2009; McDaniel et al., 2010; Beike et al., 2014; Medina et al., 2015; Medina et al.,
2019). Per definition, ecotypes are geographically and genetically distinct populations of the same
species which adapted to their specific environment (Ferrero-Serrano and Assmann, 2019), whereas
a species is defined by the ability to still produce fertile offspring when crossed and adaptation as the
development of an inheritable trait (Bock, 1980). Even if P. patens has a worldwide distribution, only
few accessions were used for scientific work so far. Ecotypes can for example be used for genome
wide association studies (GWAS) to identify alleles correlating with a specific trait, which was gained
through adaption to a specific environment or to analyze the development of a specific population.
In Brassicaceae, ecotypes show between one per 10 base pairs (bp) to one per 285 bp single
nucleotide polymorphism (SNPs (Cao et al., 2011; Wei et al., 2017)). Until 2000, the single spore
isolate ecotype Gd, which was collected by Whitehouse in the UK, was worldwide used as the main
laboratory strain (Beike et al., 2014). In 2003 the Villersexel (Vx) accession has been collected by M.
Luth in Haute Sadne (France) and was used to generate a genetic map through crossing with Gd
(Kamisugi et al., 2008). The genetic distance between Gd and Vx was determined to be the highest
reported so far in P. patens ecotypes, showing one SNP in 829 bp (Kasahara et al., 2011) which is still
rather low when compared to SNP frequency between Brassicaceae ecotypes. This lower number of
SNPs between P. patens ecotypes could be explained with the rather low rate of synonymous
substitutions per site per year in bryophytes compared to angiosperms: P. patens: 1.9 in comparison
to Brassicaceae: 7.71 (Rensing et al., 2007; De La Torre et al., 2017), as well as by the lack of ecotype
sequencing data. Additionally, the genetic divergence is probably also affected by the mode of sexual
reproduction, whereas primary self-fertilizing mosses as P. patens probably show less genetic
variations in comparison to e.g. obligate crossing species such as the moss Ceratodon, in which the F1
generation has been shown to have interspecies haplotypes (Nieto-Lugilde et al., 2018). Decades of
research employing P. patens, focused on the gametophytic generation, except of very early studies
carried out in 1924 by von Wettstein (Wettstein, 1924). Thus, vegetative reproduction was used to
keep laboratory strains in culture. When scientists started to analyze the impact of mutations during
sexual reproduction and gained interest in the process of sexual reproduction itself in P. patens,
several laboratories reported fertility issues with their Gd cultures (Ashton and Raju, 2000; Landberg
et al., 2013) which are suggested to be based on somatic mutations due to the long term vegetative

reproduction in vitro (Ashton and Raju, 2000; Perroud et al., 2011).

12



6.4 Physcomitrella patens lifecycle and sexual reproduction

The P. patens lifecycle starts with the germination of a haploid spore which gives rise to
gametophytic protonema cells which grow two-dimensional via tip growth and branching (Menand
et al., 2007; Harrison et al., 2009). This filamentous growth state of P. patens consists of two cell
types, the chloroplast-rich chloronema cells, displaying a perpendicular cell wall and the long and
thin caulonema cells which display far less and smaller chloroplasts and diagonal cell walls.
Chloronemata mainly grow in the inner part of the filamentous cell cluster and are the
photosynthetically active part of this developmental step, whereas caulonema cells grow at the
periphery of the cluster, extend the boundaries of the surface covered and acquire nutrients.
Eventually, caulonema cell branches give rise to a three-faced bud with an apical stem cell which will

now grow three-dimensional instead of two-dimensional (Harrison et al., 2009).

HAPLOID BIEnch

/' Chloronema Caulonema
. short day

Spore cold
DIPLOID

[

Juvenile gametophore

30 days

Adult gametophore

Brown sporophyte

Figure 2: Life cycle of P. patens. Haploid spores germinate and filamentous protonema develops, consisting of chloronema
and caulonema cells. The protonemal tissue gives rise to buds which eventually develop into juvenile gametophores. Upon
short and cold day conditions, sexual reproductive organs (gametangia) are formed at the apex of the now adult
gametophore. When moistened by water, the egg cell is fertilized by the motile spermatozoids. Subsequently the diploid
zygote is formed and embryo-/sporophyte development takes place. After mitotic division and maturation, spores of the
new generation can be released. Figure modified from Lang et al., 2018.
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The bud subsequently develops into the juvenile gametophore which does not possess sexual
reproductive tissue. Gametophores are leafy stems, which consist of a multicellular shoot-like stem
bearing several one cell-layer thick non-vascular leaf-like structures, the so called leaflets or phyllids.
They show a phenol-enriched cuticula which is ancestral to the lignin evolution in land-plants and
probably contributes to the erect growth of the gametophore and the rigidity of the leaflets (Renault
et al., 2017). The juvenile gametophyte is anchored on the substrate via multicellular filamentous
rhizoids, analogous to roots in angiosperms which deliver water and nutrients to the growing plant
(Jones and Dolan, 2012). Vegetative in vitro culture of P. patens is usually performed under long day
conditions (16 h light, 8 h dark, 21 °C, 70 umol/mz/s) ensuring efficient and fast cell divisions (Hohe et
al., 2002).

To induce the sexual reproduction, which usually takes place in autumn to spring, the plants require
colder temperatures and short day conditions (8 h light, 16 h dark, 15 °C, 20 umol/m?/s) (Engel,
Paulinus P., 1968; Nakosteen and Hughes, 1978; Hohe et al., 2002). Since P. patens is monecious,
both, the female (archegonia) and male (antheridia) sexual reproductive organs (gametangia)
develop at the same apex of the gametophore out from an antheridium/archegonium apical stem
cell (Kofuji et al., 2009; Landberg et al., 2013). Under reproductive conditions, the gametophore
apical stem cell usually producing leaflet apical stem cell precursors develops into the antheridium
initial stem cell which gives rise to several antheridium apical stem cells. The antheridium apical stem
cells subsequently develop into bundles of antheridia (Kofuji et al., 2018). The antheridium initial cell
undergoes several anti-clinal divisions and later, an antheridia jacket is developed which covers the
spermatid mother cells (Landberg et al., 2013). Similarly to the liverwort Marchantia polymorpha,

each spermatid mother cell divides by mitosis to form two spermatids, which undergo nuclear

Figure 3: Spermatozoid development and fertilization. Each apex of
adult gametophores bears several antheridia (male) and at least one
archegonium (female). In the antheridia, spermatid mother cells
develop, which give rise to two spermatids. They undergo nuclear
condensation and morphogenesis to form the mature spermatozoid.
The antheridial tip cell (t) swells upon maturity and releases
spermatozoids, when moistened by water. Biflagellated
spermatozoids subsequently swim through the neck canal cells (nc)
of the archegonium to reach the egg cell (e) in the archegonial
venter. Fertilization takes place and the diploid zygote is formed.

SMC spermatids mature

Spermatozoid development
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condensation and morphogenesis to release the mature spermatozoids (Fig.3, (Hisanaga et al.,
2019)). During differentiation and maturation processes, autophagy was shown to be required for
proper sperm development (Sanchez-Vera et al., 2017). Upon spermatozoid maturity, the antheridial
tip cell swells and bursts (when moistened by water) to release the mature biflagellate
spermatozoids. A few days after antheridia initiation (Kofuji et al., 2009), the archegonium apical
stem cell undergoes, similarly to the antheridium apical stem cell, anti-clinal divisions to form inner
and outer cells. The inner cell subsequently divides anti-clinally and gives rise to the egg-initial and
canal cells. The lower part develops into the egg-containing venter, whereas the canal cells divide
and elongate to become the archegonial neck. Upon maturity, the previously closed archegonial tip
opens and the canal cells dissolve. The mature spermatozoids can now reach and fertilize the egg cell
to induce sporophyte development. During archegonium maturation, autophagous processes can be
detected in the canal cells as well as in the egg and basal cell. Defects in autophagy correlate with
more dense material in the canal cells which does not inhibit fertilization (Landberg et al., 2013;

Sanchez-Vera et al., 2017).

After successful fertilization, the diploid sporophyte develops from the zygote and undergoes
embryogenesis. The first division is asymmetric, forming an apical and a basal cell. The apical cell will
develop into the spore capsule, whereas the lower part will penetrate into the gametophore and
forms in comparison to other Funariaceae a short seta (Engel, Paulinus P., 1968; Medina et al., 2019).
The sporophyte cells contain chloroplasts, but also receive metabolites and nutrients from the
gametophyte throughout the sporophyte development (Haig, 2013; Regmi et al., 2017). The
sporophyte develops through differentially described and grouped stages. Groups are defined by age
(81 — SM, Ortiz-Ramirez et al., 2016) or by developmental stage (initial to brown sporophyte
(O’Donoghue et al., 2013; Daku et al., 2016). First steps of embryo development are performed
within the archegonium (S1-S2, initial development). These first developmental steps are mainly
defined by cell amplification leading to a growing embryo. During these steps, the archegonium
ruptures and becomes the calyptra, which is at least protecting the young sporophyte from
dehydration in mosses (Budke and Goffinet, 2016). Afterwards, the capsule enlarges (S3) and
sporogenesis is performed. After meiosis of the spore mother cells (SMC) in early green sporophytes,
tetrads give rise to each four haploid spores. During spore maturation, the sporophyte turns from
mid green (mid sporophyte) to yellow. After maturation, the brown mature sporophyte ruptures and
releases up to 3000 spores of the new generation (SM (Nakosteen and Hughes, 1978; Hohe et al.,
2002; Sakakibara et al., 2008)). As in all other land plants, bryophytes possess stomata on the
sporophytic generation which is, in the case of bryophytes, the three-dimensional sporophyte. In

bryophytes, stomata are suggested to play a role during sporophyte maturation, but being a highly
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discussed topic, additional work will have to be performed to elucidate stomata function (Chater et

al., 2017; Merced and Renzaglia, 2017).

6.5 Bryophytes possess evolutionary conserved flagella

Bryophytes are flagellated plants, which possess bi-flagellated spermatozoids, which are a defining
and name-giving feature of streptophytes (Renzaglia and Garbary, 2001). Flagellated gametes are
ancestral to all eukaryotes (Stewart and Mattox, 1975; Mitchell, 2007) and have been secondarily
lost several times as e.g. in the algae Zygnematales (Transeau, 1951) and, probably in the MRCA of
conifers, Gnetales and flowering plants (Renzaglia et al., 2000; Renzaglia and Garbary, 2001). (Motile)
flagella show a common architecture throughout the tree of life (Carvalho-Santos et al., 2011) and
are the only motile cells of archegoniates comprising bryophytes, lycophytes, pteridophytes and seed
plants (Renzaglia and Garbary, 2001). Still, flagellated male gametes are highly adapted and show
myriads of variations between species (Alvarez, 2017). Spermatozoids of the setaphytes show a
sinistral coiled architecture which consists of a cylindrical condensed nucleus, two mitochondria, one
plastid and two flagella at its distal end (Fig. 4A, (Renzaglia et al., 2000)). Spermatozoids of the
charophyceaen lineage and land plants possess a unique multi-layered structure (MLS), that
comprises the spline microtubules (SM) and the lamellar strip (LS). The SM form the structural
framework of the cell and the organelles are attached to it (Renzaglia et al., 2018). The MLS is located
within a microtubule organizing center (MTOC) which is derived from centrosomes. In the MTOC two
end to end attached centrioles give rise to the dimorphic basal bodies (BB) which anchors the flagella
and serves as the nucleation site of axonemes. Centrioles and BBs show a pattern of nine
microtubule (MT) triplets, arranged around a central core with a stellate pattern. This pattern can
vary in the BBs with the anterior basal body showing a pattern of up to nine MT triplets whereas the
posterior basal body displays only three MT triplets on the bottom (Bernhard and Renzaglia, 1995;
Renzaglia and Garbary, 2001; Renzaglia et al., 2017). Between the motile axonemes and the basal
body a transition zone with nine peripheral MTs doublets is present. Of the three microtubules
originating in the centrioles, the a and b microtubules elongate in the transition zone, whereas the c
microtubules are terminated (Fig. 4B,(Hodges et al., 2012)). Motile axonemes show a highly
conserved 200nm ultrastructure composed of nine peripheral MT doublets enclosing a central MT
pair (CP) (Renzaglia et al., 2000; Renzaglia and Garbary, 2001; Satir et al., 2008; Carvalho-Santos et
al., 2011). The outer MT doublets are interconnected via nexin and associated with several motor

and radial spoke proteins (RSP) important for stability and motility of the flagella. RSPs are composed
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of a stalk and a head and extend from the a MT of each outer MT doublet towards the CP MTs and
serve as transient links (Fig. 4C). In C. reinhardtii RSPs are required for flagellar motility (Piperno et
al.,, 1981; Huang, 1986). Flagellar motility is derived from dynein motor proteins which drive
interdoublet sliding (Porter and Sale, 2000; Heuser et al., 2009). Two types of dyneins are shown to
be present in the flagellar model organism C. reinhardtii: inner dynein arms (IDA) and outer dynein

arms (ODA) (Dutcher, 2000), which work together in a highly coordinated complementary way to

Figure 4: Moss spermatozoid morphology and ultrastructure. A: Sinistral coiled spermatozoid with elongated nucleus (n,
blue) bearing three organelles, one plastid and two mitochondria (0). A locomotory apparatus is located at its distal end of
which two flagella emerge (f). B: The locomotory apparatus consists of a multi-layered structure (MLS) and two dimorphic
basal bodies (BB). The MLS comprises a lamellar strip (LS) and overlying spline microtubules (SM). The centriole (not shown)
shows nine microtubule (MT) triplets (a: red, b: blue, c: green) arranged around a central core with a stellate pattern. The
BBs show dimporphic MT patterns, whereas the posterior BB shows usually three bottom MT triplets and the anterior BB
up to nine MT triplets. In the transition zone, a and b MTs are elongated into the transition zone. C: The axoneme shows
nine outer MT doublets and a pair of single MTs in the center (CP) which are connected by a bridge (purple). They are also
surrounded by protein projections (cyan). The outer MTs are interconnected by nexin (orange) and connect to the CP via
radial spoke proteins (RSP, grey). The a MT possess inner arm dyneins (IDA, yellow) and outer arm dyneins (ODA, yellow).
Redrawn from (Carvalho-Santos et al., 2011; Renzaglia et al., 2018; Renzaglia and Garbary, 2001; Meyberg et al., 2019).
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generate flagellar waveforms (Brokaw and Kamiya, 1987; Kamiya, 1995). With regard to their
function it could be shown, that IDAs are linked to the beat pattern whereas ODAs are linked to the
beat frequency (Silflow, 2001). In comparison to unicellular flagellated algae, bryophyte
spermatozoids seem to be limited in motility time and distance. For M. polymorpha it could be
shown that spermatozoid motility lasts for ca. 60 minutes, but that spermatozoids where limited in
distance and required movement of the surrounding water to reach distances above 2-3 cm (Furuichi
and Matsuura, 2016). The dynein setup, namely the occurrence of IDAs and ODAs, is contradictory
reported in bryophytes. (Carvalho-Santos et al., 2011) reported only ODAs to be present in M.
polymorpha, whereas Rensing et al., Hodges et al., and Wickstead and Gull suggested, that only IDAs
and no ODAs are present in bryophytes (Rensing et al., 2008; Hodges et al., 2012; Wickstead and
Gull, 2012). Thus, the dynein status of the model moss P. patens flagellum, and with it the

mechanisms behind motility, will have to be determined in future.

Plant and mammalian male gametes are highly similar and share not only structural but also genetic
similarities. In plants as well as in mammals, the chromatin is highly condensed, which is shown to
protect the genome against mutations (Rathke et al., 2010). Also, autophagous cytoplasmic
reduction mediated through the autophagy related protein 7 (ATG7) is required for male fertility in
mice and moss (Sanchez-Vera et al., 2017). Finally, sperm attraction of the female in moss and mice
is mediated via glutamate-receptor-like ion-channels (Ortiz-Ramirez et al., 2017). Concluding, several
aspects of male fertility in flagellated land plants and mammals probably have their roots in the most

recent common ancestor (MRCA) and evolved independently afterwards.

6.6 Alternation of generation

The life cycle of land plants is diphasic and alternates between two multicellular generations, the
haploid gametophyte and the diploid sporophyte, with fertilization and meiosis constituting the
switches in between (Hofmeister, 1851). Streptophytic algae as e.g. the model organism Chara
braunii have a haplontic life cycle with a dominant and multicellular haploid generation whereas the
diploid generation is unicellular and encompasses one cell, the zygote (Nishiyama et al., 2018). Some
algae also show a haplo-diplontic lifestyle whereas Ulva represents the isomorphic and e.g.
Laminaria the heteromorphic type (Potter et al., 2016; Liu et al., 2017). In angiosperms, the haploid
phase is highly reduced to the male multicellular gametophyte, the pollen grain and the multicellular

female gametophyte (Drews and Yadegari, 2002).
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The alternation of generation is regulated by several genetic and epigenetic factors e.g.
FERTILIZATION-INDEPENDENT ENDOSPERM (FIE) and CURLY LEAF (CLF), genes of the POLYCOMB
REPRESSIVE COMPLEX 2 (PRC2) group, which was shown to act via the histone modification
H3K27me3 on gene expression of downstream genes in Drosophila melanogaster (Nekrasov et al.,
2005). In P. patens knock-out mutants of FIE and CLF, the development is arrested in the
gametophytic phase, inhibiting the alternation of generations. FIE acts on the regulation of stem cell
maintenance and affects the expression of the HOMEOBOX KNOX1 transcription factors (TF) mkn2
and mkn5 which are involved in sporophyte development (Katz et al., 2004; Sakakibara et al., 2008;
Mosquna et al., 2009). KNOX2 genes could be shown to repress apospory (Sakakibara et al., 2013),
leading to the conclusion that KNOX HOMEOBOX TFs act on the repression of the diploid body plan
of P. patens. In C. reinhardetii, it could be shown that zygote development, the first stage of the
sporophytic generation, depends on a heterodimer of KNOX and another HOMEOBOX TF BELL (Lee et
al., 2008) similar to mammals (Bellaoui et al., 2007; Rensing, 2016). In P. patens, expression of knox
and bell homeobox genes in the sporophytic stage could be shown, suggesting a putative conserved
regulation within mammals and algae (Frank and Scanlon, 2015). Contrary to the knox genes, it could
be shown that the overexpression of belll leads to apogamy, developing a sporophytic body plan in
haploid tissue, bypassing the alternation of generation (Horst et al., 2016). Thus, BELL/KNOX
heterodimerization is required for the alternation of generation and for the subsequent body plan
formation of plants and is probably conserved between green algae, land plants and possibly
mammals (Lee et al., 2008; Rensing, 2016). So far, no involvement of HOMEOBOX TFs in the male
germline in plants could be shown yet, but in human, RHOX homeobox genes are correlated with

male fertility and controlled via DNA methylation (Richardson et al., 2014).
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7 Research objectives

The aim of this thesis was to identify and analyze factors which are involved in the sexual
reproduction of the model moss Physcomitrella patens. In early land plant models, little is known
about genes required for the sexual reproduction, which includes gametangia initiation, gametangia
development, fertilization, embryo and sporophyte development. To achieve this goal, two
approaches were chosen. The first approach made use of the worldwide used laboratory strain Gd,
which was reported to show defects in its sexual reproduction, which is thought to be based on the
accumulation of somatic (epi-) mutations due to long term vegetative reproduction in vitro. Thus,
characterization and establishment of the recently collected P. patens ecotype Re and its
establishment in research was planned as well as comparative analyzes between ecotypes to localize
and characterize the Gd impairment. The fertility of different Gd strains, Re and Vx was quantified
employing the number of sporophytes developed per gametophore. In addition, gametangia were
morphologically analyzed. Genetic and epigenetic differences were determined using SNP and
differentially methylated positions (DMP) data. Differences in the gene expression during sexual

reproduction were quantified via qPCR and RNA-seq analysis.

The second approach was planned to identify candidate genes required for successful sexual
reproduction of P. patens. The goal was to use publicly available expression data to identify genes
exclusively expressed in different developmental stages and tissues during sexual reproduction. The
function during the P. patens life cycle resp. sexual reproduction was planned to be determined via a
reverse-genetic approach. Knock-out mutants were generated and characterized to eventually get

new insights into genes important in early land plant sexual reproduction.
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8 Publications

8.1 Sexual reproduction, sporophyte development and molecular variation in the
model moss Physcomitrella patens: introducing the ecotype Reute

As previously introduced, several laboratories started to realize that their long term vegetatively
propagated cultures were impaired in sexual reproduction. In this publication, the more recently
collected ecotype Re was introduced and characterized, comparing sexual reproduction, genetic
variability and gene expression to the frequently used ecotypes Vx and/or Gd. Expression analysis of
different developmental stages involved in the sexual reproduction was performed in order to
identify genes important for specific developmental time points and processes. No developmental
and obvious differences in morphology or timing could be identified during gametangia
development. Quantification of the number of sporophytes developed per gametophore, employed
as indirect fertility measurements, revealed Gd to be nearly self-sterile. In comparison, Re and Vx
were shown to be highly self-fertile and developed high numbers of sporophytes per gametophore.
Genetic variations, namely the number of base pairs per SNP, of the analyzed ecotypes were
determined and showed Re being genetically 10-fold closer to Gd compared to Vx, who displays a
similar genetic distance to Gd as seen in A. thaliana ecotypes, updating previous analyses (Kasahara
et al., 2011). Nevertheless, micro array data generated from adult gametophores of Re and Gd
showed several TAPs to be DEGs, which might be responsible for the nearly sterile Gd phenotype.
Comparative analysis of different sporophyte developmental stages allowed to identify several DEGs
representing the morphological changes during sporophyte development, e.g. cell wall modifying
proteins and proteins involved in the UV-B response of the sporophyte. This publication now allows
the community to use the closely related fertile ecotype Re as a proper replacement for studies,
previously performed in Gd. Re enables the analysis of the sexual reproduction and the resulting
sporophyte of the model moss P. patens as well as further work on the characterization of the Gd

nearly self-sterile phenotype.

21



the plant journal SEB

Society for
Experimental Biology |

The Plant Journal (2017) 90, 606-620 doi: 10.1111/tpj.13501

RESOURCE

Sexual reproduction, sporophyte development and molecular
variation in the model moss Physcomitrella patens:
introducing the ecotype Reute

Manuel Hiss', Rabea Meyberg’, Jens Westermann'', Fabian B. Haas', Lucas Schneider'*, Mareike Schallenberg-Riidinger'*,
Kristian K. Ullrich"" and Stefan A. Rensing'**

"Plant Cell Biology, Faculty of Biology, University of Marburg, Karl-von-Frisch-Str. 8, 35043, Marburg, Germany,

2BIOSS Centre for Biological Signaling Studies, University of Freiburg, Freiburg, Germany, and

Received 1 August 2016; revised 20 January 2017; accepted 24 January 2017; published online 5 February 2017.

*For correspondence (e-mail stefan.rensing@biologie.uni-marburg.de).

"Present address: Biocenter, Botanical Institute, University of Cologne, Ziilpicherstr. 47b, 50674, Cologne, Germany.

‘Present address: Institute for Transfusion Medicine and Immunchematology, Johann-Wolfgang-Goethe University and German Red Cross Blood Service, Sand-
hofstraBe 1, 60528, Frankfurt am Main, Germany.

*Present address: IZMB-Institut fir Zellulare und Molekulare Botanik, Abteilung Molekulare Evolution, Universitat Bonn, Kirschallee 1, 53115, Bonn, Germany.
Present address: Max Planck Institute for Evolutionary Biology, August-Thienemann-StraRe 2, 24306, Ploen, Germany.

SUMMARY

Rich ecotype collections are used for several plant models to unravel the molecular causes of phenotypic
differences, and to investigate the effects of environmental adaption and acclimation. For the model moss
Physcomitrella patens collections of accessions are available, and have been used for phylogenetic and taxo-
nomic studies, for example, but few have been investigated further for phenotypic differences. Here, we
focus on the Reute accession and provide expression profiling and comparative developmental data for sev-
eral stages of sporophyte development, as well as information on genetic variation via genomic sequencing.
We analysed cross-technology and cross-laboratory data to define a confident set of 15 mature sporophyte-
specific genes. We find that the standard laboratory strain Gransden produces fewer sporophytes than
Reute or Villersexel, although gametangia develop with the same time course and do not show evident
morphological differences. Reute exhibits less genetic variation relative to Gransden than Villersexel, yet we
found variation between Gransden and Reute in the expression profiles of several genes, as well as variation
hot spots and genes that appear to evolve under positive Darwinian selection. We analyzed expression dif-
ferences between the ecotypes for selected candidate genes in the GRAS transcription factor family, the
chalcone synthase family and in genes involved in cell wall modification that are potentially related to phe-
notypic differences. We confirm that Reute is a P. patens ecotype, and suggest its use for reverse-genetics
studies that involve progression through the life cycle and multiple generations.

Keywords: Physcomitrella patens, ecotype, Reute, sporophyte, microarray, single-nucleotide polymorphism,
spore.

INTRODUCTION

The model moss

The moss Physcomitrella patens belongs to the Funari- the nuclear genome sequence (Rensing et al., 2008) and
aceae with type species Funaria hygrometrica, which has the development of a plethora of tools for this organism
been used for physiological studies for more than half a (Reski and Cove, 2004; Frank et al., 2005; Quatrano et al.,
century (Bryan, 1957; Krupa, 1967). Whereas P. patens has 2007; Kamisugi et al., 2008; Lang et al., 2008; Prigge and
been used for similar studies starting nearly as long ago Bezanilla, 2010). Today, P. patens is one of the primary
(Engel, 1968), the last decade has seen the completion of plant models for evolutionary developmental and
606 © 2017 The Authors
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comparative studies (e.g. Mosquna et al., 2009; Okano
et al, 2009; Khandelwal et al., 2010; Sakakibara et al.,
2013; Horst et al., 2016), and is also employed to study
physiology, genome evolution and homologous recombi-
nation (e.g. Rensing et al., 2012; Beike et al., 2014, 2015;
Charlot et al., 2014).

Worldwide accessions

Physcomitrella has been described to occur in North Amer-
ica, Europe, Africa, China, Japan and Australia (Frey et al.,
2009), and is distributed in the land masses of the Holarctic
(Medina et al., 2015). In total, 20 P. patens accessions, four
Physcomitrella magdalenae accessions and 15 Physcomi-
trella readeri accessions have been described, and acces-
sions from all these locations have been cultured
axenically in vitro (von Stackelberg et al., 2006; Beike et al.,
2010, 2014; McDaniel et al., 2010; Medina et al., 2015). The
single spore isolated near Gransden Wood (Cambridge,
UK) by Whitehouse in 1962 was used initially for in vitro
culture {Engel, 1968), and became the worldwide labora-
tory strain P. patens Gransden, the genome of which was
sequenced by Rensing et al. (2008). In addition, the geneti-
cally divergent (von Stackelberg et al., 2006} isolate Viller-
sexel K3 (Haute Sacne, France; collected by Luth 2003) was
used to generate a genetic map through crossing with
Gransden (Kamisugi et al., 2008). The accession Reute was
collected by Lith in 2006 close to Freiburg im Breisgau,
Germany, from a moist, disturbed field. Its marker-based
genetic distance to Gransden is less than that of Viller-
sexel, and all three accessions can be crossed with each
other (von Stackelberg et al., 2006; McDaniel et al., 2010;
Perroud et al., 2011; Beike et al., 2014). Such crosses pro-
duce viable offspring and have been successfully used to
generate a genetic map (Kamisugi et al., 2008) and in for-
ward genetics (Stevenson et al., 2016).

Sexual reproduction and life cycle

The induction of P. patens gametangia development by
low temperature is well established, with incubation at
17°C leading to gametangia development within 7-14 days
(Engel, 1968; Nakosteen and Hughes, 1978). The additional
shortening of day length and reduction in light intensity
further increases the frequency of gametangia (female
archegonia, male antheridia) formation in Gransden, with
optimal laboratory induction conditions being 15°C, an 8-h
photoperiod and 20 umol m 2 s ' (Hohe et al., 2002), mim-
icking a spring or autumn day. Buds were formed 5-7 days
after spore germination, gametophores were formed after
11-13 days, and mature spore capsules were formed 21-
28 days after induction on agar (Nakosteen and Hughes,
1978; Ortiz-Ramirez et al., 2015). As antheridia mature ear-
lier than archegonia (Nakosteen and Hughes, 1978), selfing
will occur if fertilization by sperm from other plants has
failed. Physcomitrella patens is known to show a low rate

© 2017 The Authors
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of out-crossing and is predominantly self-fertilising (Per-
roud et al., 2011), but the haploid moss is able to efficiently
purge deleterious mutations (Szovenyi et al., 2014).
Bryophyte spores can survive decades in mud or her-
baria (Glime, 2007). For example, spore viability in F. hy-
grometrica was demonstrated after 11 years (Hoffmann,
1970). Moss spore germination can be induced by light, but
the quality of the light and the quantity necessary for spore
germination is likely to depend on the habitat, e.g. under a
canopy versus out in the open, whereas the optimum ger-
mination temperature can vary in populations of the same
species (Glime, 2007). Spore germination in P. patens
appears to be suppressed by ultraviolet B (UV-B) irradiation
in a dose-dependent manner (Wolf et al, 2010), is com-
pletely inhibited by a pulse of far-red light (Possart and Hilt-
brunner, 2013) or elevated temperature (Vesty et al., 2016),
and depends on phytohormone regulation (Vesty et al.,
2016). On agar, spores usually germinate within 3 days
(Nakosteen and Hughes, 1978). Physcomitrella patens
spores are 30 um in diameter, and around 8000-16 000 are
contained per capsule (Nakosteen and Hughes, 1978).

Transcriptome analyses

Numerous transcriptomic analyses have been performed,
using microarrays based on annotation v1.1 or earlier to
analyse ABA, drought stress responses and sporophyte
development (Cuming et al, 2007; Komatsu et al., 2009;
O’'Donoghue et al., 2013), followed by a design based on
v1.2 analysing different abiotic stresses and developmen-
tal stages (Wolf et al., 2010; Busch et al., 2013; Hiss et al.,
2014; Beike et al, 2015). More recently, based on v1.6
(Zimmer et al., 2013), array analyses looked into develop-
mental progression and mutants (Ortiz-Ramirez et al.,
2015; Yaari et al., 2015). Although the array designs were
based on Gransden, for which the complete genome
sequence is available (Rensing et al., 2008), the Viller-
sexel ecotype was successfully hybridized to microarrays
(O'Donoghue et al., 2013). With the advances in next-gen-
eration sequencing technologies, high-throughput cDNA
sequencing (RNA-seq) is now frequently used to measure
expression strength and to detect differentially expressed
genes (DEGs). In P. patens, RNA-seq studies (Table S1)
have described the development from protoplasts to pro-
tonema, and further on to gametophores (Xiao et al.,
2011, 2012), but not yet the development of sporophytes.
Recently, the flagship Gene Atlas initiative by the U.S.
Department of Energy (DoE), has undertaken deep RNA-
seq sequencing to cover the most common developmen-
tal stages and perturbations. The moss P. patens is one
of seven plant ‘flagship’ organisms (http://jgi.doe.gov/our-
science/science-programs/plant-genomics/plant-flagship-ge
nomes/) tackled in the Gene Atlas project.

In this study we have compared the sexual reproduc-
tion of the Reute ecotype with that of Gransden and
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Villersexel. We provide and compare transcriptome data
of sporophyte development, and have performed compar-
ative molecular variant analyses on the three ecotypes.
Thus we introduce the Reute ecotype for reverse-genetics
studies that involve progression through the life cycle,
overcoming problems that many labs face in using Grans-
den for such studies.

RESULTS AND DISCUSSION
Reute natural conditions

The accession Reute was collected close to Freiburg, Ger-
many, by Lith in 2006 (Figure S1a). In November 2006 and
in October 2008 mature sporophytes were found on a field
that is ploughed in autumn, typically in September or
October, probably thus exposing spore capsules resting in
the soil (Beike et al., 2014). Wet conditions (residual water
in furrows) combined with shortened day length induce
spore germination and subsequently sporophyte develop-
ment. Average temperatures 5 cm above the soil were
found to be 1+ 3°C from October to December in the
years 2006-2015, and in some cases temperatures below
0°C were recorded causing frost coverage (Figure S1b).
Daily rainfall was between 0 and 6 mm (Figure S1c), with
an average of 2.3 mm per day or 71.9 mm per month. As
the field is not shaded, direct sunlight reaches the site
(Figure S1b): the light fluence rate in November was
measured at >100 umol m ?s ' (with cloud cover) and
>700 pmol m 2 s (without cloud cover). The natural con-
ditions of growth and sporophyte/spore development of
Reute are thus cold temperatures slightly above freezing,
wet environment and short days, albeit with direct sun-
light, and thus higher light fluence, including UV-B, than a
forest floor moss would experience, for example. Noteably,
Gransden (although collected at a similar site from furrows
of a ploughed field) would experience different weather
conditions than Reute, with both less rain and less sun in
October at Gransden Wood than at Reute, for example
(Figure S2; Table S2). Although the high light conditions
found at the Reute site differ from those used to promote
sexual reproduction in the laboratory, it should be noted
that day length and lower temperature have a larger
impact than light fluence rate (Hohe et al., 2002), which is
in line with the weather conditions as found at the Reute
site in autumn.

Gametangia and sporophyte development

A number of laboratories working with the sequenced
‘Gransden 2004" strain (Rensing et al., 2008) observed a
low rate of sporophyte production (Ashton and Raju, 2000;
Landberg et al., 2013) and instead used Villersexel to study
genome-wide expression patterns during sporophyte
development (Landberg et al.,, 2013; O’'Donoghue et al.,
2013); however, gametangia and sporophytes do not show

any evident morphological differences among Reute,
Gransden and Villersexel in axenic in vitro culture (game-
tophore/sporophyte n = 4908/3700 for Reute, 2965/191 for
Gransden and 1529/1137 for Villersexel).

Archegonia of all three ecotypes (Figure 1) comprise a
flask shaped egg cell-containing venter (bracket) and tubu-
lar neck canal cells (nc) with no visible aberration. Also,
antheridia of these three ecotypes show no visible distinc-
tions, growing in septate bundles at the apex of the game-
tophore  (Figure 1a-c, lower panels). Sporophyte
development occurs as described for Gransden (Sakak-
ibara et al., 2008).

The time point at which mature gametangia can be
found at the gametophore apex in Reute does not differ
from Gransden and Villersexel. Under the growth condi-
tions applied here, most apices of all ecotypes carry
mature gametangia at day 19-21 after transfer to short-day
conditions. If fully developed gametangia are present,
watering leads to synchronized fertilization, as the flagel-
lated antherozoids (spermatozoids/sperm cells) need liquid
water in order to swim to the archegonia. At 7-10 days
after watering (7-10 daw) a pre-meiotic, elongated and
inflated early sporophyte (Figure 1e, ES) is observed. At 9-
15 daw spore mother cells (SMCs) are formed in a now
spherical, translucent green sporophyte (Figure 1e, PM).
SMCs undergo meiosis at around 14-15 daw, and the
sporophyte turns from translucent to opaque green (Fig-
ure 1e, M). During the ripening process the sporophyte
turns from yellow (Figure 1e, Y) to light and dark brown
(Figure 1e, LB/B), until mature spores are present around
30 daw. Spores start to develop at an early stage when the
cells are still surrounded by a cytoplasmic membrane (Fig-
ure 1e, Y), culminating in spore coat-covered mature
spores (Figure 1e, B).

Reute demonstrates a sporophyte development fre-
quency that is comparable with Villersexel (Figure 1d;
median sporophytes per gametophore in Villersexel, 77%,
and Reute, 77%), and is therefore well suited for studies
focusing on sexual reproduction, fertilization, embryogene-
sis and sporophyte development. The sporophyte develop-
ment frequency of Reute versus Gransden and Villersexel
versus Gransden differs significantly, however (Wilcoxon
rank tests, P < 0.01; median/mean sporophytes per game-
tophore Reute, 77/80%, Villersexel, 77/80%, and Gransden,
5/6%). While gametangia and sporophytes show no mor-
phological differences and develop at the same rate in all
ecotypes, Gransden clearly differs significantly in the num-
ber of developed sporophytes compared with Reute and
Villersexel. Such phenotypic differences, along with their
distinct geographic location and their ability to interbreed
are hallmarks of distinct ecotypes.

There are several possible explanations for the observed
differences. There may be genetic or epigenetic differences
between Gransden and Villersexel that account for this. As
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Figure 1. Gametangia and sporophyte develop-
ment. Gametangia (female archegonia and male
antheridia) of Physcomitrella patens ecotypes Reute
(a), Gransden (b) and Villersexel (c). Upper panel
shows mature archegonia, consisting of flask-
shaped egg-containing venter (bracket) and tubular
neck canal cells (nc). Scale bars: 100 pm. Lower
panel shows antheridia, occurring in septate bun-
dles at the gametophore apex. Scale bars: 50 um.
(d) Box plot of average number of sporophytes per
gametophore (n = number of plants) as a percent-
age. The plot is median-centred, with the grey box
representing 50% of the measurements. The whis-
kers end with the last value in the 1.5 interquartile
range (IQR). The edged area shows the distribution
of measurements. Sporophyte development of
Reute median: 77% versus Gransden 5%. Sporo-
phyte development of Villersexel median: 77% ver-
sus Gransden 5%. Differences are significant
(Wilcoxon rank test, P< 0.01; marked by asterisk),
whereas Reute and Villersexel show a comparable
proportion of sporophytes (Wilcoxon rank test,
P=0.84). (e} Reute sporophyte developmental
stages (scale bars: 500 ym), with corresponding

Introducing Physcomitrella patens Reute 609

spore stages, stained with acetocarmine (scale bars:
50 pum). ES (early sporophyte): elongated premei-
otic sporophyte with calyptra (C) and developing
seta (S). PM (premeiotic): spherically shaped pre-
meiotic translucent green sporophyte containing
spore mother cells, with developed seta (S, brown
area). M (meiotic): postmeiotic opaque green sporo-
phyte, cellular content shows spore mother cells
with tetrads after metaphase Il of meiosis. Y: yellow
sporophyte, including ripening spore mother cells.
LB: light-brown sporophyte with spores surrounded
by a visible spore coat. B: mature brown sporo-
phyte without calyptra, containing mature spores.

sporophytes per gametophore (%)

only the frequency of sporophyte development appears
different there could be a failure of fertilization: either sper-
matozoids might not be released from Gransden antheridia
or they might be less motile. Archegonial development
might be affected: during ripening, the archegonial tip cell
and inner canal cells degrade (Landberg et al., 2013) to free
the way for the entering spermatozoids, a developmental
step that might be disrupted. Fertilization or early develop-
ment of the zygote could be aberrant. A defect during later
embryogenesis can be excluded, as no late-stage aborted
embryos or sporophytes could be observed. Although the
nature of the difference is not the focus of this study,
future research might point out why the frequency of
sporophyte development differs.

It was suggested that prolonged vegetative cultivation
may be the cause for a loss in fertility (Ashton and Raju,
2000), but conditions for sporophyte induction (vessels,

© 2017 The Authors
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substrates, light, temperature) do vary between labs. The
conditions used here are adopted from those originally
established for Gransden (Hohe et al., 2002).

Analysis of Reute gametangia and sporophyte
development

To address the possibilities described above, we con-
ducted a more detailed developmental analysis. For the
Reute ecotype, as is generally known for P. patens (Land-
berg et al., 2013), immature and mature archegonia can be
distinguished via the opening of the archegonial tip (Fig-
ure 2a,i). This enables spermatozoids to enter and reach
the egg cell in the archegonial venter (Figure 2d, arrow-
head). During growth and ripening, antheridia undergo an
increase of cell size and change color from green (imma-
ture; Figure 2b,e) via yellow (mature) to brown (post
release; Figure 2c,h). Water is required for fertilization to
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occur, not only as the transport medium for the flagellated
spermatozoids, but also for their release, as the water is
taken up by the antheridial tip cells, causing them to swell
and finally burst to release spermatozoids (Figure 2c,h,
arrowheads). Figure 2(e) shows an early antheridial stage,
at which anticlinal cell division can be observed. In the
mature archegonium the elongated outer neck canal cells
can be seen clearly (Figure 2f, light green, arrowhead), as
well as a paraphysis (a sterile organ consisting of elon-
gated cells with a swollen apical cell; Figure 2f,i, blue). In
Figure 2(g) a sporophyte with detached calyptra is shown
from the top, and the distribution of the outer sporophytic
cells can be observed with several cells having recently
divided. In opened sporophytes the cellular content can be
observed (Figure 2j, ochre). In summary, the detailed anal-
ysis of Reute gametangia and sporophyte development
confirms its similarity with that of Gransden, including the
presence of paraphyses and details of archegonial/an-
theridial growth (Landberg et al., 2013).

Expression differences between Gransden and Reute
gametophores

To determine whether — despite similar development -
there are differences in gene expression, we analysed

¢+ 100um (b

expression profiles. To find differences in gene expression
between Gransden and Reute, Hiss et al. (2014) performed
a whole transcriptome microarray analysis of game-
tophores with developed gametangia (adult game-
tophores) for both ecotypes. Here, we analyze these data
and find 262 DEGs (Appendix S2), 250 of which were found
to show lower and 12 of which were found to show higher
expression in the Reute ecotype, when compared with
Gransden. Of particular interest are transcription factors
(TFs) and transcriptional regulators (TRs) that are differen-
tially expressed between the two ecotypes, as these may
underlie phenotypic differences such as the sporophyte
development frequency. We find 10 such proteins
(Table 1), with PPM3 (Pp3c14_22180V3.1), a member of the
moss-specific MADS-box containing subfamily MIKC* (Bar-
ker and Ashton, 2013), among them. Members of this sub-
family regulate pollen development in Arabidopsis thaliana
(Gramzow and Theissen, 2010), and therefore could be
involved in the development of moss spores, which repre-
sent a developmentally analogous structure (Brown and
Lemmon, 2011; Daku et al., 2016; Vesty et al., 2016).

We also find a member of the GRAS TF family among
the DEGs. The proteins of this family share the GRAS
DNA-binding domain (Li et al., 2016), whereas the N-

Figure 2. Gametangia and sporophytes of Physco-
mitrella patens ecotype Reute. (a) Immature (closed
tip) and mature (open tip) archegonia. Immature
antheridia (b} and mature antheridia (c), which
release spermatozoids through the burst tip cells
(arrowheads). (d) Unfertilized egg cell in archego-
nial venter (arrowhead). (e, f} False-colored cryo-
SEM images: (e) early antheridia showing anticlinal
cell division; {f) mature archegonium (light green)
with elongated outer neck cells (arrowhead), para-
physe (blue) and young phyllid (green). (g) Mature
sporophyte, top view (sporophyte brown, phyllid
green). (h) Mature antheridia after spermatozoid
release through burst tip cell (arrowheads). (i)
Gametophore apex, top view with young phyllid
(green), mature archegonia (light green), antheridia
{brown) and paraphysis (blue). (j) Sporophyte
opened at the tip, showing cellular content (ochre).
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Table 1 ID numbers and annotation of 10 transcription factors or
transcriptional regulators expressed at a lower level in Reute, as
compared with Gransden

CGIv3 TF/TR family Fold change
Pp3c14_22180V3.1 MADS 46
Pp3c13_3830V3.1 AP2/EREBP 6.7
Pp3c15_3180V3.1 C2C2_Dof 47
Pp3c1_35770V3.1 Argonaute 5.2
Pp3c8_230V3.1 Zing finger, 5.0
AN1 and A20 type
Pp3cd_12970V3.1 ARF 6.3
Pp3c11_21140V3.1 GARP_G2-like 4.4
Pp3c2_20930V3.1 GRAS 4.2
Pp3c2_8880V3.1 bHLH 4.6
Pp3c11_20170V3.1 bHLH 8.5

Based on Combimatrix microarray data comparison between adult
gametophores (bearing gametangia) of the Gransden and Reute
ecotypes.

250000
200000
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50 000 i
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Juvenile Adult Green
gametophores gametophores sporophytes

Arbitrary fluorescence units

Brown
sporophytes

Figure 3. Bar chart of GRAS Pp3c2_20930V3.1 microarray expression val-
ues. Four different Physcomitrella patens Reute developmental stages for
the gene Pp3c2 20930V3.1 are shown based on novel v1.6 NimbleGen
microarray data. Error bars show standard deviations for two or three bio-
logical replicates. *Significant difference.

terminal parts are predicted to contain molecular recogni-
tion features (Morfs) that are important for protein—protein
interactions (Sun et al., 2011). GRAS family members are
responsible for regulating different plant growth and devel-
opment steps (Bolle, 2004), and some activate meiosis-spe-
cific genes (Morohashi et al., 2003). The intron-less GRAS
gene Pp3c2_20930V3.1, encoding a 770 amino acid protein,
is expressed at a fourfold lower level in Reute adult game-
tophores than in Gransden (Figure S3; Table 1). In the
Gransden ecotype, Pp3c2_20930V3.1 is more strongly
expressed in protoplasts and under UV-B treatment (Fig-
ure S4), but does not show reduced expression during the
development of sexual organs (i.e. in adult gametophores).
Variation in expression can also be seen in the novel Reute
array data presented here (Figure 3). Interestingly, the pro-
nounced decrease in expression of this gene in Reute dur-
ing the development of sexual organs is not visible to this
extent in Gransden. Differences between the ecotypes with
regards to the frequency of sporophyte development might
thus be associated with this GRAS TFs.

© 2017 The Authors
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In summary, 10 TFs/TRs are differentially regulated
between the ecotypes and are good candidates for investi-
gating the differences in frequency of sporophyte develop-
ment.

Expression profiling of Reute developmental stages

Upstream regulators such as TFs/TRs often control down-
stream effector genes that execute the actual phenotypic
alterations: here, we focus on such output genes. As we
were interested in the sporophyte development of Reute,
we generated NimbleGen microarray data for different
stages of development: gametophores without gametangia
(juvenile), with gametangia (adult), and green sporophytes
(developing, pre-meiotic; PM in Figure 2) as well as brown
sporophytes (mature, post-meiotic; B in Figure 2). DEGs
were computed in pairwise fashion along the developmen-
tal progression (Figure 4). We find a high number of DEGs
between juvenile and adult gametophores (6021), and also
between adult gametophores and green sporophytes
(2492). Between green and brown sporophytes we find 313
DEGs.

We focused on genes showing differential expression
between adult gametophores and green sporophytes in
the Reute ecotype, as this developmental step seems to be
affected in the Gransden ecotype. We specifically exam-
ined only genes showing differences between the Grans-
den and Reute ecotypes. We identified 41 genes, 36 of
which are expressed at a lower level in the Reute ecotype
relative to Gransden (Appendix S2). For selected genes we
confirmed the expression profile during sporophyte devel-
opment by gPCR (Figure 5).

Two of the 10 differentially expressed TFs/TRs between
Gransden and Reute (MADS, Pp3c14_22180V3.1; AP2/
EREBP, Pp3c13_3830V3.1) also show differential expression
during sporophyte development. Aside from that, the list
contains genes that are predicted to code for cell wall-modi-
fying enzymes like pectin methylesterase (Pp3c5_
23400V3.1) and xylosyltransferase (Pp3c23_380V3.1). Both
genes show a stronger expression in adult gametophores
than in green and brown sporophytes, suggesting that their
products are more active during the late gametophytic ¢
stage. As the development of the sporophyte involves cell
wall restructuring (O'Donoghue et al., 2013), the observed
expression differences may contribute to the phenotypic
differences.

We further find three DEGs that belong to the chalcone

synthase (CHS) gene family (Figure S4), namely
Pp3c2_32400vV3.1 (CHS1a), Pp3c2_32960vV3.2 (CHS10
PpASCL; Figure 6) and Pp3c11_2990V1.1 (CHS4; see

Table S5 for ID). Chalcone synthases (CHS) catalyze one of
the first steps of flavonoid biosynthesis, and are encoded
by an expanded gene family in P. patens (Koduri et al.,
2010; Wolf et al., 2010). The CHS genes Pp3c2_30620V3.1
(CHS01), Pp3c2_32400V3.1 (CHS1a) and Pp3c2_32320V3.1
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Figure 4. Scheme of Physcomitrella patens developmental stages and dif-
ferential gene expression. Left, developmental stages for which NimbleGen
microarray data were generated (Reute ecotype). Gametophores were har-
vested without rhizoids, PM/M and M sporophytes (cf. Figure 2) were sepa-
rated from the gametophores at harvest. Right, differentially expressed
gene (DEG) summary, showing the number of significant DEGs (CyberT
test, Benjamini-Hochberg corrected P < 0.05; see Experimental procedures
for details) that are expressed at higher or lower level between the develop-
mental stages shown, based on the NimbleGen microarray data.

{CHS1c; cf. Figure S6) were found to be induced after UV-B
treatment, and are suggested to function as a molecular
sunscreen (Wolf et al, 2010); all three genes are less
expressed under drought (Stevenson et al., 2016). Here, we
find CHS1a to be repressed in brown sporophytes, with a
higher expression in all other stages analyzed, namely
juvenile gametophores, adult gametophores and green
sporophytes (Figure 6). In contrast to CHS1a, CHS10 is
induced in green sporophytes as compared with the other
three developmental stages, which is also supported by
the gPCR analysis (Figure 5). This gene is a functional
ortholog of the A. thaliana type-lll polyketide synthase A
(PKSA) belonging to the anther-specific chalcone synthase-
like (ASCL) genes, and has been shown to be part of the
sporopollenin biosynthesis pathway in P. patens (Colpitts
et al., 2011; Daku et al., 2016). The repression of the UV-B
induced CHS1a/Pp3c2_32400V3.1 accompanied by the
induction of the spore coat formation gene
Pp3c2_32960V3.2 suggests that biosynthesis of UV-B

absorbing quercetin and related flavonoids (Wolf et al.,
2010) is no longer needed once sporopollenin is formed.
At the same time, the lower expression of CHS1a might be
associated with dehydration of the maturing sporophyte.

Genetic variation among Villersexel, Reute and Gransden

To determine the potential genetic basis for the observed
expression and phenotypic differences, we analysed
genetic variation of the ecotypes using novel Reute geno-
mic DNA data. Reute and Villersexel can be crossed with
each other and with Gransden; however, based on selected
markers the genetic distance between Villersexel and
Gransden is much greater than between Reute and Grans-
den (McDaniel et al, 2010). Among different European
accessions Villersexel appears most genetically divergent
from Gransden (Kamisugi et al., 2008). With the Reute eco-
type we present an alternative ecotype with a genetically
closer Gransden, yet suitable for both “forward’ (map-
based) and ‘reverse’ genetics approaches. The lower num-
ber of polymorphisms makes reverse-genetics approaches
based on the Gransden reference genome easier. We
sequenced genomic DNA from Reute gametophores to
assess the precise genetic distance by evaluating all sin-
gle-nucleotide polymorphisms (SNPs) and indels. Compar-
ison of Reute genomic DNA (gDNA) sequence data with
the Gransden reference genome identified 264 782 SNPs
and 16 292 indels (7874 insertions; 8418 deletions), result-
ing in a polymorphism density of one SNP every 1783
bases and one indel every 28 857 bases. For Villersexel we
find 2 497 294 SNPs and 172 833 indels (77 522 insertions;
95 311 deletions), resulting in a density of one SNP every
188 bases and one indel every 2724 bases. SNP densities
between A. thaliana ecotypes have been shown to occur
between one SNP per 149 bp and one SNP per 285 bp
(Cao et al., 2011), similar to the densities found in Viller-
sexel, which is surprising given that the rate of mutation
fixation is lower in P. patens (Rensing et al., 2007). Reute
exhibits an almost 10-fold lower SNP density than Viller-
sexel, although the two collection sites are only 100 km
apart geographically, with a negligible difference in lati-
tude, but separated by a mountain range. Reute is found
on a field that is regularly plowed in autumn, and Viller-
sexel is found at a dried fish pond, a location that is also
regularly flooded. Environmental/microclimatic differences
at the two sites might differ, however. The discrepancy
between genetic and geographical distance may be
explained by the distribution of P. patens spores via
migrating birds that has been proposed recently (Beike
et al,, 2014).

We find that most SNPs and indels fall into intergenic
regions (about 80%, see Table 2), and into the 2000 bp
upstream and downstream of the transcript, consisting of
untranslated regions (UTRs) and potential promoter areas
(about 15%). Out of the 35 302 genes predicted, about half
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Figure 5. Bar chart of expression values derived (a)
from gPCR (a) and microarray (b} analysis. qPCR
expression values are normalized to the reference
gene Pp3c19 1800V3.1, which shows a steady
expression in the microarray data across the mea-
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Figure 6. Bar chart of microarray expression values (arbitrary units) for 20 chalcone synthase (CHS) genes. Four Physcomitrella patens Reute developmental
stages are shown, with novel data based on the v1.6 NimbleGen array (corresponding v3.3 gene |Ds are shown, except for cases where no v3.3 model was avail-
able). Error bars indicate standard deviations of two or three biological replicates. *Significant changes, compared with the following developmental stage (FDR;
corrected CyberT test P < 0.05).

(15 178) had an SNP within their gene body or promoter in mis-sense (63%) or a silent (35%) mutation in the coding
Reute, and 5842 had an indel. In Villersexel almost all sequence, and only a few cause a non-sense mutation
(32 473) genes contained an SNP and 27 722 contained an (2%). Premature stop codons were introduced into 74
indel. Most SNPs in Reute as well as in Villersexel cause a genes in Reute (Table S5a) versus 602 genes in Villersexel
© 2017 The Authors
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by SNPs, and into six genes in Reute (Table S5b) versus 42
genes in Villersexel by an indel. We find 24 genes in Reute
and 190 genes in Villersexel that are longer than in Grans-
den, and therefore may contain a premature stop codon in
Gransden.

The Reute SNPs and indels are unevenly distributed on
the chromosomes, with several areas of higher SNP den-
sity being evident (Figure 7). We selected areas that show
significantly higher SNP density (false discovery rate (FDR)
corrected P<0.01, see Experimental procedures for
details; Table S6), and chose the longest two regions,
located on chromosomes 8 and 19, for closer inspection.
Within the 1-Mbp peak region on chromosome 8 we find
21 gene models, three of which contain SNPs in their cod-
ing sequence; for the 1.7-Mbp peak on chromosome 19 we
find 72 gene models, 28 with an SNP in their coding
sequence (CDS). For six gene models of the chromosome-
8 peak and 11 gene models of the chromosome-19 peak
we find close paralogs (BLAST hits with =90% identity and
length >90 aa), often on the same chromosome. Such par-
alogs, some of them tandemly arrayed genes, can help to
provide higher gene-product dosage and might be subject
to concerted evolution by gene conversion, in which one
copy is ‘overwritten’ by homologous recombination using
the other copy as a template (Wang and Paterson, 2011;
Wang et al, 2011). Interestingly, in Reute as well as in
Gransden we find three CHS pairs that show identical pro-
tein sequences and are located close to their respective
partner on chromosomes 2 and 19 (Pp3c2_32400V3.3/
CHS1a and Pp3c2_32320V3.3/CHS1c, Pp3c2_36170V3.3/
CHS2b.1 and Pp3c2_36290V3.3/CHS2c, Pp3c19_6320V3.3/
CHS3.1 and Pp3c¢19_6330V3.3/CHS3.3), potentially provid-
ing higher gene dosage via concerted evolution.

Gene ontology (GO) bias analysis of the genes in the
peak regions versus all genes finds diverse GO terms over-
represented in the 21 gene models from chromosome 8,

e.g. thioredoxin biosynthesis, mRNA processing and
superoxide responses. The 72 gene models on chromo-
some 19 show an over-representation of genes, e.g.
involved in cyanate biosynthesis and mitochondrial elec-
tron transport (for a full list of GO terms and gene IDs see
Tables S7 and S8). Hence, many of the genes in the two
SNP hot spots are potentially involved in radical scaveng-
ing. This could be an adaptation to environmental condi-
tions that are characterized by higher levels of photonic
radiation, as a result of the more southerly latitude and
less average cloud cover.

The late embryogenesis abundant 1 (LEAT} gene
Pp3c22_8970V3.2 contains a premature stop codon in the
first exon. It is expressed, but the gene product does not
seem to be necessary for normal growth and development
(Kamisugi and Cuming, 2005). The SNP causing the prema-
ture stop codon is present in Reute, but not in Villersexel,
where a CAG is present, demonstrating again that Reute is
genetically closer to Gransden than Villersexel, and that
genetic variation of this particular gene varies among eco-

types.
Reute pseudoreference genome and genes under selection

In order to determine genes under selection, and to make
Reute more useful for the community, Reute SNP and dele-
tion data were incorporated into the Gransden reference
genome sequence to create a ‘pseudogenomic sequence’
that can be used for Basic Local Alignment Search Tool
(BLAST) searches, phylogenetic analysis or planning of
reverse-genetics experiments (available at http:/plantc
o.de/ReutePseudogenome.fa). From the pseudogenome
we calculated the ratio of non-synonymous/synonymous
(K./K,) substitutions between Gransden and Reute, which
was possible for 320 genes, and focused on the top and
bottomn 5% (16 genes each). In the top 5% we found 15
genes showing a K,/K; ratio larger than 2 (Table S9), and

Table 2 Summary table of SNP effect analysis for Physcomitrella patens ecotypes Reute and Villersexel, as compared with Gransden

Reute ~ SNPs Reute - Indels Villersexel - SNPs Villersexel - Indels
Type Count Percent Count Percent Count Percent Count Percent
Intergenic 249 609 826 13 560 59.0 2 355 783 81.1 155 247 63.0
Upstream 18 628 6.17 3729 16.2 200 512 6.91 39 690 16.1
Downstream 17 753 5.88 2835 12.3 196 593 6.77 32 902 13.4
Intron 5132 1.70 1139 496 50 725 1.75 7868 3.19
Exon 4542 1.50 381 1.66 38 405 1.32 1673 0.68
5-UTR 2508 0.83 507 221 22 546 0.78 3292 1.34
3-UTR 2272 0.75 487 2.12 22 994 0.79 3280 1.33
Other 1683 0.56 337 1.47 16 022 0.55 2356 0.96
Sum 302 127 22 975 2 903 580 246 308

The type column lists the possible locations of SNPs, both upstream and downstream, constituting the 2000-bp regions in front and behind
of the transcript sequence and intergenic the region between the genes (excluding up- and downstream regions). Transcript regions were
assigned according to the annotation version 3.1 from http;//www.cosmoss.org. For each ecotype the count and percentage among all the
locations is listed. The last row shows the sum of all effects. The analysis was performed with SnpEff and the type '‘Other’ summarizes
‘none’, ‘splice site acceptor’, ‘splice site donor’, ‘splice site region’ and ‘transcript’.
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Figure 7. Circos plot showing the 27 P. patens
chromosomes. From outer to inner ring: (i) average
gene expression (log2) based on the novel Nim-
bleGen microarray data of four Reute developmen-
tal stages (red histogram); (i) 0-1, normalized gene
expression (log2) based on the NimbleGen data,
average of four developmental stages (bars in red
showing higher expression with values closer to 1

and bars in green showing lower expression with
values closer to 0); in the same ring 0-1 normalized : ‘_‘\\‘
gene density is shown (also shown for comparison o ;g\
in the four inner rings, with gray bars of darker g & a
color depicting higher density); (i) SNP density his- :“ g} N
togram (blue); (iv) deletion density (orange bars); 6e =5 e ! J 5
(v) insertion density (green bars). All values were o f ‘*-.\ Qﬁs \\Q!e,\\\ Wik [g 2
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therefore these genes could be candidates to evolve under genes in the overlap shows over-represented categories
positive Darwinian selection. including ‘reproductive structure development’ and ‘post-

In conclusion, Reute shows several SNP hot spots that embryonic development’ (Figure S5), in accordance with
also contain genes with changed coding sequences. Based expectations. The fraction of DEGs that overlap between
on the two ecotypes, a number of Reute genes might be the two platforms is comparable with other studies; in gen-
subject to positive (Darwinian) selection, which in turn eral some technology-specific differences identified by
could reflect adaptation to a slightly different niche. microarray and RNA-seq analyses are common (Marioni

et al., 2008; Zhao et al., 2014). Nevertheless, combining
results obtained with different technologies results in a
high-confidence set of genes involved in the examined

Determination of a robust set of genes differentially
expressed in the P. patens sporophyte

Comparison of cross-platform and cross-ecotype data is developmental stage or perturbation. In summary, we have
notoriously difficult. In order to learn whether there is a defined a robust set of DEGs during Reute sporophyte mat-
robust set of genes that are differentially expressed in uration.

sporophytes, we analysed all available data sets. Gene .

. Conclusions

expression for green and brown sporophytes from Reute

was measured via microarray in this study and via RNA- In comparing the P. patens ecotypes Gransden, Reute and
seq by the JGI Gene Atlas project (http://jgi.doe.gov/our-sc Villersexel we observe a ~15-fold difference in the number
ience/science-programs/plant-genomics/plant-flagship-ge of sporophytes that develop under standardized condi-
nomes/). We compared the DEGs derived from both tech- tions, with Gransden showing just a few, compared with
nologies between green and mature sporophytes (Fig- Reute and Villersexel. The reduced Gransden rate may,
ure 1e, PM/M and B; Appendix S2). For genes with higher however, not represent the natural trait, as Gransden has
expression in mature sporophytes we found 32 genes via been cultivated under lab conditions for longer time peri-
the array and 526 genes via RNA-seq data, 15 of which ods than Reute and Villersexel. We do not observe any
overlap. For genes with lower expression, the array detects gross morphological differences during gametangia and
281 and RNA-seq detects 1030 genes, with an overlap of sporophyte development; however, several hundred genes
129. GO annotation for the 15 more highly expressed are differentially expressed between Gransden and Reute,
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including transcription factors that are known to control
developmental processes, members of the CHS family
potentially involved in spore (coat) development, and
genes encoding cell wall modification enzymes.

We provide a detailed description of gametangia and
sporophyte development, and show Reute to be in accor-
dance with previous descriptions of P. patens; however,
the Reute genome contains hot spots of genetic variation
as well as genes under positive selection.

The Reute ecotype thus combines the advantages of
high fertility for forward genetics with the capacity for
gene targeting of P. patens, enabling studies of the whole
life cycle. The Reute ecotype is already used by several
labs, and has successfully been used for transient and
stable transfections. To facilitate these applications we pro-
vide a pseudogenomic sequence as well as a set of expres-
sion profiling data. Using cross-platform data we define a
confident set of 15 genes expressed in mature sporophytes
that can be used, for example as expression markers.

EXPERIMENTAL PROCEDURES
Plant material

Physcomitrella patens ecotypes Gransden (Rensing et al., 2008),
Reute and Villersexel (von Stackelberg et al., 2006) were cultivated
on solidified [1% (w/v) agar] mineral medium (Knop's medium;
Knop, 1868), on 9-cm Petri dishes enclosed by laboratory film, and
maintained at 22°C with a 16-h light/8-h dark regime under
70 umol m2s " white light {long-day conditions), as previously
described (Hiss et al., 2014). All ecotypes are available at the inter-
national moss stock center (IMSC, http://www.moss-stock-center.
org) or from the authors upon request. For sporophyte induction,
Petri dishes were transferred to 16°C with an 8-h dark/16-h light
regime under 20 umol m~2 s~' white light (short-day conditions),
as described by Hohe ef al. (2002), but using medium without sup-
plements. For sporophyte production, 10 gametophores per Petri
dish were evenly distributed into the agar and grown under long-
day conditions. After moving the plates to short-day conditions,
plants were assessed for gametangia appearance and subse-
quently watered with sterile tap water (Hohe et al., 2002). As fertil-
ization requires water, this procedure ensures a high rate of
synchronization of sporophyte development. Fertilization does not
regularly occur under the conditions applied here (including eight-
fold air exchange per hour and the use of laboratory film to wrap
the dishes, allowing gas exchange), as not much condensing
water drops onto the gametophores.

Counting sporophytes per gametophore and statistical
analysis

To determine sporophyte development rates, a minimum of five
replicate plates were set up as described above for each ecotype.
After a minimum of 30 days after watering (30 daw), sporophytes
per gametophore were counted (all developmental stages that
could be clearly determined as a sporophyte were taken into
account) and summarized per plant. Wilcoxon rank tests were per-
formed in r (R Development Core Team, 2008) using the function
‘Wilcox.test'. Box plots with added distribution of measurements
were generated in r using the function ‘boxplot’ and the additional
package ‘caroline’, with its function ‘vielins' (Schruth, 2012).

Acetocarmine staining

Staining was performed using the method described by Belling
{1921). Briefly, acetocarmine staining solution was prepared with
350 ml acetic acid, 650 ml water and 20 g acetocarmine, boiled
until completely dissolved, filtered and stored in the dark at room
temperature 20-24°C. Sporophytes were fixed for a minimum of
24 h in ethanol/acetic acid (3:1). To stain, fixed tissue was trans-
ferred to a microscope slide and squashed to release sporophyte
contents; embryonic content was prepared manually using a
binocular microscope and forceps. A few drops of staining solu-
tion were added and stained for 10 min before image analysis.

Microscopic imaging of gametangia and sporophytes

The preparation of gametangia was performed using a binocular
microscope (SBApo with MC170HD camera; Leica, http://www.lei
ca.com). Microscopic images were taken with an upright DM6000
microscope (Leica; camera DFC295). Microscopy pictures were
processed using Photoshop CC (Adobe Systems Software Ireland
Ltd). The brightness and contrast of light microscopy pictures was
adjusted, and cryo-SEM images were false colored for enhanced
visibility.

Cryo-SEM analysis of gametangia and sporophyte

For analysis a Philips XL30 ESEM with Cryo Preparation Unit
Gatan Alto 2500 was used. Prepared plant material was applied to
the specimen holder with freeze-hardening glue and biological
samples were preserved by fast-freezing in liquid nitrogen. After-
wards the specimen holder was inserted into the sputter chamber
and coated with gold.

DNA isolation

Genomic DNA was isolated from plant material according to a
modified Dellaporta protocol (Dellaporta et al., 1983). After the
isopropanol precipitation the dry pellet was dissolved in 700 pl TE
buffer {pH 8), 1-3 ul RNaseA (10 mg ml~") was added and incu-
bated for 10 min at 37°C. To purify the DNA, 600 ul phenol/chloro-
form 1:1 was added, mixed, centrifuged at 10 000 g for 1 min and
the agueous phase extracted. To this phase 600 pul chloroform/
isoamylalcohol 24:1 was added, mixed, centrifuged at 10 000 g for
1 min and the agueous phase extracted. To precipitate the DNA,
70 ul 3 M Na-acetate and 500 ul isopropanol were added, mixed
and centrifuged at 10 000 g for 10 min. The pellet was washed
with 1 ml 70% ethanol, dried and subsequently dissolved in
deionized water. Concentration and quality was tested with the
Manodrop 1000 (ThermoFisher Scientific, http:/\www.thermofishe
r.com) and by agarose gel electrophoresis.

RNA isolation

RNA was isolated from plant material using the RNeasy Plant
Micro Kit (Qiagen, http:/www.giagen.com), following the manu-
facturer's instructions. RNA concentration and size distribution
was tested on the 2100 Bioanalyzer (Agilent Technologies, http://
www.agilent.com) with the Agilent RNA 6000 Nano Kit to deter-
mine quantity and quality.

NGS analysis

Sequencing data from genomic DNA were retrieved from NCBI
SRA in the case of P. patens accession Villersexel (SRX030894).
For the P. patens accession Reute genomic DNA was extracted
from gametophores and sequenced on one lane of the lllumina

© 2017 The Authors

The Plant Journal ® 2017 John Wiley & Sons Ltd, The Plant Journal, (2017), 90, 606-620

32



HiSeq 2500 {100-nt paired end) at the Max Planck-Genome-centre
Cologne (http:/mpgc.mpipz.mpg.de). The library was prepared
according to the lllumina TruSeq protocol with an insert size of
300-400 bp. For Villersexel we started with 201 288 783 paired
end reads (SRA: SRX030894), and for Reute we started with
150 711 864 paired end reads (SRA: SRX1528135). Read quality
and trimming efficiency was evaluated with rastoc 0.11.2 (http://
www.bioinformatics.babraham.ac.uk/projects/fastqc). All sequence
data were trimmed with Trimmomaric 0.32 (Bolger et al., 2014) using
the following parameters: -phred33 ILLUMINACLIP:TruSeq3-PE-
2.fa:2:30:8:5 SLIDINGWINDOW:4:15 TRAILING: 15 MINLEN:35.

After trimming we used 144 872 394 paired end reads for Viller-
sexel and 145 604 667 paired end reads for Reute, for mapping.

All mapping steps were performed with csnar 2014-10-22 (Wu
and Nacu, 2010), with default parameters. Trimmed reads were
mapped against the chloroplast genome (NC_005087.1). Mapped
reads were removed from the read pool and the same procedure
was repeated for the mitochondrial genome (NC_007945.1) and
the ribosomal rRNA genes (HM751653.1, X80986.1, X98013.1).
After these steps the reads were mapped against the P. patens
genome assembly V3 (DoE-JGI, http:/phytozome.jgi.doe.gov).
Duplicate reads were removed with samTools rmour (Li et al.,
2009} to account for potential PCR artifacts. SNP calling was per-
formed with catk 3.3.0 (McKenna etal, 2010) and saw-
tooLs 0.1.19. Reference and bam files were indexed with samTooLs
raiDx/inpex. Adding read-group information and sorting the bam
file was achieved with riccarp-Tools 1.115 (http:/broadinstitute.
github.io/picard). catk was used as recommended by the Broad
Institute for species without reference SNP databases, but the
last quality recalibration step was omitted, as no large set of
confirmed SNPs is available for P. patens. The second SNP call-
ing pipeline used wmpiLeur, BcFTooLs and varFILTER, with default
parameters.

Intersections between.vcf files were extracted with scrrools 1.2
(http://samtools.github.io/bcftools/beftools.html). Indel events and
SNP events were separated with GaTk seLEcTvarianTs. Only homozy-
gous SNPs were used for further analysis because P. patens is a
haploid organism, and only homozygous SNPs are expected.

Variants were annotated with sneerr 4.1 g (Cingolani et al.,
2012) using the cosmoss 3.1 (https://www.cosmoss.org/physcome_
project/wiki/Genome_Annotation/V3.1) gene annotation.

Depending on the SNP calling tool employed, we found 3
4 million SNPs between Gransden and Villersexel in the unfiltered
data. The overlap of the atk and samtools SNP callers contains
almost 1.9 million SNPs and 8900 insertions/deletions (indels). To
test the sensitivity of our approach we used a set of 4650 SNPs
from the Villersexel accession that were confirmed by an SNP
bead array (Appendix S1). Of the SNP array probes, 4628 can be
mapped to the V3 genome assembly, and each of the SNP callers
(GaTk, samrooLs) calls »90% of these test sets on the Villersexel
data, showing that the approach used is highly sensitive.
Throughout the manuscript we use the data set from the catk SNP
calling because GaTk has a quality recalibration step and performs
realignment around insertions and deletions.

For the ecotype Reute at each SNP position the correspond-
ing reference allele was replaced by the alternative allele, pro-
ducing pseudo-chromosome sequences. Using the cosmoss 3.1
gene annotations, coding sequences were extracted for each
gene model and codon alignments were generated for Grans-
den and Reute. Subsequently, synonymous and non-synon-
ymous nucleotide diversity was calculated using the Yang and
Nielson method, as implemented in kaks_caLcuiator (Wang et al.,
2010). For chromosome-wide plots a sliding window approach
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(window size, 500 kbp; jump size, 400 kbp) was used and
nucleotide diversity values were calculated with variscan (Hutter
et al., 2006).

SNP peak detection

Window-wise (50 kbp with 10-kbp overlap), SNP numbers were
extracted from the ‘pseudogenome’ rasta file by a custom r script.
The r functions fisher.test and p.adjust (method = ‘hochberg’)
were used to select fragments that show a significantly (adjusted
P value < 0.01) higher SNP number than the chromosome aver-
age. An SNP hot spot was called if at least five adjacent fragments
showed a significantly higher SNP number.

Microarray analyses

The NimbleGen 12 x 135k DNA microarray covers 32 851 tran-
scripts, with a total of 130 221 probes in 32 741 probe sets (for
99.66% of the transcripts), of which 353 (1.07%) map redundantly
and 87 (0.26%) contain fewer than four probes. Besides the v1.6
transcripts, spikes and negative controls were included, as were
580 v1.2 gene models that lack a v1.6 equivalent but were shown
to be differentially expressed based on existing Combimatrix
microarray data.

About 200 ng of total RNA was reverse transcribed and ampli-
fied using the WTA Kit (Sigma-Aldrich, https://www.sigmaaldric
h.com). One microgram of cDNA was labeled with Cy3 according
to the NimbleGen One-Color DNA Labeling Kit (Roche, http://
www.roche.com); 4 pg of labeled cDNA was used for hybridization
on the NimbleGen 12 x 135k DNA microarray, probe design
0ID33087 (Roche), according to the manufacturers’ protocol using
the NimbleGen Hybridization Kit {Roche). The NimbleGen Wash
Buffer Kit (Roche) was used to prepare the slide for scanning.

The arrays were imaged using a laser scanner Agilent G2565CA
Microarray Scanner System (Agilent Technologies). The image of
the arrays was cut into single array images using nNiMBLESCAN 2.5
(Roche), and the pixel intensities were extracted with the same
software.

Microarray expression data were analyzed with anayst 7.5
(Genedata, https://www.genedata.com). Median condensed probe
set expression values were quantile-normalized and analyzed fur-
ther, as previously described (Wolf et al., 2010). Box plots, hierar-
chical clustering (Figures S6, S7) and CyberT test analyses were
performed with & (R Development Core Team, 2008).

Quantitative real-time PCR (qPCR)

For validation of genes found to be differentially expressed in the
microarray data, the treatment of P. patens, harvesting and RNA
extraction was carried out as described above. cDNA was synthe-
sized using the Superscript lll kit (Life Technologies, now Thermo-
Fisher Scientific, http:/www.thermofisher.com) following the
manufacturers’ protocol. Real-time gPCR was carried out using
the SensiMix SYBR green No-ROX kit (Bioline, http:/www.bio
line.com) with a 10-uL reaction volume. Primers were designed
with priMER 3, aiming at an annealing temperature of around 60°C
for all primers and 3' clamp and intron-spanning, where applica-
ble (Koressaar and Remm, 2007; Untergasser et al., 2012), and
checked for a single genomic locus via BLAST (cosmoss.org; see
Table S3 for primer sequences). Melting curve analysis and non-
template controls (NTCs) were carried out routinely to ensure the
product specificity of individual reactions. After qPCR, reactions
with multiple products were not taken into account for further
analysis. Data were analyzed with Microsoft Excel 2010, applying
the AAC, method. Expression rates were normalized for variation
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against the reference gene, a thioredoxin (Pp3c19_1800V3.1),
which showed the smallest deviation among a broad range of
microarray experiments, including juvenile gametophores, adult
gametophores, and green and brown sporophytes (Hiss et al.,
2014). For the selection of candidate genes and primer sequences,
see Table S2.

ID conversion

Throughout the text the most recent cosmoss 3.3 gene identifiers
(CGls) are used. Table S4 shows the corresponding CGls for the
v1.6 annotation and Phypa-IDs (v1.2 annotation) for all genes dis-
cussed here.

Gene ontology (GO) analyses and visualization

The GO bias analyses used Fisher's exact test to calculate P val-
ues, as described previously (Widiez et al., 2014). Multiple testing-
corrected (Benjamini and Hochberg, 1995) g values were calcu-
lated in r with the function p.adjust (R Development Core Team,
2008). Word-cloud visualizations were created using the online
tool woroLe (http:/fwww.wordle.net). The size of the word is pro-
portional to the ~log10(g value), and over-represented GO terms
were colored dark green if g <0.0001 and light green if
g > 0.0001. Under-represented GO terms were colored dark red if
q < 0.0001 and light red if g > 0.0001.

circos plots

For the integrative visualization of the individual genomic features
one karyotype ideogram was created and tracks were plotted with
circos 0.67-6 (Krzywinski et al, 2009). Chromosomes were split
into smaller windows (window size, 500 kbp; window overlaps/
jumps, 400 kbp) using values window averages (VWAs), normal-
ized by scaling between a range of 0 and 1 per chromosome using
the following equation:

normalized window averagechr vwaichr
= wwaichr — vwachrminvwachrmax — vwachrmin.

ACCESSION NUMBERS

NimbleGen microarray data for juvenile and adult gametophores,
and green and brown sporophytes, are available at ArrayExpress:
E-MTAB-4630 (http://www.ebi.ac.uk/arrayexpress). Published data
for brown sporophytes (Becker lab): E-MTAB-3069. Combimatrix
microarray data for brown sporophytes were deposited at
ArrayExpress: E-MTAB-916.

Reute gDNA raw data have been made available via the
Sequence Read Archive (SRA; http:/www.ncbi.nlm.nih.gov/sra;
SRP068341).

ACKNOWLEDGEMENTS

The JGI Plant Gene Atlas project conducted by the US Department
of Energy Joint Genome Institute was supported by the Office of
Science of the US Department of Energy under contract no. DE-
AC02-05CH11231. Full Gene Atlas data sets are available at
http://phytozome.jgi.doe.gov. This work was supported by the
German Federal Ministry of Education and Research (Freiburg Ini-
tiative for Systems Biology, 0313921 to SAR). We are grateful to
Andrew C. Cuming for language editing. We thank Jorg Becker for
access to the sporophyte microarray data prior to publication, and
Eva Bieler, Swiss Nanoscience Institute (SNI), Nano Imaging,
University of Basel, for help with taking the Cryo-SEM pictures, as
well as Faezeh Donges and Marco Géttig for technical assistance,

the Deutscher Wetterdienst (DWD) for providing climate data, and
Juliet C. Coates and Jorg Becker for comments on the manuscript.
The authors declare no conflicts of interest.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article.

Figure S1. Site and weather data for the Reute collection site.
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Figure $3. Bar chart of microarray expression values for the GRAS
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and Reute adult gametophores, between Reute adult game-
tophores and green sporophytes, and between Reute green sporo-
phytes and brown sporophytes.
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8.2 The Physcomitrella patens chromosome-scale assembly reveals moss genome
structure and evolution

Today, the quality and efficiency of molecular and bioinformatic work is highly dependent on the
resources available, e.g. the genome, transcriptome, methylome. This second genome paper,
introducing the P. patens genome at chromosomal scale, was a huge milestone for the bryophyte
and plant evo-devo communities. The improved genome assembly and annotation eased the
bioinformatic and molecular work and lead to new findings. E.g. the distribution of genes and TEs
over the chromosome could be shown to be homogenous in P. patens whereas for flowering plants,
gene- and TE-rich regions are known. It also could be shown that the chromosomes, with a uniform
distribution of eu- and heterochromatin, display a peak of copia-type TEs on each chromosome,
coinciding with the centromeric region as well as histone marks co-localizing with genic areas
(activating marks) and intergenic/TE regions (repressive marks). In addition, a high-quality dataset of
DNA methylation was published, showing gene body methylation to be present in some genes,
coinciding with gene silencing, contrary to flowering plants. Interestingly, it was found that the P.
patens genome probably underwent two rounds of whole genome duplications which could not be
shown for hornworts or liverworts. Thus, this publication demonstrated the P. patens genome to be
different from seed plant and other bryophyte genomes and provides a strong basis for future

analysis of genome evolution.
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SUMMARY

The draft genome of the moss model, Physcomitrella patens, comprised approximately 2000 unordered scaf-
folds. In order to enable analyses of genome structure and evolution we generated a chromosome-scale
genome assembly using genetic linkage as well as (end) sequencing of long DNA fragments. We find that
57% of the genome comprises transposable elements (TEs), some of which may be actively transposing dur-
ing the life cycle. Unlike in flowering plant genomes, gene- and TE-rich regions show an overall even distri-
bution along the chromosomes. However, the chromosomes are mono-centric with peaks of a class of
Copia elements potentially coinciding with centromeres. Gene body methylation is evident in 5.7% of the
protein-coding genes, typically coinciding with low GC and low expression. Some giant virus insertions are
transcriptionally active and might protect gametes from viral infection via siRNA mediated silencing. Struc-
ture-based detection methods show that the genome evolved via two rounds of whole genome duplications
(WGDs), apparently common in mosses but not in liverworts and hornworts. Several hundred genes are pre-
sent in colinear regions conserved since the last common ancestor of plants. These syntenic regions are
enriched for functions related to plant-specific cell growth and tissue organization. The P. patens genome
lacks the TE-rich pericentromeric and gene-rich distal regions typical for most flowering plant genomes.
More non-seed plant genomes are needed to unravel how plant genomes evolve, and to understand
whether the P. patens genome structure is typical for mosses or bryophytes.

Keywords: evolution, genome, chromosome, plant, moss, methylation, duplication, synteny, Physcomitrella

patens.

INTRODUCTION

The original genome sequencing of the model moss Physco-
mitrella patens (Hedw.) Bruch & Schimp. (Funariaceae)
reflected its informative phylogenetic position: a very early
divergence from the evolutionary path that eventually led to
the flowering plants soon after the first plants conquered
land ca. 500 Ma ago {Lang et al, 2010). Previous compar-
isons of the moss genome with those of flowering plants
and green algae provided many insights into land plant
evolution (Rensing et al., 2008), detailing for example the
evolution of abiotic stress responses and phytohormone sig-
naling. Subsequent comparative functional genomic analy-
ses, making use of the ability of P. patens for ‘reverse
genetics’ by gene targeting, addressed questions of how
gene functions evolved to enable the increasing develop-
mental and anatomical complexity that characterizes the
dominant forms of plant life on the planet (e.g. Horst et al.,
2016; Sakakibara et al, 2013). The initial draft sequence
encompassed close to 2000 unordered scaffolds, signifi-
cantly limiting analyses of chromosomal structure and

evolution, or of the conservation of gene order during land
plant evolution. We now present a new assembly accurately
representing the chromosomal architecture (pseudochromo-
somes). Much-increased acquisition of transcriptomic evi-
dence has substantially improved the quality of gene
annotation, and acquisition of high-density DNA methylation
and histone mark data combined with a detailed analysis of
transposable elements (TEs) explain the size and architec-
ture of the moss genome. This study provides unprece-
dented insights into the genome of a haploid-dominant land
plant, such as the peculiar structure and evolution of moss
chromosomes, and demonstrates syntenic conservation of
important plant genes throughout 500 Ma of evolution.

RESULTS AND DISCUSSION
The moss V3 genome: assembly and annotation

The original genome sequence (V1.2) of Physcomitrella
patens (strain Gransden 2004) comprised 1995 sequence
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scaffolds (Rensing et al., 2008; Zimmer et al., 2013). Here,
we integrated the previous sequence data with a high-den-
sity genetic linkage map based on 3712 SNP segregating
loci in a cross between the ‘Gransden 2004" (Gransden)
laboratory strain and the genetically divergent "Villersexel
K3" (Villersexel) accession (Kamisugi et al, 2008). The
resulting assembly was further improved using novel BAC/
fosmid paired end sequence data (cf. Appendix S1, Supple-
mentary Material | for details; see section Availability of
gene models and additional data for novel data associated
with this study). We screened the subsequent integrated
assembly for sequence contamination, producing a pseu-
domolecule release covering 27 nuclear chromosomes
with a total genetic linkage distance of 5502.6-5503.1
centiMorgans (cM). The 27 chromosomal pseudomolecules
include 462.3 Mbp of sequence, supplemented by 351
unplaced scaffolds representing 4.9 Mbp (1%) of uninte-
grated sequence, totaling 90% of the 518 Mbp estimated
by flow cytometry (Schween et al., 2003). The reads parti-
tioned as mitochondrial and plastidal were assembled de
novo, yielding an improved assembly and annotation of
both organellar genomes (correcting e.g. the N-terminal
sequence of the plastidal RuBisCO). Structural annotation
used substantial new transcript evidence (File S3). For
parameter optimization it relied on a manually curated ref-
erence gene set (Zimmer et al., 2013), yielding gene anno-
tation version 3.1. Of 35307 predicted protein-coding
genes, 27 511 (78%) could be functionally annotated (cf.
Appendix S1, Supplementary Material Il and File S1), i.e.
encode known domains and/or encode homologs of pro-
teins in other species. In total, 20 274 (57%) genes are
expressed based on RNA-seq evidence of typical develop-
mental stages covered by the JGI gene atlas project (http://
jgi.doe.gov/our-science/science-programs/plant-genomics/
plant-flagship-genomes/); the remaining genes might be
expressed in as yet unrepresented stages such as mature
spores or male gametes. We found 13 160 genes to be
expressed in the juvenile gametophyte (Figure 1), the fila-
mentous protonemata, 12 714 in the adult gametophyte,
the leafy gametophores, and 14 309 in the diploid sporo-
phytes developing from the zygote (overlap: 10 388 genes
expressed in all three developmental stages).

Unusual genome structure

Transposon content and activity. De novo analyses of
repeated sequences revealed that the genome is highly
repetitive, with 57% of the assembly comprising TEs, tan-
dem repeats, unclassified repeats, and segments of host
genes (cf. Appendix S1, Supplementary Material Il and
Table S13). The vast majority of TEs are long terminal
repeat (LTR) retrotransposons (RT), strongly dominated by
Gypsy-type elements that contribute almost 48%, with
Copia-type elements much less abundant (3.5%). The esti-
mated relative insertion times of LTR-RTs confirm the
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Figure 1. The P. patens life cycle.

Germination of haploid spores yields the juvenile gametophytic generation,
the protonema. Protonema grows two-dimensional by apical (tip) growth
and side branching. Protonemata consist of chloroplast-rich chloronema
cells, and longer, thinner caulonema cells featuring less chloroplasts and
oblique cross walls. Three-faced buds featuring single apical stem cells
emerge from side branches (Harrison et al., 2009) to form the adult gameto-
phytic phase, the leafy gametophores. Gametophores comprise basal, mul-
ticellular rhizoids for nutrient supply, as well as non-vascular leaves
{phyllids). Gametangia (female archegonia and male antheridia) develop on
the gametophores. Upon fertilization of the egg cell by motile spermato-
zoids the diploid zygote forms and subsequently performs embryogenesis.
Spore mother cells in the diploid sporophyte undergo meiosis to form
spores.

limited accumulation of Copia-type elements over a pro-
longed evolutionary time. By contrast, two peaks of
Gypsy-type elements testify to both ancient and recent
periods of significant TE activity (Figure S7). Phylogenetic
inference revealed the presence of five main LTR-RT
groups including three Gypsy-type (RLG1-3) and two
Copia-type elements (RLC4-5; Figure S8). Applying a
molecular clock based on sequence divergence to the full
length, intact LTR-RTs indicates that the latest (<1 Ma)
activity of Gypsy-type elements was mostly contributed by
RLG1-3 elements, preceded by the amassing of RLG2 and
RLC5 copies (around 4-6 Ma, Figures S7 and S36). RLG1
thus comprises the youngest and most abundant group
among intact LTR-RTs. In line with these results, analysis
of TE insertion polymorphisms between Gransden and
Villersexel showed that RLG1 elements are highly poly-
morphic, accounting for most of the detected insertion
variants (Figure S9). Since we detect such insertions in
both accessions, the decades long in vitro culture of
Gransden is not likely to be the major source of trans-
poson activity. RLG1 elements are expressed in non-
stressed protonemata (Figure S6), which is uncommon as
transposon expression is usually strongly silenced in
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plants and is only detected in very specific tissues such as
pollen, in silencing mutants or under stress situations
(Martinez and Slotkin, 2012). Moreover, recent data sug-
gest that some stresses that typically induce plant retro-
transposons, such as protoplastation, inhibit RLG1
expression (Vives et al., 2016), suggesting that RLG1 may
transpose during the P. patens life cycle and might play a
role in its genome dynamics. The moss germinates from
spores that develap into filamentous, tip-growing protone-
mata (comprising chloroplast-rich chloronemal and fast-
growing caulonemal cells; Figure 1). Buds develop from
caulonemal cells and grow into gametophores that bear
sexual organs (gametangia). Mosses are prone to
endopolyploidy (Bainard and Newmaster, 2010) and older
P. patens caulonema cells endoreduplicate (Schween
et al., 2005). Interestingly, endoreduplicated caulonemal
cells give rise to somatic sporophytes if PpBELL1 is over-
expressed, thus circumventing sexual reproduction (Horst
et al., 2016). De facto 2n caulonemal cells might constitute
a staging ground for (potentially transmitted) somatic
changes caused via transposon activity.

Unusual chromatin structure. The genomes of most flow-
ering plants are typically composed of monocentric chro-
mosomes, whose unique centromeres are surrounded by
heterochromatic pericentromeric regions, that are repeat-
rich and gene-poor relative to distal (sub-telomeric),
euchromatic regions (Lamb et al, 2007; Figure S34). By
contrast, the landscape of gene and repeat density along P.
patens chromosomes is rather homogeneous, we do not
detect large repeat-rich regions with relatively low gene
density (Figures 2 and 3). At a finer scale, we do detect an
alternation of gene-rich and repeat-rich regions all along
the chromosomes (Figure S10). Typical plant pericen-
tromeres are more prone to structural variation (e.g. TE
insertions and deletions) compared with the remainder of
chromosome arms (Li et al, 2014). Yet, analysis of P.
patens chromosomes failed to identify hotspots of struc-
tural variation that could coincide with pericentromeres
(Figure S11). It should be noted, however, that the cen-
tromeres could be present at least partially in the unassem-
bled parts of the genome. In any case, immuno-labeling of
mitotic metaphase chromosomes using a pericentromere-
specific antibody demonstrates that they are mono-centric
(Figure S5). Unlike in many flowering plant genomes, the
P. patens chromosomes are characterized by a more uni-
form distribution of eu- and heterochromatin (Figures 3,
S5 and S3b), raising questions about the nature and loca-
tion of centromeres.

Physcomitrella centromeres seem to coincide with a partic-
ular subset of Copia elements. Plant centromeres typi-
cally comprise large arrays of satellite repeats that can be
punctuated by some TEs (Wang et al., 2009). However,

plotting the density of tandem repeats along the P. patens
chromosomes did not reveal peaks likely to reflect the
position of centromeres (Figure S11). Computational analy-
sis of tandem repeats in a variety of genomes identified
candidate centromeric repeats in P. patens, although green
algae, mosses, and liverworts contain low abundances of
these (Melters et al, 2013). Positioning them on the
P. patens V3 assembly revealed a patchy distribution, not
single peaks that could coincide with centromeres as
expected for monocentric chromosomes (Figures S5 and
S11). By contrast, the low abundance Copia-type elements
exhibited unusually discrete density peaks, typically one
per assembled chromosome, spanning hundreds of kbp
(Figures 2 and S11). Each Copia density peak principally
contains RLC5 elements. A similar situation has been
described in the green alga Coccomyxa subellipsoidea in
which a single peak of a LINE-type retrotransposon, the
Zepp element, was proposed to be involved in centromeric
function (Blanc et al., 2012). The RLC5 density peak regions
are generally punctuated by unresolved gaps in the assem-
bly and by fragments of other TEs (Figure S12). Closer
examination revealed that they comprise full length LTR-
RTs (FL_RLC5) as well as highly similar truncated non-
autonomous variants (Tr_RLC5) that lack the integrase
(INT) and reverse transcriptase domains (RVT) (Figure S13).
Remarkably, all RLC5 clusters appear to be mosaics con-
taining nested insertions of both FL_RLC5 and Tr_RLCS5 ele-
ments, of which additional copies are rare in the genome.
A neutral explanation for the distribution of RLC5 clusters
is that their target sequences are present at a single loca-
tion per chromosome, perhaps caused by a preference for
self-insertion. Alternatively, a single cluster combining
FL_RLC5 and Tr_RLC5 copies may be necessary for normal
chromosome function. In either case, it is possible that
RLC5 clusters might be specific components of cen-
tromeres in P. patens. The dominant RLC5 peak per chro-
mosome, highlighting the putative centromere, is marked
by a radius in Figures 2 and 4.

Alternation of activating and repressing epigenetic
marks. For the V1.2 scaffolds that harbor histone 3 (H3)
ChIP-seq evidence (Widiez et al, 2014), 96% can be
mapped to the 27 V3 pseudochromosomes (Figure 4); the
remaining 4% map to the unassigned V3 scaffolds,
underscoring the quality of the assembly. The alternating
structure of genes and TE/DNA methylation (purple in
Figure 4) over the full length of the chromosomes is mir-
rored by activating H3 marks (K4me3, K27Ac, K9Ac;
green in Figure 4) corresponding to transcribed genic
areas, and repressive H3 marks (K27me3, K9me2; red in
Figure 4) coinciding with TEsfintergenic areas. This result
contrasts sharply with many flowering plant genomes
(Figure S34) in which gene-rich chromosome arms dis-
play less heterochromatin than pericentromeres. Similar
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Figure 2. Chromosome structure, focus on TEs.

From outer to inner: karyotype bands colored according to ancestral genome blocks as in Figure 5 (scale = Mbp), followed by: (1} gene density (grey, normalized
0,1); (2) repeat density (violet, normalized 0,1); (3} gypsy-type elements (blue, normalized 0,1); (4) Copia-type elements (blue, normalized 0,1); and (5} RLC5
elements (orange, histogram). For each chromosome, a radius marks the dominant RLC5 peak, potentially coinciding with the centromere (see text). All plots are
based on a 500 kbp sliding window (400 kbp jump). Chromosomes are arranged according to the ancestral (pre-WGD) seven chromosome karytope (Figure 5).

to flowering plant genomes, TE bodies are generally
depleted for histone marks, excepting the silencing mark
H3K9me2 that is above background levels in the filamen-
tous protonemata, and at background level in unstressed
and stressed leafy gametophores (File S2). The previ-
ously described (Widiez etal, 2014) deposition of
H3K27me3 at developmental genes that takes place with
the switch from protonema to gametophore (Figure 1)

© 2017 The Authors

can be observed genome-wide (File S2). All TE bodies
are methylated in similar fashion, with CG and CHG
more abundant than CHH (>80% CG and CHG, >40%
CHH; Figures S15 and S25-528), whereas gene bodies
remain barely methylated (Figures S15 and S25-S29).
RLC4 has the sharpest boundary pattern (File S2), with
almost no methylation outside the TE, followed by RLC5
with more outside-TE methylation, especially CHH. RLG1
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Figure 3. Comparative analysis of genome structures.
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Comparative data of Arabidopsis thaliana (left) and Physcomitrella patens (right) reveals the lack of large heterochromatic blocks (b) that is mirrored by even distribu-

tion of recombination rate, gene and LTR-RT distribution (a) in the moss.

(a) Averaged topology of genomic features based on 1000 non-overlapping windows per chromosome (averaged over all chromosomes); arbitrary units, 1000 repre-
senting the full length of the averaged chromosomes. Upper track: Smoothed chromosomal densities of intact LTRs, protein-coding genes and the normalized mean
recombination rate. Lower track: Smoothed density curves of H3K4me3 and H3K9me2 histone modification peak regions.

(b) Immunostaining of typical eu- and heterochromatin-associated histone methylation marks (H3K4me2, H3K9me1 and H3K27me1) on flow-sorted interphase nuclei.

follows in a similar fashion, although the relatively sharp
pattern of RLG1 and RLC5 can in part be attributed to
the fact that in case of nested insertions no ‘outside’ TE
region is present next to the TE boundary. RLG2 shows a
broad pattern of all three contexts, RLG3 shows the
broadest pattern with no discernible body peak. As the
methylation pattern of the main TE categories differs in
how sharply they define the TE proper, TE families might
have different impacts on the proximal epigenome.

Gene body methylation marks low GC genes. Interest-
ingly, intron-containing genes (Figure S25) show a much

sharper methylation contrast between gene body and sur-
rounding DNA, and a more pronounced difference
between CHH and the other contexts, than intron-less
genes (Figure S26). As the latter genes might in part be
retrocopies (Kaessmann, 2010), they might be more prone
to silencing and be embedded in more homogeneously
methylated areas. Gene-body methylation (GBM) is found
in many eukaryotic lineages and is thought to have been
present in the last common eukaryotic ancestor (Feng
et al., 2010). GBM in flowering plants is characterized by
CG methylation of the coding sequence, not extending to
transcriptional start and stop (Niederhuth et al, 2016).

© 2017 The Authors

The Plant Journal @ 2017 John Wiley & Sons Ltd, The Plant Journal, (2018), 93, 515-533

43



Physcomitrella pseudochromosomal genome 521

a Ve
j@*@qs >
. SIS
s JEEE=sS
— 11 g
= E—-= =
s | =E=E8
1 ===
1= B8=2"% ) §
P | 3o
T TN
/’W; . \\*\\t‘\\\'&\#
- ,n‘llll\lyl\‘\\\\\\" W
T T TR
. am m \\“‘ﬁ{ \\‘\‘\

t.‘hrs

Figure 4. Chromosome structure, focus on epigenetic marks.
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From outer to inner: karyotype bands colored according to ancestral genome blocks as in Figure 5, followed by: (1) gene density (grey} normalized 0,1; (2} GC con-
tent 0.25-0.45 (blue); (3) all TEs density (violet) normalized 0,1, NCLDV evidence is shown as radial orange lines; (4) methylation (red): CHH+CHG+CG, each median
per window normalized 0,1, 0.0-3.0 (individual tracks see Figure S32); {5) gametophore H3 repression marks (red, K27me3, K9me2} percent per window normal-
ized, 0.0-2.0 (for more detailed plots see File $1); (6} protonema H3 repression marks (red, K27me3, K9me2) normalized as in (5); {7) gametophore H3 activation
marks (green, Kdme3, K27Ac, K9Ac) normalized as in (5); (8) protonema H3 activation marks (green, Kdme3, K27Ac, K9Ac) normalized as in (5); (9) Nucleotide
diversity {blue histogram) 0.0-0.01. Dominant RLC5 peak radius as in Figure 2. {9) 100 kbp sliding window and 100 kbp jump, all other plots as in Figure 2.
Chromosemes are arranged according to the ancestral (pre-WGD) seven chromosome karytope (Figure 5).

Such genes are typically constitutively expressed and evo-
lutionarily conserved; however, the functional relevance of
GBM in flowering plants remains unclear (Zilberman,
2017). The low incidence of genic methylation in P.
patens, although all DNA methyltransferase classes are
present (Dangwal et al., 2014), probably reflects secondary

© 2017 The Authors

reduction. Despite the generally low genic methylation,
2012 (5.7%) protein-coding genes contain at least one
methylated position in gametophores (Figure S29), and
1155 (3.3%) of the genes show more than 50% of methy-
latable positions to be methylated (Figure S30), making
them GBM candidates. Most methylated genes are not
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expressed in gametophores (1608 genes, 79.9%), suggest-
ing that, contrary to flowering plants, GBM might silence
them. They are also significantly less often annotated
(21.7% of methylated genes carry GO terms, versus 48.7%
of all genes; P < 0.01, chi-squared test). CHH-type methyla-
tion is most abundant (1409 genes), followed by CHG
(1306) and CG (1162); one-third of the genes share methy-
lation in all three contexts. The presence of CG methyla-
tion in P. patens gene bodies is in contrast with a
previous report (Bewick et al., 2017), potentially due to dif-
ferent coverage or filtering applied. Surprisingly, given
that cytosines are methylated, the average GC content of
GBM genes (36.5%) is significantly (P < 0.01, T-test) lower
than the genome-wide GC (45.9%). Genes without expres-
sion evidence in gametohores have lower GC content and
GBM than those that are weakly expressed (Table S18,
RPKM 0-2), while confidently expressed genes (RPKM >2)
are more GC-rich and less methylated. In summary, in
contrast with flowering plants low GC genes with no con-
served function are principally more often found to be tar-
geted (silenced) by DNA methylation, suggesting their
potential conditional activation. GO bias analysis of the
methylated genes expressed in gametophores shows
enrichment of genes involved in protein phosphorylation
(Figure S30(b)). Most (290, 59%) of the expressed methy-
lated genes are expressed in protonema, gametophores
and green sporophytes (Figure S30(c)), but 12.5% are
expressed in two tissues each, while 17 (3.5%) are exlu-
sively expressed in protonemata, 28 (5.7%) in game-
tophores and 93 (19%) in green sporophytes.

Do giant virus remnants guard gametes? We mapped
the genomic segments that were likely acquired horizon-
tally from nucleocytoplasmic large DNA virus relatives
[NCLDV, (Maumus et al., 2014); Table S16, and Figures 4
and S$14-5S22] and found that 87 integrations (NCLDVI) har-
bor 257 regions homologous to NCLDV protein-coding
genes and 163 sRNA clusters. Colinearity and molecular
dating analyses of NCLDVIs (Figures S19 and S20) suggest
four groups of regions that have been either amplified by
recombination events or represent simultaneous integra-
tions. The timing of these integrations (comprising both
relatively young and older insertions/duplications) appears
independent from the periods of LTR-RT activity. NCLDVI
regions are the most variable annotated loci in terms of
nucleotide diversity (Figure S18). Previous evidence sug-
gested that NCLDVI represent non-functional, decaying
remnants of ancestral infections that are transcriptionally
inactivated by methylation (Maumus et al., 2014). By
screening available sRNA-seq libraries we could record
repetitive, but specific SRNA clusters for these loci. Strik-
ingly, we identified two NCLDV genes harboring sRNA loci
that exhibit high transcriptional activity, coinciding with
lower levels of DNA methylation as compared with other

NCLDVI (Figures S14 and S15). Consistent with the pre-
dicted potential to form hairpin structures, SRNA northern
blots (Figure S22) of wild type and Dicer-like (DCL) deletion
mutants (Khraiwesh et al., 2010; Arif et al., 2012) suggest
that RNA transcribed from these loci might be processed
by distinct DCL proteins to generate siRNAs. These siRNAs
in turn might act to target viral mRNA during a potential
NCLDV infection, or to guide DNA methylation to silence
these regions (Kawashima and Berger, 2014). Regions har-
boring corresponding antisense sRNA loci are enriched for
stop-codon-free (i.e. non-degrading) NCLDV genes and
deviate from the remainder of NCLDVI in terms of cytosine
versus histone modifications (Figures S15 and S16). Based
on the similarity with intact LTR-RTs in terms of methyla-
tion and low GC (Figure S17), and the absence of
H3K9me2, we hypothesize that (like intact TEs) these
ancient, retained NCLDVi are euchromatic. We propose
that they are demethylated during gametogenesis by
DEMETER (which in Arabidopsis preferentially targets
small, AT-rich, and nucleosome-depleted euchromatic TEs
(Ibarra et al., 2012)). Given the proposed time point of acti-
vation of these regions during gametangiogenesis,
NCLDVIs might provide a means to provide large numbers
of siRNAs which, besides ensuring the transgenerational
persistence of silencing, could also provide protection
against cytoplasmatically replicating viruses via RNAi and
methylation of the viral genome. This would provide effi-
cient protection for moss gametes which, due to their
dependency on water, might be the most exposed to
NCLDV infections. This hypothesis provides a plausible
answer to the question why endogenous NCLDV relatives
have only been found in embryophytes with motile sperm
cells (Maumus et al., 2014).

Genetic variability. Sequencing three different accessions
we find 264 782 SNPs (1 per 1783 bp) for Reute {(collected
close to Freiburg, Germany), 2 497 294 (1 per 188 bp) for
Villersexel (Haute-Saone, France) and 732 288 (1 per 644p)
for Kaskaskia (IL, USA) as compared with Gransden. There
are 42 490 polymorphisms shared among all three acces-
sions relative to Gransden, with other SNPs present in only
one or two of the accessions (Figure S31). SNP densities of
Arabidopsis thaliana ecotypes occur at one SNP per 149-
285 bp (Cao et al., 2011), similar to that in Villersexel,
which is surprising given that the rate of neutral mutation
fixation is lower in P. patens (Rensing et al., 2007). How-
ever, Villersexel has an extraordinarily high divergence
compared with other P. patens accessions (McDaniel et al.,
2010). Due to the fact that all accessions are inter-fertile,
yet genetically divergent (Beike et al., 2014), and exhibit
phenotypic differences (File S2; Hiss et al., 2017), we con-
sider them potential ecotypes. For all accessions, most
SNPs (=80%) are found in intergenic and adjacent (poten-
tial regulatory) regions of genes (Table S19). Less than 5%
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of all SNPs are found in genic regions, of those 34-36% are
silent (synonymous), 62-64% missense (non-synonymous)
and 1.6% cause a nonsense mutation. Overall, Reute
showed 72 regions of SNP accumulation, whereas Viller-
sexel and Kaskaskia showed 30 and 32, respectively
(Table S20-S22). The SNP accumulation regions in Reute
are more gene-rich with 18 genes/region compared with 8
and 10 in Villersexel and Kaskaskia. One peak on chromo-
some 16 is found in all accessions and contains genes
involved in sterol catabolism and chloroplast light sensing/
movement (Figure S33). Sterols have been implicated in
cell proliferation, in regulating membrane fluidity and per-
meability, and in modulating the activity of membrane-
bound enzymes (Hartmann, 1998). The over-represented
terms detected in the genes commonly harboring SNPs
might be the signature of evolutionary modification of
dehydration tolerance, for which membrane stability has
been shown to be an important factor in mosses (Oliver
et al., 2004; Hu et al., 2016).

Recombination might be needed for purging TEs. Many
genomes have higher densities of TEs in centromeres,
sub-telomeres (Figure S34), and sex chromosomes, i.e.
regions of low recombination (Dolgin and Charlesworth,
2008). One potential explanation for this biased distribu-
tion is that TEs insert with more or less equal frequencies
across the genome, but are heterogeneously distributed
because purifying selection is weaker in regions of low
recombination. This hypothesis can be put to test using
the Physcomitrella genome: the species is mostly selfing
(it practises de facto asexual reproduction using sexual
gametes; Perroud et al., 2011), and thus the effective rate
of recombination is low (since genetic variants are seldom
mixed as heterozygotes), and purifying selection is corre-
spondingly weak (Szovenyi et al., 2013). If recombination
(in outcrossed offspring) is indeed critical for making puri-
fying selection effective at purging weakly deleterious TEs,
we would predict that selection against TE disruption of
gene expression may be playing an important role in the
chromosomal distribution of TEs (Wright et al, 2003).
Hence, the unusual chromosomal structure might be a
function of predominant inbreeding. We expect that the
genomes of bryophytes that are outcrossers, like Marchan-
tia polymorpha, Ceratodon purpureus, Funaria hygromet-
rica or Sphagnum magellanicum, might show a more
biased distribution of TEs along their chromosomes.

Genome evolution

Two whole genome duplication events. Based on synony-
mous substitution rates (Ks) of paralogs, at least one WGD
event was evident in P. patens (Rensing et al., 2007, 2008).
However, gene family trees often show nested paralog
pairs, and the ancestral moss karyotype is hypothesized to
be seven (Rensing etal, 2012), while the extant
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chromosome number of P. patens is n= 27 (Reski et al.,
1994), suggesting two ancestral WGD events (Rensing
et al., 2007, 2012). Using the novel pseudochromosome
structure, Ks-based analyses support two WGDs dating
back to 27-35 and 40-48 Ma (Figure b), respectively (cf.
supplementary material IV.). Given the detected synteny,
the most parsimonious explanation for the extant chromo-
some number is the duplication of seven ancestral chro-
mosomes in WGD1, followed by one chromosomal loss
and one fusion event during the subsequent haploidiza-
tion. In WGD2 the 12 chromosomes would have duplicated
again, followed by five breaks and two fusions, leading to
27 modern chromosomes. The Ks values of the above-
mentioned structure-based peaks (Figure 5) fall approxi-
mately between 0.5-0.65 (younger WGD2) and 0.75-0.9
(older WGD1). The structural and Ks information can be
used to trace those genes that were present in the ances-
tral (pre-WGD) karyotype and have since been retained
(Figure S37 and File S3). In total, 484 genes can be traced
to the pre-WGD1 karyotype (denoted ancestor 7), and 3112
genes to the pre-WGD2 karyotype (ancestor 12). GO bias
analysis of the ancestor 7 genes shows over-representation
of many genes involved in regulation of transcription and
metabolism (Figure S38). This accords with previous evi-
dence that metabolic genes were preferentially retained
after the P. patens WGD (Rensing et al., 2007), and with
the trend that genes involved in transcriptional regulation
are preferentially retained after plant WGDs (De Bodt et al.,
2005).

WGDs are common in mosses, but not in other
bryophytes. Detecting WGD events using paranome-
based Ks distributions is notoriously difficult (Vekemans
et al., 2012; Vanneste et al., 2014). Here we compared sev-
eral methods for deconvolution of such distributions and
found that a mixture model based on log-transformed val-
ues was able to detect four potential WGDs (Figure S39),
including the two that we observed based on the pseu-
dochromosomal structure (Figure 5). By excluding very
young/low and very old/high Ks ranges, we restricted the
data to the two structure-based events. Using low band-
width (smoothing) we find that such methodology is able
to detect relatively young WGDs with a clear signature
(Figure S39(e, f)), whereas overlapping distributions (here
the older WGD1) are hinted at via significant changes in
the distribution curve at higher bandwidth settings (Fig-
ure S39(i, j); cf. Experimental Procedures and Appendix S1
Supplementary Material 1V/2 for details). We applied this
paranome-based WGD prediction to transcriptome data
obtained from the onekp project (www.onekp.com) on 41
moss, 7 hornwort and 28 liverwort datasets and overlaid
them with a molecular clock tree (Figures S40-S42) (New-
ton et al., 2006). For 24 of the moss samples at least one
WGD signature was supported. For four out of these 24
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coloured chromosomal blocks highlighting chromosome ancestry.

moss datasets, mixture model components were merged
into one WGD signature with the possibility of additional
hidden WGD signatures. Among these species is Physco-
mitrium sp. which is a close relative of P. patens; shared
WGD events are in accordance with previous studies (Beike
et al., 2014). The three Sphagnum species show overlap
and significant gradient change support for a young WGD
event and in Sphagnum lescurii also significant support
for an older WGD event, supporting a recent report (Devos
et al., 2016). While only a chromosome-scale assembly
would be able to detect WGD events with high confidence,
we note that evidence of WGDs is not detected in any of
the liverwort and hornwort datasets, while the majority of
moss lineages appears to have been subject to ancient
WGDs. In contrast with mosses (Rensing et al.,, 2012; Szo-
venyi et al., 2014), most liverworts and are known for low
levels of neopolyploidy and endopolyploidy with rather
constant chromosome numbers within each lineage (Bai-
nard et al., 2013). The three-fold fluctuations in genome
size in nested hornwort lineages without a chromosomal

change (Bainard and Villarreal, 2013} is thus most likely
due to variable TE content. The karyotype evolution of P.
patens can thus be considered as typical for moss gen-
omes, but probably different from the genomes of horn-
worts and liverworts. While we do not know why mosses
might be more prone to fixation of genome duplications
than other bryophytes, the associated paralog acquisition
and retention might be a foundation for the relative spe-
cies richness of mosses (Rensing, 2014; Rensing et al.,
2016; Van de Peer et al., 2017).

Ancient colinearity reveals conserved plant-specific func-
tions. Have gene orders been conserved since the last
common ancestor of land plants (LAP)? Colinearity analy-
ses with 30 other plant genomes (cf. Experimental Proce-
dures and Appendix S1 Supplementary Material 1V/3)
revealed 180 colinear regions, harbouring around 1700
genes. P. patens chromosomes contain 0.5-10 of these
genes per Mbp (Figure S43), most chromosomes hence
containing a number of syntenic genes that follows
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random expectation. Chromosomes 1, 8, 11, 14, 16 and 27,
however, contain significantly more ancient colinear genes
than expected (g < 0.05, Fisher's exact test; File S3). GO
bias analyses revealed that chromosome 8 is enriched for
genes encoding functions for plant cell and tissue growth
and development (Figure S44). Surprisingly, several
hundred genes are present in colinear regions that involve
5-21 other species. Moreover, 17 of these regions showed
elevated levels of gene co-expression (P < 0.05, permuta-
tion statistics; File S3), indicating potential co-regulation of
neighboring genes, thus corroborating the existence of
conserved plant regulons (Van de Velde et al., 2016)
or genomic regions exposed similarly to the transcriptional
machinery. GO bias analyses of these ancient syntenic
genes demonstrate that they are involved in land plant-
specific cell growth and tissue organization (Figure S45),
akin to chromosome 8. Apparently, genes encoded in the
LAP genome that enabled the distinct cell and tissue orga-
nization of land plants have been retained as colinear
blocks throughout land plant evolution. In total, 10 genes
on chromosome 7 can be traced back to chromosome 4 of
ancestor 12 (pre-WGD?2), and to chromosome 2 of ancestor
7 (pre-WGD1). GO bias of chromosome 7 (Figure S46) fur-
ther supports the notion that genes enabling plant-specific
development have been conserved since the LAP.

CONCLUSIONS

Our analyses show that the genome of the model moss is
organized differently from seed plant genomes. In particu-
lar, no central TE-rich and distal gene-rich chromosomal
areas are detected, and centromeres are potentially marked
by a subclass of Copia elements. There is evidence for acti-
vation of TE and viral elements during the life cycle of P.
patens that might be related to its haploid-dominant life
style and motile gametes. Surprisingly, syntenic blocks
harboring genes involved in plant-specific cell organization
were conserved for ca. 500 Ma of land plant evolution.
Chromosome-scale assemblies of other non-seed plants
will be needed in order to understand how plant genomes
from diverse lineages evolve, and to determine whether
the genomes of haploid-dominant plants are generally dif-
ferent from those of seed plants.

EXPERIMENTAL PROCEDURES
Sequencing and assembly

We sequenced Physcomitrella patens Gransden 2004 using a
whole genome shotgun sequencing strategy. Most sequencing
reads were collected with standard Sanger sequencing protocols
on ABI 3730XL capillary sequencing machines at the Department
of Energy Joint Genome Institute in Walnut Creek, California, USA
{http://www.jgi.doe.gov/sequencing/protocols/prots_production.

html) as previously reported (Rensing et al, 2008). BAC end
sequences were collected using standard protocols at the
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HudsonAlpha Institute in Huntsville, Alabama, USA. The sequenc-
ing (see Table S1) consisted of two libraries of 3 kbp (4.01x), 3
libraries of 8 kbp (4.58x), four fosmid libraries (0.43x), and two
BAC libraries {0.22x) on the Sanger platform for a total of 9.25x
Sanger based coverage. In total, 7 572 652 sequence reads (9.25x
assembled sequence coverage, see Table S1 for library size sum-
mary) were assembled using our modified version of Arachne
v.20071016 (Jaffe et al, 2003) with parameters correct1_passes=0
maxcliq1 = 140 BINGE_AND_PURGE=True max_bad_look=2000
(see Table S2 for overall scaffold and contigs statistics). This pro-
duced a raw assembly consisting of 1469 scaffolds (4485 contigs)
totaling 475.8 Mb of sequence, with a scaffold N50 of 2.8 Mb, 271
scaffolds larger than 100 kbp (464.3 Mb). Scaffolds were screened
against bacterial proteins, organellar sequences and the GenBank
‘nr' database, and removed if found to be a contaminant. Addi-
tional scaffolds were removed if they were: (i) scaffolds smaller
than 50 kbp consisting of >95% 24-mers that occurred four other
times in scaffolds larger than 50 kbp; (ii) contained only unan-
chored RNA sequences; (i) were less than 1 kbp in length; or (iv)
contaminated. Post-screening, we integrated the resulting
sequence with the genetic map reported here (3712 markers), and
BAC/fosmid paired end link support. An additional map (9080
markers) was developed for chromosome 16 that resolved order-
ing problems present in the original map, and was used for the
integration of chromosome 16. The integrated assembly was
screened for contamination to produce a pseudomolecule refer-
ence covering 27 nuclear chromosomes. The pseudomolecules
include 462.3 Mb of base pairs, an additional 351 unplaced scaf-
folds consist of 4.9 Mb of unanchored sequence. The total release
includes 467.1 Mb of sequence assembled into 3077 contigs with
a contig N50 of 464.9 kbp and an N content of 1.5%. Chromosome
numbers were assigned according to the physical length of each
linkage group (1 = largest and 27 = smallest).

Genetic mapping

In order to assign the sequenced scaffolds representing the
release version V1.2 Physcomitrella genome sequence to chromo-
somes, we used a genetic mapping approach based on high-den-
sity SNP markers. SNP loci between the Gransden 2004 ('Gd’) and
genetically divergent Villersexel K3 ('Vx') genotype were identified
by lllumina sequencing (100 bp end reads; lllumina GAIl) of the Vx
accession. The sequence data have been deposited in the NCBI
Sequence Read Archive as accessions SRX037761 (two lllumina
Genome Analyzer Il runs: 176.1 M spots, 26.8 G bases, 93.4 Gb
downloads) and SRX030894 (three lllumina Genome Analyzer Il
runs: 277.9 M spots, 42.2 G bases, 56 Gb downloads). SNPs for
linkage mapping were selected for the construction of an lllumina
Infinium bead array for the GoldenGate genotyping platform,
based on their distribution across the 1921 scaffolds representing
the V1.2 genome sequence assembly, with an average physical
distance between SNP loci of ca. 110 kbp. Segregants of a map-
ping population [539 progeny from GdxVx crosses: (Kamisugi
et al., 2008)] were genotyped at 5542 loci to construct a linkage
map using JoinMap 4.0 (Van Ooijen JW, 2006, Kyazma B.V.,
Wageningen, The Netherlands), with a minimum independence
LOD threshold of 22, a recombination threshold of 0.4, a ripple
value of 1, a jump threshold of 5 and Haldane's mapping function.
Of the 5542 SNPs, 4220 loci were represented in the final map.
The map contained 27 linkage groups, covering 5432.9 cM. Map
lengths were calculated using two methods: one in which L (total
map length) = X [(linkage group length) + 2 (linkage group length/
no. markers)] (Fishman et al., 2001) and one in which L = Z[(link-
age group length (no. markers + 1)/(no. markers — 1)] (Chakravarti
et al., 1991). The map corresponded to 467 985 895 bp distributed
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across the previously predicted 27 P. patens chromosome
(Table S3). Chromosome numbers were assigned according to the
overall physical length of each linkage group (1 = largest and
27 = smallest).

Pseudochromosome construction

The combination of the existing genetic map (4220 markers), and
BAC/fosmid paired end link support was used to identify 12 mis-
joins in the overall assembly. Misjoins were identified as linkage
group discontiguity coincident with an area of low BAC/fosmid
coverage. In total, 12 breaks were executed, and 295 scaffolds
were oriented, ordered and joined using 268 joins to form the final
assembly containing 27 pseudomolecule chromosomes, capturing
462.3 Mb (98.97%) of the assembled sequence. Each chromosome
join is padded with 10 000 Ns. The final assembly contains 378
scaffolds (3077 contigs) that cover 467.1 Mb of the genome with a
contig L50 of 464.9 kbp and a scaffold L50 of 17.4 Mb.

Completeness of the euchromatic portion of the genome
assembly was assessed using 35 940 full-length cDNAs. The aim
of this analysis was to obtain a measure of completeness of the
assembly, rather than a comprehensive examination of gene
space. The cDNAs were aligned to the assembly using BLAT
(Kent, 2002); Parameters: —t=dna —q=rna —extendThroughN, and
alignments =90% bp identity and =85% coverage were retained.
The screened alignments indicate that 34 984 (97.3%) of the
FLcDMNAs aligned to the assembly. The ESTs that failed to align
were checked against the NCBI nucleotide repository (nr), and a
large fraction was found to be prokaryotic in origin. Significant
telomeric sequence was identified using the TTTAGGG repeat,
and care was taken to make sure that it was properly oriented in
the production assembly. Plots of the marker placements for the
27 chromosomes are shown in File S2. For contamination screen-
ing, further assessment of assembly accuracy and organellar gen-
omes please refer to Appendix 1, Supplementary Material,
Section |.

Mapping of the v1.6 genome annotation

Gene models of the v1.6 annotation (Zimmer et al., 2013) were
mapped against the V3 assembly using GenomeThreader
(Gremme et al., 2005) and resulting spliced alignments were fil-
tered and classified for consistency with the original gene struc-
tures. 93.9% of the 38 357 v1.6 transcripts could be mapped with
unaltered gene structure. This comprised 29 371 loci (91.4% of the
v1.6 loci). The majority of the unmappable v1.6 models repre-
sented previously unidentified bacterial or human contaminations
in the V1 assembly (492 loci). Nevertheless, 49 loci with expres-
sion evidences remained unmappable in the current assembly.
The mapped annotation is made available via the cosmoss.org
genome browser and under the download section.

Generation of the v3.1 genome annotation

All available RNA-seq libraries (File S3 and Table S10) were
mapped to the V3 assembly using TopHat (Trapnell et al., 2009).
Based on a manually curated set of cosmoss.org reference genes
(Zimmer et al., 2013), libraries and resulting splice junctions were
filtered to enrich evidence from mature mRNAs. Sanger and 454
EST evidence used in the generation of the v1.6 annotation was
mapped using GenomeThreader. The resulting splice junctions
and exonic features were used as extrinsinc evidences to train
several gene finders, which were evaluated using the cosmoss.org
reference gene set. Based on this evaluation, five predictive mod-
els derived with EuGene (Foissac et al, 2003) resulting from

different parameter combinations, including the original model
used to predict v1.6, were retained for genome-wide predictions.
RNA-seq libraries were assembled into virtual transcripts using
Trinity (Grabherr et al., 2011). The resulting 1 702 106 assembled
transcripts with a mean length of 1219 bp were polyA trimmed
using seqclean (part of the PASA software), of which 96% could
be mapped against the V3 genome using GenomeThreader.
Together with the 454 and Sanger ESTs 2 755 148 transcript
sequences were used as partial cDNA evidence in the PASA soft-
ware to derive 266 051 assemblies falling in 68 382 subclusters.
For these, transdecoder was trained and employed to call open
reading frames based on PFAM (Finn et al., 2016) domain evi-
dence. Gene models from transdecoder, EuGene and the JGI V3.0
predictions were combined and evaluated using the eval software
(Keibler and Brent, 2003) on the reference gene set. Based on the
resulting gene and exon sensitivity and specificity scores a rank-
based weight was inferred (Table S9), which was used to infer
combined CDS models using EVidenceModeler, resulting in a
gene sensitivity/specificity of 0.76/0.76 and an exon sensitivity/
specificity of 0.93/0.98. For these combined CDS features, UTR
regions were annotated using PASA in six iterations. All transcript
evidence and alternative gene models are available via tracks in
the cosmoss.org genome browser. From the resulting set of gene
models, protein-coding gene loci and representative isoforms
were inferred using a custom R script implementing a multiple
feature weighting scheme that employed information about CDS
orientation, proteomic, sequence similarity and expression evi-
dence support, feature overlaps, contained repeats, UTR-introns
and UTR lengths of the gene models in a Machine Learning-
guided approach. This approach was optimized and trained based
on a manually curated training set in order to ideally select the
functional, evolutionary conserved ‘major’ isoform for each pro-
tein-coding gene locus. The v3.1 annotation comprises only the
‘major’ (indicated by the isoform index 1 in the CGl), while v3.3
also includes other splice variants with isoform indices >1.

Availability of gene models and additional data

The analyses in this publication rely on the structural annotation
v3.1. Subsequently, this release was merged with the phytozome-
generated release v3.2, leading to the current release v3.3 which is
available from http://cosmoss.org and https:/phytozome.jgi.d
oe.gov/. Both v3.1 and v3.3 are available in CoGe (https://genome
volution.org/coge/GenomeView.pl?gid=33928), and v1.6 and v1.2
can be loaded as tracks for backward compatibility. Available
experiment tracks can be downloaded and are listed in Table S$12.
Organellar genomes are also available at CoGe under the id 35274
(chloroplast) and 35275 (mitochondrion). For gene annotation ver-
sion 3.2/3.3, locus naming, non-protein coding genes and func-
tional annotation refer to Appendix S1, Supplementary Material,
Section Il. Annotations v3.1 and v3.3 are available in File S1, includ-
ing a lookup of gene names for versions 3.3, 3.1, 1.6, 1.2 and 1.1.
This Whole Genome Shotgun project has been deposited at DDBJ/
ENA/GenBank under the accession ABEU00000000. The version
described in this paper is version ABEU02000000.

Cytological analyses. The chromosome arrangement during
mitotic metaphase as well as the punctate labelling at pericen-
tromeric regions after immunolabelling with a pericentromere-spe-
cific antibody against H3528ph (Gernand et al., 2003) indicate a
monocentric chromosome structure in P. patens (Figure S5). Fur-
thermore, many plant genomes, as for example A. thaliana (Fuchs
et al., 2006), are organized in well defined heterochromatic pericen-
tromeric regions, decorated with typical heterochromatic marks
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(H3K9me1, H3K27me1) and gene-rich regions presenting the typical
euchromatic marks (H3K4me2). By contrast, immunostaining exper-
iments with antibodies against these marks label the entire chro-
matin of flow-sorted interphase P. patens nuclei homogeneously
(Figure 3(b}). Obviously, P. patens nuclei are thus characterized by a
uniform distribution of euchromatin and heterochromatin.

Transposon and repeat detection and annotation

TRharvest (Ellinghaus et al., 2008) which scans the genome for
LTR-RT specific structural hallmarks (like long terminal repeats,
tRNA cognate primer binding sites and target site duplications)
was used to identify full length LTR-RTs. The input sequences
comprised the 27 pseudochromosomes plus all genomic scaffolds
with a length of =10 kbp together with a non-redundant set of 183
P. patens tRNAs, identified beforehand via tRNA scan (Lowe and
Eddy, 1997). The used parameter settings of LTRharvest were:
‘overlaps best -seed 30 -minlenltr 100 -maxlenlitr 2000 -mindistitr
3000 -maxdistitr 25000 -similar 85 -mintsd 4 -maxtsd 20 -motif tgca
-maotifmis 1 -vic 60 -xdrop 5 -mat 2 -mis -2 -ins -3 -del -3'. All of the
resulting 9290 candidate sequences were annotated for PfamA
domains with hmmer3 (http://hmmer.org/) and stringently filtered
for false positives by several criteria, the main ones being the pres-
ence of at least one typical retrotransposon domain (e.g. RT, RH,
INT, GAG) and a tandem repeat content below 25%. The filtering
steps led to a final set of 2785 high confident full-length LTR RTs.
Transposons were annotated by RepeatMasker (Smit et al., 1996)
against a custom-built repeat library (Spannagl| et al., 2016) which
included P. patens specific full length LTR-retrotransposons.

Repetitive elements have also been annotated de novo with the
REPET package (v2.2). The TEdenovo pipeline from REPET (Flutre
et al., 2011) was launched on the contigs of size =350 kbp in the
v3 assembly (representing approximately 310 Mb, gaps excluded)
to build a library of consensus sequences representative of repeti-
tive elements. Consensus sequences were built if at least five sim-
ilar hits were detected in the sub-genome. Each consensus was
classified with PASTEC (Hoede et al., 2014) followed by semi-man-
ual curation. The library was used for a first genome annotation
with the TEannot pipeline (Quesneville et al., 2005) from REPET to
select the consensus sequences that are present for at least one
full length copy (n = 349). Each selected consensus was then used
to perform final genome annotation with TEannot with default set-
tings (BLASTER sensitivity set to 2). The REPET annotations
absent from the mipsREdat annotation were added to the latter to
build the final repeat annotation. Tandem repeats Finder (Benson,
1999) was launched with the following suite of parameters: 2 7 7
80 10 50 2000. The putative centromeric repeat previously identi-
fied through tandem repeats analysis (Melters et al., 2013) was
compared with the whole V3 assembly using RepeatMasker (Smit
et al., 1996) with default settings (filter divergence <20%). Besides
Copy and Gypsy-type elements (see main text), other types of
TEs, including LINEs and Class Il (DNA transposon) elements,
appear at very low frequency (0.1% each). Simple sequence
repeats represent only 2% of the assembly. For TE phylogenetic,
age and expression analyses as well as NCLDV analyses refer to
Appendix S$1, Supplementary Material, Section IlI.

ChlIP-seq data

Published CHIP-seq data (Widiez et al., 2014) for P. patens were
re-analysed by mapping read libraries against the P. patens V3.0
genome sequence. Briefly, the FASTA and QUAL files were con-
verted into FASTQ data files, which were aligned against the P.
patens v3.0 genome using BWA v0.5.9 (Li and Durbin, 2010),
employing a seed length of 25, allowing a maximum of two
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mismatches on the seed and a total maximum of 10 mismatches
between the reference and the reads. In order to avoid redun-
dancy problems, all reads that were mapped to more than one
genomic locus were omitted as already applied elsewhere
(Zemach et al., 2010; Stroud et al, 2012). SAM files were con-
verted into BED files using an in-house Python script.

Identification of histone-modified enriched regions

For the identification of the histone-modified enriched regions
(peaks) the software MACS2 v2.0.10 (Zhang et al, 2008; Feng
et al., 2012} with parameters tuned for histone modification data
was used. The parameters used were ‘no model’, shift size set as
‘sonication fragment size’, ‘no lambda’, 'broad’, bandwidth 300
following the developer’s instructions, fold change between 5 and
50 and g-value 0.01. As control for the peak identification the com-
bination of Input-DNA and Mock-IP of the corresponding tissues
was used as in Widiez et al. (2014). The number of identified
peaks per tissue and histone mark is shown in Table S17.

Extension of unannotated genomic regions

For several gene models in the P. patens v3.1 genome annota-
tion the prediction of UTR regions (either 5' or 3') failed. In total
there are 9769 genes lacking the 5-UTR and 11 385 genes lack-
ing the 3-UTR. Additionally, gene promoters are also unanno-
tated. Using an approach already used in (Widiez et al., 2014),
UTRs and promoters were assigned to gene models. In brief, a
Python script was implemented that takes as input any valid
GFF3 file and: (i) creates UTR regions of 300 bp for genes lacking
either one or both of them; and (ii} creates potential promoter
regions of 1500 bp upstream and downstream of each gene in
the file. In the case that the space between the gene and the
next element is not wide enough for the extension of the gene
model by 300 bp, the new UTR region is shrunk to the available
space. In the case that two consecutive genes have to be
extended and the space between them is less than 2 x 300 bp
the new UTRs are assigned half the space between the two
genes. For the assignment of promoters the same rules apply. In
no case is an element created that overlaps with existing ele-
ments of the annotation file used as input.

Filtering for expressed genes

Based on all the available JGI gene atlas (http://jgi.doe.gov/our-
science/science-programs/plant-genomics/plant-flagship-genome
s/) RNA-seq data downloaded from Phytozome (File S3), we fil-
tered for genes that had a certain minimal RPKM value in at
least one condition. At RPKM 2, 20 274 genes are expressed, at
RPKM 4 18 281 genes. The RPKM cutoff of four was based on
quantitative real-time PCR (gRT-PCR) results of a recent microar-
ray transcriptome atlas study (Ortiz-Ramirez et al., 2015), in
which genes with this expression level were reliably detected by
qPCR.

BS-seq data: plant material and culture conditions

Physcomitrella patens accession Gransden was grown in 9-cm
Petri dishes on 0.9% agar solidified minimal (Knop's) medium.
Cultures were grown under the following experimental conditions:
16 h/8 h light/dark cycle, 70 ymol sec™" m™2, for 6 weeks at 22°C/
19°C day/night temperature following 8 h/16 h light/dark cycle,
20 umol sec™' m~2, for 7 weeks at 16°C/16°C day/night tempera-
ture. Adult gametophores were harvested after 13 weeks and DNA
was isolated according to Dellaporta et al. (1983) with minor mod-
ifications (Hiss et al., 2017).
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Bisulfite conversion, library preparation and sequencing

Bisulfite conversion and library preparation was conducted by
BGI-Shenzen, Shenzen, China according to the following proce-
dure: DNA was fragmented to 100-300 bp by sonication, followed
by blunt end DNA repair adding 3'-end dA overhang and adapter
ligation. The ZYMO EZ DNA Methylation-Gold kit was used for
bisulfite conversion and after desalting and size selection a PCR
amplification step was conducted. After an additional size selec-
tion step the qualified library was sequenced using an lllumina
GAIl instrument according to manufacturer instructions resulting
in 66 108 645 paired end reads of 90 bp length.

Processing of BS-seq reads

Trimmomatic v0.32 (Bolger et al., 2014) was used to clean adapter
sequences, to trim and to quality-filter the reads using the follow-
ing options: ILLUMINACLIP:TruSeq3-PE-2.fa:2:30:10 SLIDINGWIN-
DOW:4:5 TRAILING:3 MINLEN:35 resulting in cleaned paired-end
and orphan single-end reads. Further, the paired-end and single-
end reads were mapped with Bismark v0.14 (Krueger and Andrews,
2011) against P. patens chloroplast (NC_005087.1) and mitochon-
drion (NC_007945.1) sequences using the —non_directional option
due to the nature of the library. After mapping the remaining sin-
gle-end and paired-end reads with Bismark v0.14 separately
against the genome of P. patens both SAM alignment files were
sorted and merged with samtools v0.1.19 (Li et al., 2009) and dedu-
plicated with the deduplicate_bismark program of Bismark v0.14.
To call methylation levels for the different cytosine contexts (CG,
CHG, CHH), deduplicated SAM files and the R package methylkit
(Akalin et al., 2012) were used, only considering sites with a cover-
age of at least nine reads and a minimal mapping quality of 20.

Gene- and TE-body methylation

Gene- and TE-body methylation levels were calculated for individ-
ual cytosine contexts (CG, CHG, CHH). For each gene and TE, all
annotated feature regions (promoter, 5-UTR, CDS, intron, 3-UTR,
TE-fragment) were combined and divided into 10 quartiles. For
each quartile the mean methylation level (CG, CHG, CHH) was cal-
culated and the average, 5% and 95% distribution per quartile and
feature type were plotted. For the TE-body methylation plots TEs
were further subdivided into TE-groups. For gene body methyla-
tion {GBM) analysis positions were filtered according to >90% of
the reads showing methylation. Distribution of affected genes
over the three different contexts was analysed with Venny (Fig-
ure S29; http://bicinfogp.cnb.csic.es/tools/venny/) and visualized
via a stacked column diagram (Figure S30). Genes were grouped
by RPKM value (0;>0 < 2;>2) and compared with regard to GC and
methylation content (Table $18).

Read mapping and variant calling

Genomic DNA sequencing data for P. patens accessions Reute
(SRP068341), Villersexel (SRX030894) and Kaskaskia (SRP091316)
are available from the NCBI Sequence Read Archive (SRA). The
libraries were trimmed for adapters and quality filtered using trim-
momatic v32 (Bolger et al., 2014) applying the following parame-
ters: -phred33 ILLUMINACLIP:TruSeq3-PE-2.fa:2:30:8:5
SLIDINGWINDOW:4:15 TRAILING:15 MINLEN:35. After trimming,
the single-end and paired-end reads were initially mapped to the
chloroplast genome (NC_005087.1), the mitochondrial genome
(NC_007945.1) and ribosomal DNAs (HM751653.1, X80986.1,
X98013.1) using GSNAP v2014-10-22 (Wu et al., 2016) with default
parameters. The remaining unmapped single-end and paired-end

reads were used for reference mapping using GSNAP with default
parameters and both resulting SAM alignment files were sorted
and merged with samtools v0.1.19 (Li et al, 2009). Duplicated
reads were further removed with rmdup from samtools to account
for potential PCR artifacts. GATK tools v3.3.0 (McKenna et al.,
2010) were used for SNP calling as recommended by the Broad
institute for species without a reference SNP database including
the ‘ploidy 1" option for the first and second haplotype calling step.

SNP validation

Called SNPs of the accession Villersexel were validated by com-
paring them to the lllumina Infinium bead array dataset (File S3)
used for map construction (see Map construction method section).
The 4650 bead array probes were mapped to the genome using
GSNAP (Wu et al., 2016) and SNPs were called using mpileup and
beftools. In total, 4628 SNPs could be unequivocally mapped, out
of those 4466 (96%) were also called as SNPs in the gDNA-seq
based Villersexel GSNAP/GATK dataset. Thus, the vast majority of
SNPs called based on deep sequence data could be independently
confirmed (File S3).

SNP divergence estimates

To obtain window-wise (100 kbp non-overlapping windows)
nucleotide diversity pi and Tajima’s D values, a ‘pseudogenome’
was constructed for each accession using a custom python script.
In brief, based on the VCF file output generated by GATK all given
variants were reduced to SNPs and InDels and for each accession
(Kaskaskia, Reute and Villersexel) the corresponding reference
sequence was substituted with the ALT allele at the given posi-
tions. These ‘pseudogenome’ FASTA files were additionally
masked for all sites which had a read coverage <5 which might
lead to erroneous SNP calling. The masked 'pseudogenome’
FASTA files were further converted into PHYLIP format and used
as input for Variscan v2.0 (Hutter et al, 2006), settings
‘RunMode = 12, ‘Sliding Window = 1; WidthSW = 100 000;
JumpSW = 100 000; WindowType = 0" and excluding alignment
gaps via ‘CompleteDeletion = 1" (Figure $32).

SNP accumulation detection

Window-wise (50 kbp with 10 kbp overlap) SNP numbers were
extracted from the ‘pseudogenome’ FASTA files by a custom R
script. The R functions fisher.test and p.adjust (method ="
were used to select fragments that show a significantly (adjusted
P-value =0.01) higher SNP number than the chromosome average.
A region of accumulated SNPs (hotspot) was called if at least five
adjacent fragments showed a significantly higher SNP number
{Tables S20-S22 and Figure S33).

Structure-based ancestral genome reconstruction and
associated karyotype evolutionary model

The P. patens genome was self-aligned to identify duplicated gene
pairs following the methodology previously described (Salse
et al, 2009). Briefly, gene pairs are identified based on blastp
alignment using CIP (cumulative identity percentage) and CALP
{cumulative alignment length percentage) filtering parameters
with respectively 50% and 50%. Ks (rate of synonymous substitu-
tions) distribution of the identified pairs unveiled two peaks illumi-
nating two WGDs, one older and one more recent, included
between Ks 0.75-0.9 (WGD1) and 0.5-0.65 (WGD2).

We performed a classical dating procedure of the two WGD
events based on the observed sequence divergence, taking into
account the Ks ranges between 0.75-0.9 and 0.5-0.65 and a mean
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substitution rate (r) of 9.4 x 1077 substitutions per synonymous
site per year (Rensing et al., 2007). The time (T) since gene inser-
tion is thus estimated using the formula T = Ks/2r.

Mapping of the identified gene pairs on the P. patens chromo-
somes defines seven independent (non-overlapping) groups (or
CARs for Contiguous Ancestral Regions) of four duplicated regions
(representing two rounds of WGDs; Figure S37). Based on the
seven CARs identified, we determined the most likely evolutionary
scenario based on the assumption that the proposed evolutionary
history involves the smallest number of shuffling operations (in-
cluding inversions, deletions, fusions, fissions, translocations) that
could account for the transition from the reconstructed ancestral
genome to modern karyotype (Salse, 2012). The ancestor 7 and 12
genes were mapped to the extant chromosomes and visualized as
circular plots (Figure S37). These two ancestors (7 and 12) corre-
spond respectively to the pre-WGD1 ancestor (quadruplicated by
WGD1 and WGD2 in the modern F. patens genome), and the pre-
WGD2 ancestor that is the result of the duplication of ancestor 7
(leading to ancestor 14) after one fusion and one chromosome loss
(duplicated by WGD2 in the modern P. patens genome).

Paranome-based WGD prediction

For species samples and Ks distribution calculation refer to
Appendix 1, Supplementary Material, Section IV. We employed
mixture modeling to find WGD signatures using the mclust v6.1 R
package to fit a mixture model of Gaussian distributions to the
raw Ks and log-transformed Ks distributions. All Ks values <0.1
were excluded for analysis to avoid the incorporation of allelic
and/or splice variants and to prevent the fitting of a component to
infinity (Schlueter et al., 2004; Vanneste et al., 2015), while Ks val-
ues >5.0 were removed because of Ks saturation. Further, only
WGD signatures were evaluated between the Ks range of 0.235
(12.5 Mya) to account for recently duplicated gene pairs to Ks of
2.0 to account for misleading mixture modeling above this upper
limit {Vanneste et al., 2014, 2015). Because model selection criteria
used to identify the optimal number of components in the mixture
model are prone to overfitting (Vekemans et al,, 2012; Olsen et al.,
2016) we also used SiZer and SiCon (Chaudhuri and Marron, 1999;
Barker et al., 2008) as implemented in the feature v1.2.13 R pack-
age to distinguish components corresponding to WGD features at
a bandwidth of 0.0188, 0.047, 0.094 and 0.188 (corresponding 1,
2.5, 5 and 10 Mya) and a significance level of 0.05.

Deconvolution of the overlapping distributions that can be
derived from paranome-based Ks values without structural infor-
mation shows that using mixture model estimation based on
log-transformed Ks values mimics structure-based WGD predic-
tions better than using raw Ks values, resulting however in the
prediction of four WGD signatures (pbSIG1: 0.15-0.32; pbSIG2:
0.48-0.60; pbSIG3: 0.7-1.12; pbSIG4: 1.66-3.45; Figure S39(a, b)).
As WGD signature prediction based on paranome-based Ks val-
ues can be misleading and is prone to overprediction (Schlueter
et al., 2004; Vekemans et al., 2012; Vanneste et al., 2015; Olsen
et al., 2016) we only considered Ks distribution peaks in a range
of 0.235-2.0 as possible WGD signatures, thus excluding young
paralogs potentially derived from tandem or segmental duplica-
tion and those for which accurate dating cannot be achieved
due to high age. The paranome-based WGD signatures pbSIG2
(25-32 Ma) overlaps with the younger WGD2, and pbSIG3 (37
60 Ma) overlaps with the older WGD1. Further testing for signifi-
cant gradient changes in the Ks distribution applying different
bandwidths showed that only pbSIG2 is detected as a significant
WGD signature (significance level 0.05; Figure S39(h}), whereas
pbSIG3 overlaps with a significant change of the Ks distribution
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curve at a bandwidth of 0.047 but shows no significant gradient
change. These results show that even if one paranome-based
WGD signature can be found which perfectly overlaps with a
structure-based WGD signature (WGD1 and pbSIG3) it is still
hard to significantly distinguish it from the younger WGD signa-
tures (WGD2 and pbSIG2) which tend to collapse using higher
bandwidths (Figure S39(i, j)). Showing that log-transformed Ks
value mixture modeling at least can predict young WGD signa-
tures and can pinpoint older WGD signatures, we applied para-
nome-based WGD prediction to transcriptome data obtained
from the onekp project (www.onekp.com) on 41 moss samples,
7 hornwort samples and 28 liverwort samples and overlaid them
with an existing time tree (Figures S40-S42). After evaluating
the overlap of significant gradient changes on mixture model
components, for 24 out of 41 moss samples at least one WGD
signature was supported. For four out of these 24 moss samples
mixture model components were merged into one WGD signa-
ture with the possibility of additional hidden WGD signatures.
Among these samples is Physcomitrium sp. which belongs like
P. patens to the Funariaceae with WGD signatures 3 (0.43-0.66)
and 4 (0.80-1.07), overlapping with pbSIG2 and pbSIG3 from P.
patens and hinting at WGD events in Physcomitrium 23-35 Ma
and 43-57 Ma ago, respectively. For all liverwort samples and
almost all hornwort samples no single predicted WGD signature
was supported by three different bandwidth kernel densities. For
one hornwort, namely Megaceros flagellaris, one WGD signature
was supported by a significant gradient change (significance
level 0.05), which disappeared using a more stringent signifi-
cance level of 0.01 and represents more likely a mixture model
artifact than a true WGD signature.

Colinearity analyses

For set of species refer to Appendix S1, Supplementary Material,
Section IV. Initially, all chromosomes from all species were com-
pared against each other and significant colinear regions are
identified. To detect colinearity within and between species
i-ADHoRe 3.0 was used (Proost et al., 2012) with the following
settings: alignment_method gg2, gap_size 30, cluster_gap 35,
tandem gap 30, q_value 0.85, prob_cutoff 0.01, multiple_hypothe-
sis_correection FDR, anchor_points 5 and level_2_only false.
P. patens v3.1 genes were assigned to PLAZA 3.0 gene families
based on the family information for the best BLASTP match
(27 895 genes were assigned to 10 153 gene families). The pro-
file-based search approach of i-ADHoRe combines the gene con-
tent information of multiple homologous genomic regions and
therefore allows detection of highly degenerated though signifi-
cant genomic homology (Simillion et al, 2008). In total, 180
regions were found showing significant colinearity with genomes
from flowering plants (colinearity with green algal genomes was
not found), comprising 1717 genes involved in syntenic regions,
representing 660 unique conserved moss genes. Whereas 94/180
of the ultra-conserved colinear (UCC) regions showed genomic
homology with one other species, 46 UCC regions showed colin-
earity with five or more other plant genomes. One UCC region
(multiplicon 1440, File S3) grouped 27 genomic segments from
21 species showing colinearity, while 70% of the UCC regions
contained five or more conserved moss genes. Starting from the
V1 moss genome assembly, only 11/180 UCC regions were
recovered, demonstrating that the superior assembly V3 signifi-
cantly improves the detection of ancient genomic homology.
Mapping of the 660 UCC genes reveals their chromosomal loca-
tion (Figure S43). Co-expression analysis of neighboring UCC
genes was performed using the Pearson Correlation Coefficient
(PCC) on the JGI gene atlas data (File S3) and permutation
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statistics were used to identify UCC regions showing significant
levels of gene co-expression (i.e. based on 1000 iterations, in
how many cases was the expected median PCC for n randomly
selected genes larger than the observed median PCC for n UCC
genes).

We tested whether the actual number of genes detected to be
present in ancient colinear blocks deviated from the expected
number, if all genes were randomly distributed on the chromo-
somes. Chromosomes significantly deviating (Fisher's exact test
and false discovery rate correction) are mentioned in the main text
and are shown in File S3 and Figure S43. Genes detected to be
derived from ancestor 7 and ancestor 12 karyotpyes can be traced
to extant chromosomes (File S3).

GO bias analyses and GO word cloud presentation

Analyses were conducted as described previously (Widiez et al.,
2014), using the GOstats R package and Fisher's exact test with fdr
correction. Visualization of the GO terms was implemented using
word clouds via the http://www.wordle.net application. The weight
of the given terms was defined as the —log10(g-values) and the col-
our scheme used for the visualization was red for under-represented
GO terms and green for those over-represented. Terms with stronger
representation, i.e. weight >4, were represented with darker colours.

Circos plots

For the integrative visualization of the individual genomic features
a karyotype ideogram was created and tracks were plotted with
CIRCOS v0.67-6 (Krzywinski et al., 2009). For each feature track it
is highlighted in the corresponding figure legend whether feature
raw counts/values were used for visualization or if chromosomes
were split into smaller windows (specifying the window size in
kbp and window overlaps/jumps in kbp) using the counts/values
window average for visualization. If indicated, feature counts/val-
ues window averages (cvwa) were normalized by scaling between
a range of 0 and 1 per chromosome using the following equation:
cVWa;, — CVWagy,

normalized window average, (cvwa;, | =
CVWag, | — CVWagy,

For normalized comparison of embryophyte chromosome struc-
ture refer to Appendix S1, Supplementary Material, Section IIl; for
phylostratigraphy analyses to Appendix S1, Supplementary Mate-
rial, Section IV.

Availability of data and material

The data reported in this paper are tabulated in Experimental Pro-
cedures and Supporting Information, are archived at the NCBI
SRA and have been made available using the comparative geno-
mics (CoGe) environment of CyVerse (cyverse.org) via https://ge
nomevolution.org/coge/GenomeView.pl?gid=33928. Novel data
presented with this study comprise Villersexel and Kaskaskia
genomic DNA (SRX037761, SRX030894, SRP091316), genomic
BAC end data (KS521087-KS697761), RNA-seq data (Table S6 and
File S3 - available from phytozome.org), CAP-capture and BS-seq
data (Table S10), and Goldengate SNP bead array data (File S3).
See also section Availability of gene models and additional data.

Requests for materials should be addressed to stefan.rens-
ing@biologie.uni-marburg.de.
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Appendix S1. Supplementary Materials I-IV, Experimental Proce-
dures, and Results including Tables $1-S23, Figures S1-550, and
References.

File §1. v3.1 + v3.3 annotation.

File S2. Plots of markers, TE methylation and histone modification,
phenotypic differences of P. patens accessions, sRNA northern
blots.

File §3. Synteny analyses, JGI gene atlas samples, NCLDV clus-
ters/genes, JGI bead array SNP QC.
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8.3 Physcomitrella patens Reute-mCherry as a tool for efficient crossing within and
between ecotypes

The monecious model moss P. patens predominantly selfs when cultivated in vitro. In most
laboratories, Gd is the predominantly used ecotype which could be shown to be nearly self-sterile
(Hiss et al., 2017). In order to analyze e.g. fertility, segregation of genetic markers and to determine
species distance, crossing is the method of choice. For fast and efficient analysis, lines with
fluorescent tags have already been established using the Gd and Vx ecotypes (Perroud et al., 2011).
In this publication, the closely to Gd related ecotype Re (Hiss et al., 2017) has been established as an
efficient crossing partner and is now available with the fluorescent tag mCherry. Crossing analysis
with a less fertile Gd mutant showed the newly generated Re-mCherry line can cross fertilize with a
high efficiency. The Re background shows similar growth behavior to Gd. Thus, this publication now
allows the community to separate already established mutants from the Gd background and to
transfer them in the fertile and highly similar Re background for analysis of processes like sporophyte

development, requiring sexual reproduction.
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ABSTRACT

® Physcomitrella patens is a monoecious moss that is predominantly selfing in the wild.
Laboratory crossing techniques have been established and crosses between the
sequenced Gransden ecotype and the genetically divergent Villersexel ecotype were
used for genetic mapping. The recently introduced ecotype Reute has a high fertility
rate and is genetically more closely related to the Gransden ecotype than the Villersexel
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phyte).

e We show that Reute can be successfully crossed with a self-infertile DR5:DsRed2
mutant generated in the Gransden background. Using newly established Reute fluores-
cent strains, we show that they can efficiently fertilise Reute as well as Gransden wild
type. The resulting progeny display Mendelian 1:1 segregation of the fluorescent mar-
ker(s), demonstrating the suitability of such strains for genetic crossing.

e Overall our results demonstrate that Reute is highly suitable for genetic crossing. The
Reute mCherry strain can be used as a suitable background for offspring selection after
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crossing.

INTRODUCTION

During the last 15 years, Physcomitrella patens has become a
leading model organism representing early divergence of land
plant lineages. The sequencing of its genome (Rensing et al.
2008), followed by its constant improvement through re-anno-
tation (Zimmer et al. 2013) and reassembly (Lang et al. 2018)
had led to the establishment of a solid genome platform for
evolutionary, functional and biotechnological approaches.
Most of the sequence data and publications are based on the
ecotype Gransden (Gd), based on a plant isolated in Gransden
Wood, Huntingdonshire, UK, in 1962, by H.L.K. Whitehouse.
The laboratory strain was subsequently established from a sin-
gle spore and used for the first time in 1968 in a genetic study
(Engel 1968). Since then this strain has been widely distributed
worldwide and used for most of the published genomic work.
Within Gd, crossing has provided a powerful tool to analyse
mutants, but the low frequency of crossing events has histori-
cally restrained most results to strains displaying strong aux-
otrophic (Engel 1968; Ashton & Cove 1977; Ulfstedt ef al.
2017) or self-fertility (e.g. Sakakibara et al. 2014) defects, facili-
tating crossing event detection. The first published P. patens
genetic map was based on crosses between the Gd ecotype
tagged with a neomycin phosphotransferase II (uptIl) resis-
tance marker or the male sterile nicB5/ylo6 mutant established

in the Gd background (Ashton & Cove 1977) with the Viller-
sexel K3 (Vx) ecotype (Kamisugi et al. 2008). Vx was chosen
specifically among P. patens isolates for being the most diver-
gent, coupled with the capacity to produce sporophytes upon
crossing (von Stackelberg et al. 2006). This divergence was sub-
sequently confirmed by comparing genomic sequences between
Gd, Vx and two other accessions: Reute (Re; Hiss et al. 2017a)
and Kaskaskia (Ka; Lang et al. 2018). Vx displays a single
nucleotide polymorphism (SNP) rate five to ten times higher
than either Ka or Re, as compared to Gd (Table S1; Lang ef al.
2018). Vx is also the only other ecotype besides Gd to have
been used so far in the context of forward genetics studies. The
genetic analysis of progeny of a cross between a mutant insensi-
tive to ABA (ANR for ABA non-responsive) generated in the
Gd background with Vx allowed identification of the causal
gene for the detected phenotype (Stevenson et al. 2016). In
order to facilitate rapid detection of crossed sporophytes, fluo-
rescent marker strains where established in both the Gd and Vx
background (Perroud et al. 2011). The presence of a fluores-
cent marker in one parental background allows efficient track-
ing of successful fertilisation events by non-invasive visual
observation of the sporophyte in culture, even if this event is
rare (a typical crossing jar contains up to 500 sporophytes).
Additionally, segregation analysis can also be performed visu-
ally on the resulting offspring, displaying the characteristic
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haploid 1:1 Mendelian segregation of the marker. Hence, the
crossing of such fluorescent mutants with wild types allows
rapid detection of crossed sporophytes and permits assessment
of male fertility through outcrossing rate evaluation, a method
used successfully with mutants displaying fertility impairment
(Hackenberg et al. 2016; Ortiz-Ramirez et al. 2017). The exper-
imental crossing rate between and within the tested ecotypes
(Vx, Gd and Ka) was low in all crosses, but one (Perroud et al.
2011). When Gd was used as female mate with Vx as a male
mate the outcrossing rate was more variable and could reach
71%. Although it was not possible to conclude definitively the
origin of this phenomenon, the best explanation was that dur-
ing its long laboratory propagation history, the Gd strain may
have accumulated deleterious (epi-)mutations that reduced its
male fertility (Perroud et al. 2011). Most recently, the traceable
Gd and Vx strains were used successfully to identify the causal
sterile mutation in a novel somatic hybridisation coupled SNP
approach (Moody et al. 2018a,b).

The P. patens ecotype Reute (Re) is genetically closer to Gd
than to Vx, but it is clearly distinguishable from Gd by its high
self-fertility rate (Hiss et al. 2017a). Re has been used success-
fully in the framework of genomic studies (Hiss et al. 2014,
2017a) for reverse genetic studies (Sanchez-Vera et al. 2017)
and biotechnological approaches (Hiss et al. 2017b). Here we
report the successful cross of the Re ecotype with a double
transgenic strain (Dr5:DsRed2 and NLS-4) established in the
Gd background (Bezanilla ef al. 2003; Lavy et al. 2016). Albeit
this mutant was not able to self, multiple crossed sporophytes
were detected when paired with Re. The two marker transge-
nes, DsRed2 and NLS-GFP, segregated in the progeny in Men-
delian fashion (F1 1:1:1:1) allowing us to recover a strain
without a marker, with both markers and individual Dr5:
DsRed2 and NLS-4 marker strains. In parallel, we established
two fluorescent Re transgenic strains expressing mCherry and
successfully used them in crosses with both Re wild type and
Gd. Similar to the cross with Re and Dr5:DsRed2 and NLS-4,
the red fluorescent marker segregates in Mendelian fashion (F1
1:1) in the progeny. We present here three fertile single marker
strains, Dr5:DsRed2, Re-mCherry#43 and Re-mCherry#63, that
can be used for efficient intra- and inter-P. patens ecotype
crossing, expanding the palette of previously established fluo-
rescent marker lines (Gd-green and Vx-red; Perroud et al.
2011).

MATERIAL AND METHODS
Plant material and culture conditions

Physcomitrella patens Reute (Hiss et al. 2017a), P. patens Grans-
den (controlled-descendant of the Gransden lab strain used in
previous crossing experiments; Perroud et al. 2011) and the dou-
ble mutant Dr5:DsRed2 (Lavy et al. 2016) were routinely culti-
vated as previously described (Hiss ef al. 2017a) on solidified
(0.7% [wlv] agar) mineral medium, also known as modified
(Reski & Abel 1985) Knop’s medium (Knop 1868), on 9-cm
Petri dishes sealed using 3M Micropore tape or Parafilm. Incu-
bator temperature was set at 22 °C with a long-day light cycle of
16-h light/8-h dark (70 pmol-m™*s~! white light). For proto-
plast generation, gametophytic tissue was blended weekly in ster-
ile water and plated on cellophane overlaying Knop medium
enriched with 5mM di-ammonium tartrate to obtain a
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homogenous pure protonemal culture. In order to facilitate
crossing events, sporulation and crossing experiments were per-
formed as modification of different protocols (Engel 1968; Hohe
et al. 2002; Cove et al. 2009). Either growing protonema or
gametophore tissue was inoculated in 220 ml bulbous Weck jars
(Weck, Wehr-Oflingen, Germany) containing 100 ml solidified
Knop medium, sealed with 3M Micropore tape, and grown for
5 weeks in standard incubator conditions (see above). Subse-
quently, the jar was transferred to 16 °C with a short-day light
cycle of 8-h light/16-h dark and a reduced fluence rate of
20 pmol-m %5~ ! white light for the rest of the experiment
(Hohe et al. 2002). After 2 weeks at 16 °C (upon gametangia for-
mation), the culture was submerged in sterile Type I/MilliQ
water for 24 h, after which the excess water was drained off, leav-
ing a moist culture. The same operation was repeated 1 week
later to assure complete fertilisation. The first observable young
green sporophytes were observed after one more week, ie.
70 days after inoculation or 7-14 days after fertilisation. Sporo-
phyte harvesting was performed 2-4 weeks later, once the sporo-
phytes were uniformly dark brown (mature brown sporophyte;
Hiss et al. 2017a). Sporophytes were subsequently stored for a
least 1 week in the dark at 4 °C before performing germination
assays. Germination was routinely performed on Knop medium
enriched with 5 mM di-ammonium tartrate, and germination
rate was scored 7 days after inoculation. This procedure is simi-
lar to that recently described (Vesty et al. 2016), but does not
use cellophane to plate the spores and is scored only at a fixed
time point after inoculation.

Molecular procedures

Vector construction and preparation

If not mentioned otherwise, all restriction enzymes were pur-
chased from New England Biolabs (Frankfurt, Germany) and
the reactions performed as per the manufacturer’s instructions.
PCR reactions are performed with OneTaq™ DNA polymerase
with a final the reaction volume of 15 pl. The primer sequences
used in this study are listed in Table S2. The expression vector
was constructed from three functional sections: two targeting
sequences flanking the construct to permit efficient transfor-
mation, a resistance cassette Lox-35S:Zeocin-Noster-Lox (Per-
roud & Quatrano 2008) for selection, and the expression
cassette Ubiquitin promoter-mCherry-Nos terminator for red
fluorescent protein expression. In order to ensure efficient gen-
ome transformation, the locus Pp3c10_12220V3.1 was chosen,
as it is expressed but codes for one of two copies of ARPC3
present in the P. patens genome. Pp3c10_12220V3.1 displays
much lower expression values than Pp3c3_23320V3.1, the
other ARPC3 gene, in all tissues tested (Perroud et al. 2018;
Figure S4). The ARPC3 protein is part of a seven subunit func-
tional complex (Arp2/3 complex) and the two copies are
expressed at a higher level than the other genes of the complex,
hence its targeting was not anticipated to generate a severe phe-
notype. First, 5’ and 3 targeting sequences were PCR amplified
using the primer pairs P1/P2 and P3/P4, respectively, and each
cloned into pTOPO2.1 to generate p5'T and p3'T vectors. The
5’ targeting fragment was cloned from p5'T using the restric-
tion enzymes Sphl and Sacl into pLox-355:Zeocin-Noster-Lox
to generate a p5'T-pLox-355:Zeocin-Noster-Lox vector. Then,
the 3’ targeting fragment was cloned from p3'T using Sacll
restriction enzyme into p5'T-sequence-pLox-355:Zeacin-
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Noster-Lox to create a p5'T-sequence-pLox-35S:Zeocin-Nos-
ter-Lox-p3'T vector. Orientation of the targeting sequences was
confirmed by sequencing from the vector backbone. The
expression cassette was generated in two steps. First, using the
primer pair P5, P6 the cloning unit ZmUbiquitin promoter-
Gateway cassette-Nos terminator was amplified out of the
pTHUBI-Gateway vector (Perroud ef al. 2011) and cloned into
pGEM-Teasy to generate a pUbi-Gateway vector. mCherry
cDNA (Perroud et al. 2011) was cloned into the pUbi-Gateway
using the Clonase LR reaction (Life Technologies, Darmstadt,
Germany) to create pUbi-mCherry. Finally, the red fluorescent
protein expression cassette was cut out of pUbi-mCherry using
the Hpal restriction enzyme and ligated into the p5'T-
sequence-pLox-35S:Zeocin-Noster-Lox-p3’T in the blunted
(using Klenow fragment) Notl restriction site to create the final
pZTUbi:mCherry vector (for map see Figure SI).

.
... H
. L
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Plasmid DNA generation for transformation was performed
with the NucleoBond Xtra Midi kit (Macherey-Nagel, Diiren,
Germany). The plasmid for stable transformation was cut using
the restriction enzyme Swal to separate the targeting vector
from the plasmid backbone. After restriction evaluation, the
cut DNA was ethanol-precipitated and resuspended in sterile
TE.

Genomic DNA extraction

Rapid genomic DNA (gDNA) extraction for genotyping pur-
poses using less than 50 mg of moss tissue was performed as
previously described (Cove et al. 2009).

Moss transformation
Standard transformation protocols developed with the Gd eco-
ecotype.

type are transferable to the Re Protoplast

M
Spores No Green + red Green Red X2 (1:1:1:1)
number fluorescence Fluorescence Fluorescence Fluorescence Y
Re16 x Dr5:Dsred2 184 56 45 42 41 0.423723025

Fig. 1. Segregant analysis of the Re x Dr5:DsRed2 cross. A-L: confocal images of phyllid cells of the four segregating phenotypes: with both fluorescent mark-
ers (A, E, I), Dr5:DsRed2 fluorescent marker (B, F, J), NLS-4 fluorescent maker (C, G, K) and no fluorescent marker (D, H, L). Chloroplast auto-fluorescence sig-
nal is shown in magenta false colour (A-D), Dr5:DsRed?2 specific signal in red false colour (E-H), GFP specific signal in green false colour (I-L). Bar: 10 pm. M:
Distribution of fluorescent signal in germinating segregants, the P-value of the Chi-squared test to reject an expected 1:1:1:1 ratio (three degrees of freedom)

is not significant.

Flant Biology 21 (Suppl. 1) (2019) 143-149 ® 2018 German Society for Plant Sciences and The Royal Botanical Society of the Netherlands

60

145



P. patens Reute genetic & fluorescent marker

transformation and selection were performed as described pre-
viously (Cove et al. 2009) with slight modifications. Namely,
after protoplast regeneration all media used for selection and
selection release were standard Knop medium supplemented
with 5 mM di-ammonium tartrate; due to the high light sensi-
tivity of the antibiotic Zeocin (ThermoFischer Scientific, Schw-
erte, Germany; # R25001), the selection plates were renewed
every 3 days (Perroud & Quatrano 2008). Selection with Zeo-
cin was performed at a final concentration of 100 pg-ml

Microscopy

Microscopy was performed with a Leica DM6000 bright field
microscope equipped with epi-fluorescence capacity (Leica
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Microsystems, Wetzlar, Germany). mCherry was excited with a
mercury HBO100 lamp using a BP562/40 nm 593 dichroic mir-
ror. Images were acquired with a Leica DFC295 camera using
Leica Application suite version 4.4 software. Routine macro-
scopic observations were performed with a fluorescence stere-
omicroscope SteREO Lumar.V12 (Carl Zeiss, Oberkochen,
Germany). Confocal microscopy observation and image acqui-
sition were performed with a TCS-SP8 confocal microscope
(Leica Microsystems) equipped with a tuneable white light
laser. GFP was excited at 488 nm and emitted fluorescence was
acquired between 495 and 530 nm. mCherry was excited at
561 nm and emission was acquired between 590 and 600 nm.
DsRed2 was excited at 558 nm, emission was acquired between
575 and 595 nm. The chloroplast auto-fluorescence signal was

Fig. 2. Fluorescent Re strains. A-H: protonemal filaments cbserved in white light (A, C, E, G) and red fluorescence (B, D, F, H). A, B: Re wild type; C, D:
Re-mCherry#43, E, F: Re-mCherry#63, G, H: Vx-mCherry. Bar: 200 pm. I-Q: Confocal laser scanning microscopy stack projection of sporophytes from a cross-
ing experiment between Re-mCherry#43 and Gd. |, J, K in red: mCherry fluorescent channel, L, M, N: merged mCherry and chloroplast auto-fluorescent signal
(magenta), O, P, Q magenta: chloroplast auto-fluorescent signal. |, L, O: Gd selfed sporophyte without mCherry-specific fluorescent signal. J, M, P: Re-
mCherry#43 strain selfed, both gametophore and sporophyte display mCherry fluorescent signal. K, N, Q: crossed sporophyte between Re-mCherry#43 and
Gd; only the sporophyte displays mCherry fluorescent signal. Bar: 20 um. R, S, T, U: Confocal laser scanning microscopy stack projection of imbibed segregat-
ing spores of a crossed sporophyte between Re-mCherry#43 and Gd. R: bright field. S: in red: mCherry specific fluorescent signal. T: in magenta, auto-fluores-
cent chloroplast signal. U: Merged signal from S and T. Top spores display mCherry fluorescent signal, bottom spores do not show any signal. Bar: 20 um.
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acquired between 660 and 710 nm, with all three aforemen-
tioned excitation wavelengths. Images were processed using
Image] version 1.51t (Schneider et al. 2012).

RESULTS AND DISCUSSION
Physcomitrella patens Re can efficiently cross with Gd

In order to evaluate the crossing potential of P. patens ecotype
Re we established a crossing experiment between Re and the
Gd Dr5:DsRed2 transgenic strain. The Dr5:DsRed2 strain con-
tains two different transgenes, Dr5:DsRed2 leading to the
nucleo-cytoplasmic accumulation of red fluorescent protein as
a reporter of auxin accumulation level, and NLS-4 generating a
nuclear green fluorescence (Lavy efal. 2016). Additionally,
both parental strains were assayed in independent jars as a self-
ing control. At the end of the crossing/selfing procedure, all Re
gametophores with more than ten phyllids in the control jar
displayed a mature sporophyte, as previously reported (Hiss
et al. 2017a). On the other hand, the Dr5:DsRed2 transgenic
did not generate a single sporophyte in three independent tri-
als. This self-infertility is potentially attributable to the inter-
mediary transgenic strain NLS-4 (Bezanilla et al. 2003), which
has to our knowledge not been regularly selfed. Also, its
retransformation to generate the Dr5:DsRed2 strain may have
allowed (epi-)mutations to occur and thus render the final
Dr5:dsRed2 self-sterile. Under crossing conditions (in co-cul-
ture), the Dr5:dsRed2 gametophores yielded sporophytes in a
similar time to Re, demonstrating that Re can cross efficiently
with other ecotypes. Moreover, this indicates that the fertility
impairment of the Gd Dr5:DsRed2 mutant is of male origin.
Weak Gd self-fertility has also been reported in other studies
(Perroud et al. 2011; Hiss et al. 2017a). Spores from the crossed
sporophytes germinated successfully, and the two markers seg-
regated in the population with the four predicted visual pheno-
types assumed by single insertion loci of the transgenes: double
fluorescent signal (Fig. 1A, E and I), no fluorescent signal
(Fig. 1D, H and L) as well as single DsRed2 (Fig. 1B, F and J)
and NLS-4 (Fig. 1C, G and K). Segregation frequency distribu-
tion was not statistically different (Chi-squared test, P = 0.42)
to the predicted 1:1:1:1 ratio (Fig. 1IM), indicating that both
transgenes act like two independent single loci. This segrega-
tion pattern is no different from that reported previously for
the cross using Vx and Gd as parental strains (Perroud et al.
2011). Finally, the segregants of this cross allowed us to isolate
a self-fertile single marker strain carrying the Dr5:DsRed2
transgene, which can be used without interference from the
NLS4 transgene and permit its use in sporophytic tissue. 18 F1
segregants were submitted to the self-sporulation procedure,
and only one displayed sporophytes similar to the Re rate. This
strain allows analysis of auxin accumulation with a fluorescent
reporter in the diploid stage of P. patens. The small population

Table 1. Crossing efficiency between transgenic Reute strains with Reute
and Gransden wild type.

parent B Re-mCherry-43 Re-mCherry-63

parent A % crossed n % crossed n
Re 1.82 56 1.86 55
Gd 99.2 115 100 117

P. patens Reute genetic & fluorescent marker

size, lack of information about the cause of Dr5:DsRed2 self-
sterility and fertility segregation 1 (Re fertile):1 (low fertil-
ity):18 (unfertile) in this specific Gd and Re ecotype does not
allow us to conclude the source of this severe fertility segrega-
tion distortion, but the fertile single marker Re Dr5:DsRed2
S19 strain is now available for further study.

Physcomitrella patens Re mCherry mutant permits rapid
crossed sporophyte detection

In order to facilitate the easy detection of crossed sporophytes
using the Re ecotype, we used the same approach already estab-
lished in the Gd and Vx background (Perroud et al. 2011). We
constructed the vector pZTUbi:mCherry to generate a moss
strain accumulating easily visually detectable red fluorescence.
The vector contains a Zeocin resistance cassette for plant selec-
tion, targeting sequence to ensure integration into the genome
via homologous recombination and the expression cassette
with the ubiquitin promoter driving the mCherry ¢cDNA (see
Material and Methods for vector construction and Figure S1
for map of pZTUbi:Cherry). This vector was transfected into
protoplasts of P. patens ecotype Reute. Mutants generated by
targeted insertion with a linear construct featuring homologous
flanks can result in correct single locus integration through
homologous recombination (SHR), as well as in concatemeric
single locus integration (CHR) and integration into (addi-
tional) non-targeted loci (NTL) through non-homologous end
joining (Kamisugi et al. 2006). Upon selection, 86 antibiotic-
resistant transformants were isolated, 60 of which were initially
selected for uniformly detectable fluorescent signal. Yet, most
of these transformants displayed a relatively weak signal com-
pared to existing strains. Hence, only five lines with strong flu-
orescence (potentially expressing more than one mCherry
copy) were selected for the growth test and sporophyte forma-
tion evaluation. They all produced successfully selfed sporo-
phytes and viable spores on all gametophores with more than
ten phyllids. However, only two strains displayed a wild-type
phenotype in the course of the life cycle. For these two strains,
protonemal growth (Figure S2A-D), gametophore morpholog-
ical development and sporophyte development, as well as num-
ber of sporophytes per gametophore with more than ten
phyllids are not distinguishable to the wild type grown in paral-
lel (Figure S2E), suggesting that they are SHR/CHR insertions,
while the other three probably harbour NTL. It also confirms
that removal of the locus used for targeting does not impact P.
patens life cycle morphologically or phenologically. These two
will be referred to as Re-mCherry-43 and Re-mCherry-63 here-
after. Indeed, genotyping of the transformed locus confirmed

Table 2. Segregation analysis of the fluorescent marker in the cross pro-
geny between transgenic Reute and Gransden wild type. The P-values of the
Chi-squared test for rejection of an expected 1:1 ratio with one degree of
freedom are not significant.

number  wild type
of spores  phenotype fluorescent X2 (1:1)
Re16-mCherry#43 1202 584 618 0.326751277
= Gd
Rel16-mCherry#63 1524 760 764 0.918389097
x Gd
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the targeting events in these two strains. Re-mCherry-43
displayed an SHR pattern with the wild type signal absent (Fig-
ure S3B) and 5 and 3’ insertion signal present (Figure S3C and
D); Re-mCherry-63 still carries the wild type locus (Figure S3B)
but displays the 5 insertion signal (Figure S3C), suggesting
CHR. The intensity of the red fluorescent signal is in the same
range as the transgenic Vx-red previously published (Fig. 2C—
H).

In order to evaluate the crossing capacity of the fluorescent
lines, and to confirm single site (SHR/CHR) insertion, both
strains were crossed independently with their parental strain
Re as well as with Gd. Crossing was successful and the fluores-
cent sporophytes could be easily detected on wild-type game-
tophores (Fig. 2J-Q). In the sporophyte, the mCherry
fluorescent signal was detectable in both homozygote (Fig. 2],
M and P) and heterozygote (Fig. 2K, N and Q) context. Simi-
larly to observations in the Vx transgenic (Perroud er al. 2011),
the selfing rate was very low and the crossing rate between Re
and Gd was very high (Table 1). This very high crossing rate
between Re and Gd confirms the weakness of Gd as a male
partner, a trait potentially acquired during its long laboratory
use.

The segregation analysis performed on germinated spores
sampled from 15 different crossed sporophytes between both
Re-mCherry-43 x Gd and Re-mCherry-63 x Gd  crosses
showed a clear 1:1 segregation of the fluorescent signal. This
pattern is consistent for a single locus segregating in a haploid
organism (Table 2), indicating that the transgene is confined to
a single locus (SHR or CHR) in both Re-mCherry-43 and Re-
mCherry-63. Interestingly, dry spores did not show a detectable
fluorescent signal, but imbibed spores displayed a detectable
fluorescent signal (Fig. 2R-U).

In conclusion, we show that the P. patens Re ecotype can be
used as an alternative to the Gd ecotype for both reverse genet-
ics and crossing within and between ecotypes. Not only its
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higher fertility as compared to Gd makes Re a good candidate
to cross these two ecotypes, but it also allows efficient crossing
within the Re ecotype. With an outcrossing rate of almost 2%,
screening of spores from sporophytes derived from a cross
between two strains with different selectable markers is feasible,
since a standard crossing jar typically contains more than 200
sporophytes. In addition, established specific genetic
approaches, such as the use of auxotroph mutants to facilitate
selection (Ulfstedt et al. 2017), can be transferred into the Re
background to perform reverse genetic screens.
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8.4 Identification of genes involved in Physcomitrella patens sexual reproduction

To identify genes which are involved in the process of sexual reproduction in P. patens, publicly
available array data have been used. The archegonial data set published by (Ortiz-Ramirez et al.,
2016) was used to select genes expressed during sexual reproduction. An expression level cut-off was
applied, based on the expression level of the low abundance KNOX TF mkn2 (relative expression (RE)
>= 750 (Sakakibara et al., 2008)). Second, only genes expressed exclusively in the archegonial data set
were kept by selection against expression in all other tissues from (RE < 750, (Ortiz-Ramirez et al.,
2016)) and the RNA-seq data by (reads per kilo base per million mapped reads (RPKM) < 2, (Perroud
et al., 2018)). Additionally, all genes showing no homolog in M. polymorpha were discarded, to get

rid of putative artefacts and to positively select conserved genes.

Finally, 15 candidate genes, showing the highest expression in the archegonial sample were selected.
Nine additional candidate genes found via literature research were added, to analyse their
expression pattern. cDNA, obtained from juvenile and adult gametophore apices of the ecotypes Gd
and Re, was used to confirm in vivo expression in P. patens reproductive tissues via RTPCR, and for
five selected candidate genes via qPCR. Sample preparation, RTPCR, gPCR and gPCR expression
normalization employing act5 (Pp3c10_17070V3.1) as reference gene was carried out as previously
described ((Hiss et al., 2017; Meyberg et al., 2019) Fig. 5, chapter 12). The gPCR results confirmed the
functionality of the chosen candidate gene approach. The five selected candidate genes showed
nearly no expression in juvenile, but expression in adult gametophore apices whereas Re showed
higher expression levels in general when compared Gd. Thus, the chosen candidate genes might be

involved in the described fertility reduction of Gd.

Figure 5: Gene expression of
selected candidate genes in Re (R)
and Gd (G) juvenile (j) and adult
1 (a) gametophore apices. Average
expression of two independent
biological replicates was used and

12

08 normalized to the reference gene
m1 acts.  Expression of chosen
m2 candidates show nearly no

206 3 expression in the juvenile but
expression in the adult samples,
u5 whereas Re shows overall a

04 - 13

slightly higher gene expression
compared to Gd. Error bars:
02 standard deviation. rU: relative

i units.
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To learn more about the putative gene function and differences between both ecotypes, the five
selected candidate genes were analyzed in silico. SNPs (Hiss et al., 2017), epigenetic marks (Widiez et
al., 2014; Lang et al., 2018) and the functional annotation (phytozome.org) were compared. The
selected candidate gene function was chosen to be determined via a reverse genetic approach and
for all candidates, KO mutants were generated as recently described (Meyberg et al., 2019, chapter
12). For the further work, only candidate gene 13, namely the coiled-coil domain containing protein
39 (ccdc39) was used (chapter 6.5).

Table 1: Candidate gene overview. qPCR expression marked in green for Gd and Re juvenile (j) and adult (a) apices. SNPs

(Gd vs. Re), no expression marked in red. Presence of DNA methylation in Gd and differences in histone marks between
protonema and juvenile gametophores marked in green, red marks absence. X: no data available.

qPCR o
SNPs Different
DNA methylation |, . Description
G_d R_e Gd|Re Gd vs. Re hy histone marks P
No.|J|)|a]|a
. . Leucine-rich repeat,
1 Intergenic N-terminal domain
2 intergenic X 17,6 kDa heat shock protein
3 intergenic Spiral1-like 2-related
5 Late embryogenesis abundant protein
13 synonymous Coiled-coil domain-containing protein
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8.5 Characterization of evolutionary conserved key players affecting eukaryotic
flagellar motility and fertility using a moss model

To finally understand the infertile Gd phenotype, work from the three presented publications was
combined: Hiss et al., 2017 set a basis by the quantification of the lack of developed sporophytes in
Gd compared to Re and Vx and supplied this publication with the genetic divergence between the
analyzed ecotypes. The Gd DNA methylation data which was published in Lang et al., 2018 is now
comparatively analyzed with the corresponding methylome of Re. Finally, a crossing analysis was
employed to pinpoint the impairment of Gd using the Re-mCherry strain which was introduced in

Perroud et al., 2019.

As previously introduced, flagella are an ancestral feature of eukaryotes and were already present in
the LECA. Independent of the organisms motility, flagella are required for sexual reproduction in
most eukaryotic species and defects within flagella are often associated with infertility. Bryophytes
belong to the clade of flagellated plants and possess bi-flagellated male gametes. As previously
reported, several laboratories including our laboratory, recognized fertility issues with the most
frequently used ecotype Gd and it was shown that the number of sporophytes developed per
gametophore is significantly reduced in Gd (Hiss et al., 2017). Additionally, only little was known
about genes important during P. patens sexual reproduction. Thus, morphological and molecular
phenotyping of Gd, as well as a candidate gene approach (chapter 6.4) were performed, in order to
identify genes involved in P. patens sexual reproduction and to characterize the Gd impairment.
Crossing experiments with the previously introduced marker strain Re:mCherry was employed to
show Gd archegonia are fully functional and subsequently the male defective phenotype was
analyzed. Comparative genetic, epigenetic as well as expression analysis identified a set of genes
required for male fertility in algae and mammals, showing a conservation of flagellar genes across
kingdoms. A conserved coiled-coil domain 39 containing protein was identified to be important for
flagellar assembly in P. patens and also to contribute to the Gd phenotype. This study does not only
show Gds impairment within several flagella associated genes, probably due to accumulation of
somatic (epi-) mutations during long vegetative reproductive periods, but also demonstrates, how P.

patens can be used as an easily accessible model system to study genes involved in male defects.
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Abstract

Defects in flagella/cilia are often associated with infertility and disease. Motile male gametes
(sperm cells) with flagella are an ancestral eukaryotic trait that has been lost in several lineages,
for example in flowering plants. Here, we made use of a phenotypic male fertility difference
between two moss (Physcomitrella patens) strains to explore spermatozoid function. We
compare genetic and epigenetic variation as well as expression profiles between the Gransden
and Reute strain to identify a set of genes associated with moss male infertility. Defects in
mammal and algal homologs of these genes coincide with a loss of fertility, demonstrating the
evolutionary conservation of flagellar function related to male fertility across kingdoms. As a
proof of principle, we generated a loss-of-function mutant of a coiled-coil domain containing 39
(ccdc39) gene that is part of the flagellar hydin network. Indeed, the Ppccdc39 mutant resembles
the male infertile Gransden strain phenotype. Potentially, several somatic (epi-)mutations
occurred during prolonged vegetative propagation of P. patens Gransden, causing regulatory
differences of e.g. the homeodomain transcription factor BELL1. Probably these somatic changes
are causative for the observed male fertility. We propose that P. patens spermatozoids might be

employed as an easily accessible system to study male infertility of human and animals.
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Introduction
Motile plant gametes allow studying sperm cell fertility

Motile (flagellated) gametes are an ancestral character of eukaryotes (Mitchell 2007, Stewart et
al. 1975) that has been secondarily lost in lineages such as the Zygnematales (Transeau 1951),
which reproduce via conjugation of aplanogametes, and flowering plants, in which pollen
transport non-motile gametes to the female (Renzaglia et al. 2001, Southworth et al. 1997).
Flagella play an important role in sexual reproduction. In the unicellular algal model organism
Chlamydomonas reinhardtii flagella are responsible for motility of the organism and serve during
sexual reproduction to mediate a species-specific adhesion between two cells of different mating
types (van den Ende et al. 1990). In streptophyte algae (Streptophyta comprise charophycean
green algae as well as land plants), male gametes (spermatozoids) are the only motile cells of
sessile multicellular algae, swimming to the oogonia to fertilize the egg cell (Hackenberg et al.
2019, McCourt et al. 2004). After the water-to-land-transition of plants this system was retained,
i.e. motile (flagellated) spermatozoids require water to swim to the egg cell. Flagella of
spermatozoids from flagellated organisms show a common architecture (Carvalho-Santos et al.
2011) and were already present in the most recent common ancestor (MRCA) of land plants
(Stewart et al. 1975). During land plant evolution, loss of motile sperm occurred in seed plants,
after the evolution of cycads and Ginkgo (both of which have pollen and motile male gametes),
probably in the MRCA of conifers, Gnetales and flowering plants (Renzaglia et al. 2000, Renzaglia
et al. 2001). Flagellated plants, that have retained motile spermatozoids, are an easily accessible
system to study the fertility and other characteristics of male gametes. The moss Physcomitrella
patens is particularly attractive in that regard because it develops spermatozoids in superficial
male sex organs (antheridia) on an independent generation (gametophyte) that is readily

cultured and manipulated (Cove 2005, Landberg et al. 2013).
The moss model Physcomitrella patens

Bryophytes comprise the mosses, liverworts and hornworts and probably represent the
monophyletic sister clade to vascular plants (Puttick et al. 2018). Due to this informative

phylogenetic position they are increasingly being used to address evolutionary-developmental
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questions, e.g. (Aya et al. 2011, Horst et al. 2016, Sakakibara et al. 2013, Sakakibara et al. 2008),
but also for functional studies of mammalian homologs in easily accessible model organisms
(Ortiz-Ramirez et al. 2017, Sanchez-Vera et al. 2017). P. patens is a well-developed functional
genomics moss model system. The genome was published in 2008 (Rensing et al. 2008) and
recently updated to chromosome scale (Lang et al. 2018). Collections of worldwide accessions
are available (Beike et al. 2014), of which some are likely to constitute ecotypes (Lang et al. 2018).
The predominantly used ecotype Gransden (Gd) was derived from a single spore isolate collected
1962 in Gransden Wood (UK). The Gd cultures used in most labs worldwide were typically
propagated vegetatively and several labs reported fertility issues over the past decades (Ashton
et al. 2000, Hiss et al. 2017, Landberg et al. 2013, Perroud et al. 2011), potentially the result of
somatic (epi-)mutations through decades of vegetative propagation (Ashton et al. 2000). The
ecotype Reute (Re) collected 2006 in Reute (Germany) has a low genetic divergence to Gd, is
highly self-fertile and thus has recently been introduced as a Gd alternative to enable studies

involving sexual reproduction (Hiss et al. 2017).
P. patens sexual reproduction

P. patens’ sexual reproduction is initiated (under natural conditions in autumn) when day length
shifts towards short days and temperature drops (Engel 1968, Hohe et al. 2002, Nakosteen et al.
1978). On the tip (apex) of the leafy gametophores the apical stem cell produces the antheridium
initial stem cell (Kofuji et al. 2018), which subsequently gives rise to a bundle of antheridia, the
male reproductive organs (Fig. 1). Each antheridium consists of a single outer cell layer or jacket
surrounding a mass of spermatogenous tissue that produces up to 160 motile spermatozoids.
Upon maturity the tip cell of the antheridia swells and bursts (when moistened by water) to
release mature, swimming male gametes (spermatozoids). A few days after initiation of
antheridia development, the female gametangia (archegonia) start to develop (Kofuji et al. 2009).

They comprise a flask shaped egg-containing venter and elongated neck that opens following
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Figure 1: lllustration of P. patens sexual reproduction.

Upon environmental stimulus, reproductive organs (gametangia) develop on the apex of each gametophore,
archegonia (female) and antheridia (male). Mature antheridia release the motile (flagellated) spermatozoids
upon watering. The sperm cells swim through the archegonial venter to fertilize the egg cell. After fertilization,
embryo development (E1/E2) and sporophyte development (ES-B) occurs. The mature sporophyte is located on
the apex of the gametophore and releases haploid spores of the next generation. P. patens is predominantly
selfing. Embryo/sporophyte developmental stages according to Hiss et al. (2017).

degeneration of the neck canal cells upon maturity, allowing swimming spermatozoids to reach
the egg cell (Hiss et al. 2017, Landberg et al. 2013, Sanchez-Vera et al. 2017). After fertilization,
the diploid zygote undergoes embryogenesis and develops into the sporophyte, which eventually
generates haploid spores via meiosis (Fig. 1). Considering the difference in fecundity of Gd and
Re (Hiss et al. 2017) we aim here to determine the genes underlying this difference, employing
P. patens as a model for studying sperm fertility. For this purpose, we analysed the nearly self-
sterile ecotype Gransden (Gd) in comparison with the highly fertile ecotype Reute (Re), using
genetic and epigenetic variation data, fertility phenotyping as well as transcript profiling. Based
on publicly available array data of developmental stages during sexual reproduction and network

analyses, we generated a deletion mutant of a gene exclusively expressed in sexual reproductive
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organs. The mutant displays a loss of male fertility similar to that observed in Gd, and to that in
human/mammal mutants of the ortholog. Our study demonstrates that the moss male germ line

can serve as a model for flagellar dysfunction disease.

Results & Discussion
The Gransden ecotype displays a reduced male fertility and a defect in spermatozoid motility

The ecotype Reute (Re) was shown to develop a significantly higher number of sporophytes per
gametophore in comparison to the broadly used ecotype Gransden (Gd, (Hiss et al. 2017)). To
determine whether the reduced fertility of Gd is based on the female or male reproductive
apparatus, crossing analyses between Gd and Re were performed, using the fluorescent marker
strain Re-mCherry (Perroud et al. 2011, Perroud et al. 2019). Re developed on average 100%

sporophytes per gametophore, of which 0.79% were crosses (Fig. 2A).
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Figure 2: Comparative analysis of Gd and Re male reproductive apparatus.
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A: Crossing analysis between Re (n = 430), Gd (n = 300) and fluorescent marker strain Re-mcherry. Re develops 100%
of sporophytes per gametophore of which 0.79% are crosses. Gd develops 88.13% sporophytes per gametophore of
which 99.69% are crosses. Median represented by black line. Significance shown by asterisk (Chi-square test, p <
0.01).

B: Re (n = 10) and Gd (n = 3) spermatozoids differ significantly in velocity (two-sided t-test, p < 0.01,*). Median
represented by black line.

C: SEM of Re sperm cell showing cell architecture. From the cell anterior (a), the two flagella emerge (arrow) at
staggered locations from the coiled nucleus (n). Organelles (o) include one mitochondrion and one plastid that attach
to the mid-section of the nucleus. One of two long flagella (f) is visible and extends beyond the cell proper.

D: Phase contrast image of swimming Re spermatozoids.

E: TEM of mature Gd axonemes. Cytoplasmic connections (cc) appear on irregular flagella.

F: TEM of a mature spermatozoid of Re. The axoneme exhibits clear outer dynein arms and the plasmalemma is
closely associated with the nine doublets.

G: SEM of Gd spermatozoid with architecture as in Re spermatozoids in C, except the flagella remain coiled.

H: Phase contrast image of swimming Gd spermatozoids showing loops at the posterior end of the flagella (arrow).
I: TEM of mature axonemes of Gd spermatid showing missing parts of the central pair microtubuli projections (white
arrow) and cytoplasmic connections (cc).

This rate is expected, since P. patens is known to predominantly self-fertilize (Perroud et al.
2011). In comparison, Gd developed 88.13% sporophytes per gametophore of which 99.69%
were crosses (significantly more than Re: p < 0.01, t-test, Fig. 2A). Thus, Gd archegonia are fully
functional and can develop comparable numbers of sporophytes when fertilized by a male fertile
partner. Hence, the Gd male reproductive apparatus is impaired. Analysis of the spermatozoid
number per antheridium showed no significant differences between Re (median 123) and Gd
(median 125, Figure S1A). This is less than determined by an approximation method (Horst et al.
2017), counting DAPI stained spermatozoids not released from the antheridium. Motility
measurements showed that only a small number of Gd spermatozoids are motile (Fig. S1B), and
show a significantly reduced velocity (Re median: 15,75 pum/s; Gd median: 4,37um/s; p < 0.01, t-
test; Fig. 2B). After release of the spermatozoids through the bursting tip cells of the antheridia,
Re spermatozoids started moving a few seconds after release, whereas Gd spermatozoids
showed motility only rarely. With regard to their structure, Gd spermatozoids display significantly
more spermatozoids with the ends of flagella remaining in a coil (90.2%) than Re (6.6%, t-test, p
< 0,01, Fig. 2C, D, G, H, Fig. S1C). Interestingly, similar coiled flagella are also known from mouse
and human infertile flagella (Dong et al. 2018, He et al. 2018, Tang et al. 2017). There are
ultrastructural differences between Re and Gd sperm cells. Two cylindrical flagella develop
around the outside of the spermatozoid as the nucleus condenses and elongates (Fig. 2C, D, G,

H). The axonemes of both ecotypes exhibit the typical nine doublets and two central pair
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microtubules that characterize flagella of most eukaryotes (Fig. 2E, F, I). Axonemes in Re mature
spermatozoids demonstrate visible outer dynein arms and protein projections at the central pair
of microtubuli (Fig. 2F). In contrast to Re (Fig. 2C, D), gametes of Gd appear to arrest in the final
stages of flagellar elongation and thus the posterior coils of the flagella fail to individualize,
resulting in the coiled posterior loop (Fig. 2G, H). Mature Gd axonemes developed cytoplasmic
connections, which probably result in the coiled posterior loop of the flagella. Additionally the
protein projections around the central pair of microtubules seems to lack some proteins (Fig. 2

EI).
Genes related to flagellar assembly and motility harbour (epi-)mutations between Gd and Re

Similar to motile sperm, DNA methylation is an ancestral eukaryotic feature (Feng et al. 2010)
and is supposed to regulate gene expression on the DNA level (Zemach et al. 2010). In P. patens,
methylated gene bodies usually are associated with lower gene expression (Lang et al. 2018) and
loss of the DNA methyltransferase PpPMET1, which is involved in CG DNA methylation of gene
bodies, inhibits sporophyte development (Yaari et al. 2015). Recently, it has been shown, that
the male reproductive organs undergo severe changes in DNA methylation in the liverwort M.
polymorpha during sexual reproduction (Schmid et al. 2018). Hence, we expected DNA
methylation to play a role during regulation of sexual reproduction in moss. Whole genome
bisulfite sequencing (bs-seq) of Re and Gd adult gametophores (bearing gametangia; Fig. 1) was
performed. Differentially methylated positions (DMPs) in all three methylation contexts (CHG,
CHH, CG) were determined. In total, 671 genes harboring DMPs were found (Table S1). GO bias
analysis of the genes containing DMPs showed enriched terms related to cilium movement and
motile cilium assembly, as well as protein and macromolecule modification, which includes post-
translational modifications like ubiquitination (Fig. S2A). Using the intersect of genes that contain
DMPs and single nucleotide polymorphisms (SNPs, Table S2, (Hiss et al. 2017)) the number of
GO terms associated with cilia and microtubule based movement was found to be increased
(from 3 to 6, Fig. 3A), suggesting genetic and epigenetic effects on the Gd phenotype. In the
intersection, additional GO terms related to protein phosphorylation were found to be over-

represented (Fig. 3A). In C. reinhardtii, it was shown that protein phosphorylation is a key event
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of flagellar disassembly (Pan et al. 2011) and that the phosphorylation state of an aurora-like

protein kinase coincides with reduced flagellar length (Luo et al. 2011).
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Figure 3: DMP/SNP overlap and CCDC39.

A: GO bias analysis of genes differentially methylated and SNP- containing in comparison of Gd vs. Re. The intersect
of DMP and SNP affected genes shows over-representation of GO terms associated with cilia motility. Over-
represented terms are shown in green, whereas under-represented terms are shown in red. Larger font size
correlates with a higher significance level.

B: Relative expression of ccdc39 in qPCR (green, n = 3) and RNA-seq (blue, n = 2) data shows higher expression in Re
in comparison to Gd. Median marked by black cross.

C: Phylogenetic analysis of CCDC39 shows clear correlation with the presence of flagella and generally reflects
species relationships. Planta are shown in green, opisthokonts in yellow, protozoa, SAR and fungi in black. Homo
sapiens, Chlamydomonas reinhardtii and Physcomitrella patens are marked in red.

RNA-seq of male reproductive organs suggests differential transcriptional regulation to be

connected to infertility

To gain deeper insight into gene expression differences, cDNA sequencing (RNA-seq) of Gd and

Re antheridial bundles was performed. In total 19,218 genes were found to be expressed (RPKM

9
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>=2) in Gd and 19,254 in Re (Table S3/S4). 865 genes were uniquely expressed in Gd and 901
genes in Re (Table S5/56). GO bias analysis of all genes expressed in antheridia of Gd (Fig. S2B)
and Re (Fig. S2C) showed an over-representation of terms like amide biosynthetic process and
peptide biosynthetic process. Spermine and spermidine belong to the amides and play a major
role in male fertility in mammals (Lefevre et al. 2011) which, based on the RNA-seq GO analysis,
also appears to be the case in P. patens. The few under-represented terms found are all
connected to mRNA capping, potentially indicating that during gamete development mRNA
capping could be performed by less characterized capping enzymes, or that translation occurs
independently of mRNA capping. It was postulated that the first eukaryotic mRNA translation
was probably driven by internal ribosomal entry sites (IRES) and that the cap-dependent (CD)
mechanism evolved later. The former mechanism, according to this hypothesis, was retained as
an additional regulation of the translation in specific situations like stress responses (Godet et al.
2019, Hernandez 2008). Also, cap-independent (Cl) translation was recently suggested to be a
robust partner of CD translation and to appear prevalently in germ cells (Keiper 2019), which
matches with the presented results.

In human, transcriptional regulation is important to control spermatogenesis (Bettegowda et al.
2010). Within the expressed genes, in total 1,259 transcription associated proteins (TAPs;
comprising transcription factors, TFs, and transcriptional regulators, TRs) could be identified
using TAPscan (Wilhelmsson et al. 2017). Within the Re uniquely expressed genes , in total 74
TAPs of 27 different TAP families could be identified, including HD_BEL and MADS_MIKC® type
proteins (Table S7). Interestingly, belll (HD_BEL) previously was described not to be expressed
in antheridia (Horst et al. 2016), which indeed is true for Gd (used in the study by Horst et al.),
but not for Re (Fig. S3A). Therefore, BELL1 might play a role in male fertility in P. patens. MADS-
box genes are important for flower, pollen and fruit development (TheiRen et al. 2016) and have
previously been associated with sexual reproduction in P. patens (Hohe et al. 2002, Quodt et al.
2007, Singer et al. 2007). P. patens MIKC-type genes are important for motile flagella and
external water conduction (Koshimizu et al. 2018). In the latter study, PPM1, PPM2 and PPMC6
are the key players for flagellar motility, but since the triple KO did not completely phenocopy

the sextuple KO (ppm1, ppm2, ppmads1, ppmc5, ppmc6, ppmadss), the other genes apparently
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also play a role. While ppm1, ppm2 and ppmc6 are expressed in both, Re and Gd antheridia,
madsl (Hohe et al. 2002) and ppmc5 are exclusively expressed in Re, implying a putative
involvement of these two genes in flagellar motility. Among the Gd uniquely expressed genes
(Table S5), 40 TAPs belonging to 23 different TAP families were found, including MADS and HD
proteins. TIM1 (Pp3c17_24040V3.1) is a type | MADS-box protein, basal to all other type | MADS-
box proteins (Gramzow et al. 2010), whereas the HD gene duxa-like (Pp3c5_6470V3.1) is mainly
expressed in lung and testis tissue in human, which supports a potential function in cilia/flagella

(Booth et al. 2007).

Analysis of differentially expressed genes between Gd and Re

From all expressed genes in Gd and Re, a set of 110 differentially expressed genes (DEGs) could
be identified using a stringent intersect of three tools. Detailed analysis of the DEGs showed many
spermatozoid/sperm and pollen related genes (Table S8). Of the genes expressed significantly
higher in Re, many showed no expression in Gd, but moderate to high expression in Re, e.g. the
arl13b homolog (Pp3cl_40600V3.1), which plays a role in flagella and cilia stability and signaling
via axonemal poly-glutamylation, and the protein phosphatase hydin homolog Pp3c3_14230V3.1
(Fig. S3B). The central microtubule pair protein hydin is a well analysed gene in human and algae,
and connected to the human disease Primary Ciliary Dyskinesia (PCD). Mutations in this gene
lead to the loss of flagellar motility and occasionally to loss of one or both central pair
microtubules due to missing C2b projections (Lechtreck et al. 2007, Olbrich et al. 2012).
Interestingly, the Gd ultrastructure showed missing protein projections (Fig. 2E,l) which could

might result from the missing hydin expression.

Genes that are expressed significantly higher in Gd often lacked annotation (28/37 showed no
annotation in the latest gene annotation v3.3 (Lang et al. 2018)) and hence might be lineage
specific. Among the annotated genes more highly expressed in Gd were e.g. the membrane
associated ring finger march1 homolog (Pp3c18_16700V3.1), which is known to negatively affect
the sperm quality and quantity in Chinese Holstein bulls (Liu et al. 2017), and an arabinogalactan

31 homolog (Pp3c5_9210V3.1). Arabinogalactan proteins are known to be part of mucilage (Lord
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et al. 1992). Analysis of the mucilage content during antheridia maturation in the charophytic
alga Chara vulgaris showed a reduction of mucilage upon maturity (Gosek et al. 1991).
Arabinogalactan proteins are abundant in the matrix around fern spermatozoids during
development and are virtually negligible when antheridia release spermatozoids (Lopez et al.
2018). Thus, an overexpression of an arabinogalactan gene could represent an impairment of the

spermatozoid maturation process in the Gd background.

RNA-seq expression data of hydin and marchl have been confirmed by RT-PCR (Fig. S3B), and
SNP and DNA methylation data have been analysed. The hydin gene body and potential promoter
region (2kbp upstream of the coding sequence) displays six SNPs and one insertion or deletion
(InDel) between Gd and Re. One SNP is located in the putative promoter region, three are intron
variants and two are located within an exon, causing moderate amino acid changes (Table S9). In
Gd, CHG and CHH context DMPs are present in the promoter and gene body, while a single CG
mark is present in Re (Fig. S4). The lack of expression in Gd matches the presence of gene body
methylation, shown to coincide with lack of expression (Lang et al. 2018). March1 does show very
low levels of DNA methylation but two SNPs between Gd and Re in the 5’-UTR and five SNPs and
one InDel in the putative promoter region, which could affect a potential regulatory function of
the UTR (Fig. S5, Table S9). Network analysis was performed to gain more insights into putative
protein interaction partners. The Marchl network revealed proteins known to be involved in
degradation of mis-folded proteins via ubiquitination, and modification of proteins via
phosphorylation (Fig. S6A). Since protein phosphorylation and ubiquitination pathways are
known to act together (Hunter 2007), marchl disregulation in Gd might be involved in the
determined phenotype. The hydin network revealed many proteins involved in ciliary function
and motility e.g. radial spoke head protein 9 (RSPH9, (Castleman et al. 2009) and CCDC39
(Merveille et al. 2011, Oda et al. 2014), Fig. S6B.

CCDC39 (Pp3c27_5290V3.1) was detected via a candidate gene approach because it shows
expression only in adult gametophores (bearing gametangia), and a difference between Re and
Gd (Fig. 3B). It is part of the hydin network, is a coiled-coil domain containing protein which, as
well as hydin and rsph9, belongs to the genes that cause PCD when mutated (Antony et al. 2013,

Horani et al. 2018). In human it is required for the assembly of inner dynein arms and the dynein
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regulatory complex (Merveille et al. 2011) and in Chlamydomonas reinhardtii it acts as a
molecular ruler for the determination of the flagellar length (Oda et al. 2014). Phylogenetic
analysis showed the presence of ccdc39 arthologs in all major kingdoms, providing evidence that
it was already present in the MRCA of all eukaryotes (Fig. 3C). Interestingly, all species with
ccdc39 orthologs also possess flagella, implicating a gene function unique to these motile
organelles. Ccdc39 does not show amino acid sequence-affecting SNPs between Gd and Re in the
gene body, and no SNPs in the promoter region (Table S9). The promoter region and gene body
of ccdc39 display low levels of DNA methylation (Fig. S6). Interestingly, CCDC39 and MARCH1
network analysis showed connections to the same two protein phosphatases
(Pp3c16_18360V3.1, Pp3c25_7050V3.1, Fig. S6A, C), implicating involvement of phosphatases in

spermatogenesis of P. patens.
Ccdc39 is essential for proper flagellar development in P. patens

Expression analysis of ccdc39 via RNA-seq and qPCR in P. patens showed no expression in any
tissue except for the antheridia, and a reduced expression level in Gd as compared to Re (Fig. 3C),
suggesting a functional connection to the observed fertility phenotype. To elucidate the function
of ccdc39 and to separate the phenotype from hydin function, a loss-of-function mutant was
generated, hereafter referred to as ccdc39. Protoplast regeneration, protonemal and
gametophytic growth and gametangia development did not reveal an obvious aberrant
phenotype (Fig. S8, S9). However, no sporophytes were formed under selfing conditions (Fig. 4A,
B yellow). 30 days after watering Re had developed mature brown sporophytes, whereas ccdc39
apices showed several unfertilized archegonia and bundles of antheridia in a cauliflower-like
structure (Fig. 4C). When no fertilization takes place, P. patens is known to continue
gametangiogenesis, leading to the accumulation of multiple archegonia per gametophore
(Landberg et al. 2013, Sanchez-Vera et al. 2017). Under crossing conditions using the male fertile
Re-mCherry line (Perroud et al. 2019) a close to normal amount of sporophytes (94%) could be
observed, with 100% of them being crosses (Fig. 4A, light and dark green), suggesting a defect in
the male reproductive apparatus. Variable phenotypes of flagella could be detected in ccdc39.

Some spermatozoids developed very short flagella, others normal length flagella, but with ends
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that remained in coils, comparable to the Gd phenotype (Fig. 4D-F). Ppccdc39 hence showed a

somewhat different phenotype compared to the alga C. reinhardtii, in which a severe reduction

Al00 = - 3 . B €
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25 crosses/
% @ sporophytes (%)

Figure 4: Analysis of P. patens ccdc39.

A: Selfing and crossing analysis between ccdc39 (n = 630), Re (n = 331) and fluorescent marker strain Re-mcherry.
ccdc39 develops 0% and Re develops 99% sporophytes per gametophore under selfing conditions. Under crossing
conditions, Re develops 98% of sporophytes per gametophore of which 0.03% are crosses. ccdc39 develops 94%
sporophytes per gametophore of which 100% are crosses (asterisk shows significant deviation, Chi-square test, p <
0.01). Median marked by black line.

Re (B) and ccdc39 (C) apices 30 days after watering show properly developed sporophytes on Re apices and bundles
of gametangia on ccdc39 apices.

D: Phase contrast image of fixed mature ccdec39 spermatozoids displaying posterior flagellar loops (arrows).

E: SEM of ccdc39 spermatozoid that remains in coils. The nucleus (n) is a long coiled cylinder that narrows posteriorly.
Irregular flagella coil around the cell (arrowhead).

F: TEM of whole mature spermatozoid in cross section with compacted nucleus (n) in upper coil. Arrowheads
indicate irregular flagella that encircle the cell for over 2 revolutions. Cytoplasmic connections (cc) adjoin axonemes
across their length. Bar= 500 nm.

G-l: TEM cross sections of irregular flagella showing intact acentric central pair complexes (white arrowheads), outer
dynein arms (od, black arrows), and double axonemes in single flagellar shafts in G and I.
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of the flagellar length occurred (Oda et al. 2014), an observation only occasionally seen in P.
patens ccdc39. No ccde39 null mutant has been reported for H. sapiens yet, but cilia of epithelial
cells of persons bearing mutations in ccdc39 showed a reduction of length in 2/4 cases (Merveille
et al. 2011), implying flagellar length variations to be part of the phenotype, comparative to P.
patens ccdc39. Interestingly, all three species share the loss of the inner arm dyneins upon
mutation of ccdc39 ((Merveille et al. 2011, Oda et al. 2014); Fig.4 G-1), indicating a conserved
function. Ccdc39 gametes undergo normal cellular morphogenesis into a streamlined coiled
architecture, including nuclear compaction/elongation, similar to Re and Gd gametes (Fig. 4F).
The locomotory apparatus develops normally and the two flagella elongate around the cell
perimeter. However, axonemal organization is completely disrupted in the KO spermatozoids.
The nine doublet microtubules are randomly arranged within an abnormally-shaped flagellar
shaft that is rarely cylindrical (Fig. 4E-1). The central pair complex remains intact but it is not
anchored in the center of the axoneme (Fig. 4F-1). Floating doublet microtubules show evidence
of outer dynein but inner dynein is unclear (Fig. 4G, H). Typically, only a single complement of
nine doublets and one central pair occurs within an axoneme, but the occasional two
complements are visible within a single flagellar shaft (Fig. 4F, 1). Cytoplasmic connections across
coils provide evidence of incomplete separation of cellular coils that is likely responsible for the
posterior loop in flagella evident in the light microscope (Fig. 4D). The cytoplasmatic connections
observed in the ccdc39 background are similar to those displayed by Gd (Fig. 2E), which also
showed a reduced expression of ccdc39 in comparison to Re (Fig. S3B). Together these
observations suggest a functional connection between ccdc39 expression and the mutant

phenotype.
Conclusions

Our analyses suggest that the long term vegetative propagation of the Gd lab strain led to
accumulation of several (epi-)mutations, affecting the male reproductive apparatus.
Unfortunately, the original Gd collection site is not available anymore due to changes in land use.
However, the Gd isolate was shipped to Japan (GdJp) in the early 90s and has been propagated
involving regular sexual reproduction. To proof the assumption that the original Gd isolate had

not been infertile, we analyzed the fertility of GdJp and found that the sporophyte development
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was significantly higher in comparison with the predominantly vegetatively propagated Gd (Fig.
$10). Hence, the genetic and epigenetic differences observed between Gd and Re are probably
due to somatic changes acquired during vegetative culture as previously proposed (Ashton et al.
2000). To avoid such accumulation of deleterious (epi-)mutations it appears advisable to
regularly include sexual reproduction into the lab strain propagation, and to test the offspring for

fertility.

Interestingly, known key players affecting cilia motility in mammal model organisms and human
could be identified via their P. patens expression profile as well as through (epi-)mutations
between Gd and Re. Some of these were characterized via transcript profiling, demonstrating
biased expression between the ecotypes. Loss-of-function analysis of ccdc39 showed
involvement in proper flagella formation in P. patens as well. Hence, flagellated plants (like
mosses) apparently harbor male gametes with a flagellar architecture that is conserved with
mammals, and thus could serve as easily accessible models for human disease or animal
foodstock fertility associated with flagella. Whether only flagella or the process of male motile

gamete development is evolutionarily conserved as well remains to be determined.

Our network analyses show that the components of the protein-protein interaction network of
the eukaryotic flagellar structure are well conserved. This network is also supported by the loss-
of-function mutant: ccdc39 was found via the network and expression analysis as well as through
a candidate gene approach, and resembles the Gd phenotype in terms of male infertility. Most
probably, given the lack of SNPs and DMPs in the underlying gene, Ppccdc39 is not the causative
master mutation. Rather, it appears probable that one or several upstream regulators are
affected, causing (among others) the mis-regulation of Ppccdc39. In this regard it is interesting
to note that the homeodomain (HD) TALE TF BELL1, known to be involved in the alternation of
generations (haploid to diploid phase transition) in algae and plants (Horst et al. 2016, Lee et al.
2008), shows expression in Re but not in Gd. Intriguingly, the heterodimeric interaction of HD
TALE TFs observed in animals and plants has recently been suggested to be an ancestral
eukaryotic feature to control the haploid-to-diploid transition only when gametes were correctly
fused (Joo et al. 2018). Potentially, master regulators like BELL1 not only control zygote

formation, but even earlier processes of sexual reproduction.
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Primary Ciliary Dyskinesia (PCD)is a heterogeneous genetic defect that results in abnormal
structure and function of cilia (Noone et al. 2004). In humans, the condition has a range of
biological and clinical phenotypes that include respiratory infections, reduced fertility and situs
inversus or developmental left-right inversion of organs. Ultrastructural observations of cilia in
patients with PCD reveal perturbations of outer and inner dynein arms, radial spokes and the
central pair complex, with 10% exhibiting normal axonemal structure (Papon et al.
2010). The conserved nature of the 9+2 core structure of cilia and flagella is particularly
underlined in the present study as a universal phenotype of ccdc39 loss-of-function mutants,
since itoccurs inmoss, dogs and humans (Merveille et al. 2011). All show axonemal
disorganization and inner dynein arm aberrations. Functional analyses indicate that the ccdc39
gene is necessary to assemble the dynein regulatory complex and inner dynein arms. The striking
defects evident in ccdc39 moss spermatozoids are even more exaggerated than those in humans
and dogs, perhaps due to the extreme length of flagellar axonemes compared with cilia. Nevers
(Nevers et al. 2017) classified motility-associated genes responsible for ciliopathies such as PCD,
including ccdc39, in arelatively small subset of ciliary genes necessary to construct a motile
flagellum. These genes are found in all ciliated organisms, including eukaryotes such as land
plants in which cilia are restricted to gamete-producing cell lineages. As an easily manipulated
experimental system, P. patens provides unparalleled opportunities to systematically and
individually examine gene structure, function and evolution in the core genes responsible for

the development of the eukaryotic cilium/flagellum.

Methods

Plant material

P. patens ecotypes Gd (Rensing et al. 2008) and Reute (Hiss et al. 2017) were cultivated under
the same conditions as described in (Hiss et al. 2017) for sporophyte development, and for
crossing analysis as described in (Perroud et al. 2019). For gametophytic stage phenotyping,
protonemal cells were placed on 9cm Petri dishes with solid minimal medium (1% w/v agar,

Knop’s medium, (Knop 1868)) enclosed with 3M micropore tape and inoculated 7 days for
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protonema and in total 10 days for gametophore analysis in long-day (LD) conditions
(70 umol m=2 571, 16h light, 8h dark, 22°C). Gametangia harvest and analysis was performed at 21
days after short-day (SD, 20 pumol m=2s71, 8h light, 16h dark, 15°C) transfer.

Counting and statistical analysis of sporophytes per gametophore under selfing and crossing
conditions, data visualization

To determine the number of sporophytes developed by ecotypes and knock-out mutant,
counting of the selfed F1 of three independent mutant lines (ccdc39#8, ccdc39#41, ccdc39#115,
Fig. S11) was performed at 30 days after watering as described in (Hiss et al. 2017) using a Leica
S8Apo binocular (Leica, Wetzlar, Germany). Counting of the crosses was performed according to
(Perroud et al. 2019) using a fluorescence stereomicroscope SteREO LumarV12 (Carl Zeiss,
Oberkochen, Germany). For counting of the selfed F1, at least five independent biological
replicates with in total 537 to 742 gametophores per sample were analysed. For the crossings,
three biological replicates with in total 300 to 630 gametophores per sample were analysed. For
the ecotype comparison between Re, Gd and Gdlp three replicates with in total 523 to 730
gametophores were analysed. Statistical analysis was carried out using Microsoft Excel 2016

(Microsoft) and R. Plots in R were done using ggplot2 (Wickham 2016).

Microscopic analysis of gametangia and sporophytes

Harvest and preparation of sporophytes, gametangia and spermatozoids was performed with a
Leica S8Apo binocular (Leica, Wetzlar, Germany). Microscopic images were taken with an upright
DM6000 equipped with a DFC295 camera (Leica). For both devices the Leica Application suite
version 4.4 was used as the performing software Images were processed (brightness and contrast

adjustment) using Microsoft PowerPoint.

Spermatozoid microscopy, DAPI staining and counting
Preparation for 4',6-diamidino-2-phenylindole (DAPI) staining/flagellar analysis and counting of
spermatozoids per antheridium was performed after 21 days of SD inoculation. Per sample, a

single antheridium was harvested in 4 pl sterile tap water applied to an objective slide. The
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spermatozoids were released using two ultra-fine forceps (Dumont, Germany) and the sample
was dried at room temperature (RT). Samples were fixed with 3:1 ethanol/acetic acid and after
drying spermatozoid nuclei were stained applying 0,7 ng/ul DAPI (Roth, Germany) in tap water.
The samples were sealed with nail polish (www.nivea.de). Microscopic images were taken with
an upright DM6000 equipped with a DFC295 camera (Leica). Brightness and contrast of

microscopy images was adjusted using Microsoft PowerPoint.

Electron microscopy

For SEM images, mature spermatozoids (21 d after SD transfer) were harvested on an objective
slide covered with polilysine. Chemical fixation was performed with 2.5% glutaraldehyde and an
ascending alcohol preparation using 30, 50, 70, 90, and two times 100 % of EtOH was performed.
Subsequently, the samples were critical point dryed (Tousimis, Rockville, USA) and coated with
20nm gold using a Leica Sputter (Leica, Wetzlar, Germany). The samples were then analysed with
a SEM (Philips XL30, Hamburg, Germany). For TEM, adult apices (21 d after SD transfer) were
used. Sample preparation was done as previously described with slightly modified infiltration
(25% Epon (Fluka® Analytical, USA) in propylene oxide for 2h; 50% Epon in propylene oxide

overnight; next day pure Epon and polymerization).

Nucleic acid Isolation

Genomic DNA for genotyping was isolated with a fast extraction protocol, using one to two
gametophores as described in (Cove et al. 2009). To determine candidate gene expression levels
in juvenile (5 weeks LD growth) and adult (21 days after SD transfer) apices, each at least 25
apices were harvested in 20ul RNA later (Qiagen, Hilden, Germany). Tissue was stored at -20°C,
until RNA was extracted using the RNeasy plant mini Kit (Qiagen). For RNA-seq RNA was isolated
from 40 antheridia bundles, comprising 4-6 antheridia each, harvested at 21 day after SD transfer
and directly stored in 20ul RNAlater. RNA was extracted with a combination of RNeasy plant mini
and RNeasy micro kit (Qiagen). The RNeasy plant mini kit was used until step 4. Flowthrough of
the QlAshredder spin column was diluted in 0,5 volume 100% EtOH and then transferred to the

RNEasy spin columns of the micro kit for further treatment with the micro kit. RNA concentration
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and quality was analysed with Agilent RNA 6000 Nano Kit at a Bioanalyzer 2100 (Agilent

Technologies).

Real-time PCR (RT-PCR) & quantitative real-time PCR (qPCR)

To determine gene expression in juvenile vs. adult, respectively Gd vs. Re adult apices, RNA was
extracted as described above. cDNA synthesis was performed using the Superscript Il (SSIII) kit
(ThermoFisher Scientific) according to the manufacturers’ protocol but using % of the suggested
SSIIl amount. Primers were designed manually with an annealing temperature +/- 60°C and a
product length of ca. 300 bp. Single genomic locus binding properties were tested by using BLAST
against the V3.3 genome of P. patens. Real-time PCR was performed using 5 ng of cDNA as input
for PCR reaction with OneTaq from New England Biolabs). PCR products were visualized via gel
electrophoresis using peqGREEN from (VWR, Germany). As size standard, the 100 bp ladder (NEB)
was used. Real-time gqPCR was carried out with two (for juvenile vs. adult comparison) or three
(expression determination of ccdc39) biological replicates as published in Hiss et al., 2017. As
reference gene, act5 (Pp3c10_17070V3.1, (Le Bail et al. 2013) was chosen, due to homogenous
expression in juvenile and adult apices in Gd and Re (Fig. S12). For primer sequences see Table

$10.

Antheridia bundle RNA-seq & analysis

RNA-library preparation and RNA-seq was performed at the MPI genome center Cologne
(mpgc.mpipz.mpg.de). For each ecotype, two libraries were prepared with the ultra low input
RNA-seq protocol followed by sequencing with lllumina HiSeq3000 (150 nt, single ended). For
gene expression and DEG analysis for Gd 53,6 Mio. and for Re 56,4 Mio. uniquely mapped reads
were used. The analysis was performed as previously described for the Physcomitrella patens
gene atlas project (Perroud et al. 2018), using the strict consensus of three DEG callers, defining
transcripts as expressed if their RPKM was greater than or equal to 2. For RPKM data see Table

S11 and for DEGs Table S8.
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Methylated and differentially methylated positions (DMP) and overlap with single nucleotide
polymorphisms (SNP)

The Re data was generated and treated as described for Gd in (Lang et al. 2018) and only positions
with a coverage equal to 9 or above were used for further analysis. DMPs between Gd and Re
were called using methylKit using a g-value < 0.01 and a methylation difference of at least 25%
(Akalin et al. 2012). Differentially methylated positions were associated with gene models by
using bedtools intersect (Quinlan et al. 2010). For GO bias calculation all hyper- and hypo-
methylated genes within all contexts (CHG, CHH, CG) were used. This gene list was used to
identify genes also affected by a SNP between Gd and Re (Hiss et al. 2017) to generate GO bias

data of the intersection.

Vector construction and preparation

Deletion constructs were built using pBHRF (Schaefer et al. 2010) as backbone. PCR reactions
were performed with OneTaq (NEB), restriction enzymes were purchased from NEB as well as
the T4 ligase and 100bp respectively 1kb ladder. For primer sequences see Table S1. 5’- and 3’-
homologous regions of Ppccdc39 were amplified from gDNA wusing primer pairs
ccdc39_HR1_for/rev and ccdc39HR2_for/rev. Flanks were subsequently cloned into pMETA via
TA cloning to generate 5’- and 3’ flank containing vectors. The 5’ flank was cut and cloned into
pBHRF using the restriction enzymes Pmel and Xhol. The 3’ flank was cut and cloned using the
restriction enzymes Narl and Ascl. The final deletion cassette consists out of the two homologous
regions flanking the 35S5:Hygromycin:CamVter selection marker (Fig. S13). Plasmid amplification
was performed in E. coli Topl0 cells, plasmid extraction was performed using the NucleoBond
Xtra midi kit (Machery-Nagel, Diren, Germany). For stable transfection, the plasmid was cut

using Pmel and Ascl, and after ethanol-precipitation solved in sterile TE.

Moss transfection
Moss transfection was carried out in the Re wild type background (Hiss et al. 2017) with small
modifications as published in (Cove et al. 2009): after protoplast regeneration all subsequently

used media was Knop medium supplemented with 5mM di-ammonium tartrate (Sigma-Aldrich,
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Germany). For selection, the antibiotic hygromycin B (Roth, Germany) was used as an additive,

with a concentration of 20mg/I.

Genotyping

To identify correctly integrated mutants a set of PCR controls was performed (Fig. S14). WT locus
absence was tested by using the primer pair ccdc39_ingDNA_for/rev located in the coding
sequence of ccdc39. Proper insertion of the 5’ flank was tested using ccdc39 _HR1in (located
upstream of the 5’ flank) and p35S_rev (located in the resistance cassette promotor). The 3’ flank
was tested using ccdc39_HR2in (located downstream of the 3’ flank) and tCMV_for (located in
the terminator of the resistance cassette). Full length PCR was performed using ccdc39_HR1in

and ccdc39_HR2in.

Gene Ontology analysis and visualization
Gene ontology analysis was performed as described in (Widiez et al. 2014) based on the P. patens

V3.3 annotation. Visualization was done using Wordle (http://www.wordle.net/). Green font

colors mark over-represented, red font colors mark under-represented GO terms. Size and color
correlate with significance. Darker colors and larger font size are correlated with higher
significance (g < 0.0001) whereas lighter colors and smaller font size indicate a lower g-value (q

>0.0001 but < 0.05).

Network analysis and gene identifier conversion

For network analysis www.string-db.org (Szklarczyk et al. 2015) was used, using V3.3 protein

models. To convert gene IDs from the most recent V3.3 annotation to V1.6 used by string-db.org,

the conversion table published by (Perroud et al. 2018) was used.
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9 Concluding remarks and outlook

In summary, the work presented here did not only help to understand the loss of fertility in the Gd
ecotype, but also introduced and characterized the fertile ecotype Re and several newly generated
resources for P. patens. Namely, a comparative DNA methylation data set of sexual reproductive
tissue was generated using Gd and Re; the fluorescent marker strain Re-mCherry was introduced
which can be employed in crossing analyses; comparative RNA-seq analysis of antheridia bundles was
generated for Gd and Re which allows to get deeper insights into spermatozoid development and

differences between both ecotypes.

Finally, this work also could show that key players required in P. patens and mammal sexual

reproduction are evolutionary conserved.

9.1 Gransden infertile phenotype probably due to somatic (epi-) mutations

The finally determined locus of impairment in the world wide used ecotype Gransden which indeed,
should be defined as a lab strain, with Gd ecotype background, was shown to be the male
reproductive apparatus. Interestingly, SNP, KaKs, DNA methylation and RNA-seq analysis from the
presented publications and tissues showed differences between Gd and Re, in which GO bias analysis
and/or selected marker genes pinpointed towards impairments in the sexual reproduction. My
assumption here is that Gd and Re are even more closely related than thought before and that the
shown differences are due to the long term vegetative reproduction in vitro, which led to the
accumulation of (epi-) mutations visible in the comparative analysis (Ashton and Raju, 2000; Perroud
et al., 2011; Hiss et al., 2017; Meyberg et al., 2019). The distance between both collection points
could easily be bridged by migrating birds which was proposed earlier (Beike et al., 2014; Hiss et al.,
2017). This theory is supported by the low number of SNPs found between Gd and Re in comparison
to the ecotypes Vx and Kaskaskia (Ka) and in comparison to ecotypes in e.g. A. thaliana (Cao et al.,
2011; Hiss et al., 2017; Lang et al., 2018). To prove this theory, it might be worthwhile to analyze the
SNPs between the japanese Gransden (GdJ) laboratory strain which still can develop a solid number
of sporophytes (~60%, Meyberg et al., 2019) and Gd resp. Re. With this approach, also the effect of
natural variations as a putative trigger of infertility can be reduced: genes, affected by the negative
selection pressure due to the missing sexual reproduction of Gd, should show less divergence in

comparison of Re and GdJ, but several SNPs when Gd and GdJ are compared.

96



9.2 Physcomitrella patens can be employed for analysis of defects in the mammal
male germline

So far, several P. patens genes were shown to have homologs in mammals, but in particular genes
involved in the male sexual reproduction, show highly similar functionalities of the proteins as well,
e.g. GLR (Ortiz-Ramirez et al., 2017), ATG7 (Sanchez-Vera et al., 2017) and CCDC39 (Meyberg et al.,
2019). This leads to the assumption that the development of flagellated male gametes and sessile
female gametes is not convergent but homologous between plants and mammals. Usually, C.
reinhardtii is employed for the analysis of flagellar related genes which are responsible for male
infertility in human (Lechtreck and Witman, 2007; Oda et al., 2014). In comparison to the used algal
model so far, bryophytes possess not only mating types, but spermatozoids and egg cells which fuse
to yield the zygote after successful fertilization. The flagella are not present during most of the life
cycle and only develop for sexual reproduction as in mammals. Also several resources are available,
as e.g. the genome, transcriptomes and methylomes and efficient transformation and gene targeting
protocols are available. The two suggested model organisms are the liverwort M. polymorpha and
the moss P. patens. Both have different advantages and can be used for different approaches: M.
polymorpha is diocious and thus has the advantage of a clear separation of the sexes for e.g.
DNA/RNA extraction for DNA methylation or expression analysis. In comparison, P. patens is easily
cultured and transformed, the induction of sexual reproduction is fast and the life cycle in vitro is
shorter. Additionally, antheridia, archegonia and the sporophytes are not hidden inside the
antheridio-/archegoniophores and thus, easily accessible for harvest or microscopical analysis.
Efficient crossing analysis can be performed without effort and also multiple mutants can be
generated this way. Thus, organisms should be chosen depending on the scientific topic which should
be addressed. Based on the presented work, | propose bryophytes as a model system for easy and
quick analysis of genes affecting female or male reproductive organs as e.g. genes associated with

flagellar dysfunctionalities in mammal and particulary human diseases.

9.3 Bryophytes possess inner and outer dynein arms

As described in the introduction, contrary information about the presence of IDAs and ODAs in
bryophytes is published. The motility of eukaryotic flagella is dependent on these dynein motor
proteins which drive interdoublet sliding (Porter and Sale, 2000; Heuser et al., 2009) whereas most

eukaryotic flagella probably show inner and outer dynein arms (Silflow, 2001). The data underlying
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the previous publications which were published in 2011 and 2012 was, with regard to bioinformatic
analysis quite fragmented. Also the development of the tools used for analysis was not as far as it is
now. Thus, probably the lack of high quality and in depth sequencing data of the genomes as well as
transcriptomes was one part leading to the contrary results. With regard to the morphological
analysis, several studies were probably performed on laboratory strains. As this work could show, the
accumulation of mutations and epi-mutations due to in vitro culture leading to the loss of fertility
through the loss of IDAs is possible. Thus, the possibility to gather mutations in ODAs or IDAs or in
proteins affecting their function could also have led to the contrary results. Additionally, the process
needed to finally get a TEM image of a flagellar ultrastructure is complicated and e.g. images with
little contrast could easily hide the presence of IDAs or ODAs. Finally, the here presented
ultrastructural analysis of mature Gd and Re axonemes showed the presence of probably both, inner
and outer dynein arms in P. patens and solved at least for mosses, the contrary information

published so far.

9.4 Outlook

9.4.1 Future usage of data and methods established in this thesis

Data sets and findings from the presented work will be and have already been used for further
research. The DNA methylation data for the Gd ecotype, published in Lang et al., 2018, is the first
part of a comparative DNA methylation analysis between Gd and the previously introduced ecotype
Re which was employed in Meyberg et al., 2019. This data set was also used for the development of a

pipeline identifying differentially methylated regions (DMR) in plants (Kreutz et al., under revision).

The fluorescent marker strain Re-mCherry is employed for all crossing analysis performed in Meyberg
et al., 2019 and additionally in the latest analysis of DEK1 localization and fertility analysis (Perroud et
al., in preparation). The RNA-seq analysis of antheridia bundles presented in Meyberg et al., 2019 will
be made available in the Physcomitrella expression analysis tool (PEATmoss, Fernandez-Pozo et al.,
under revision), which then can be used by the community to assess expression in sexual
reproductive tissues as well as comparative analyses between Gd and Re. The technique developed
for microscopical antheridia and spermatozoid analysis will also be employed for further publications
as e.g. in Perroud et al., (in preparation) characterizing DEK1 localization in P. patens antheridia and
spermatozoids as well as for mutant spermatozoid characterization in research performed by Anne C.

Genau.
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9.4.2 Project specific outlook

Based on the results of this work, | am highly interested in the complementation analysis of the
ccdc39 mutant. To determine the level of evolutionary conservation, | would like to employ
homologs from alga, liverworts and human. To analyze the temporal and spatial protein presence, a
P. patens ccdc39:gfp would serve well. Since the C. reinhardtii mutant did always show flagella with a
reduced length (Oda et al., 2014) which is not the case in P. patens, | would also like to analyze
ccdc40 which is a direct interaction partner of ccdc39 in human and algae. Defects in ccdc40 also lead
to PCD in human displaying a comparative phenotype to mutations in ccdc39 (Becker-Heck et al.,
2011; Antony et al., 2013). In this case, the analysis of single as well as double deletion mutant
phenotypes with regard to the flagella and the flagellar ultrastructure would be interesting in
particular, if the deletion of both interaction partners led to a reduction of the flagellar length. This
would give new insights into the evolution of ccdc39 and ccdc40 function in eukaryotic cilia.
Additionally, in depth analysis based on the newly released expression data sets and high quality
TEM images stained with specific antibodies of IDAs and ODAs would be highly interesting to get

deeper knowledge about IDAs and ODAs in early diverging land plants.

With regard to the methylation and RNA-seq data | would like to dive deeper into the flood of genes
that are differentially expressed and methylated between Gd and Re and, if possible, identify the
reason for the hydin hypermethylation which, at least partly, led to the Gd infertile phenotype. Also,
some of the candidate genes from the candidate gene approach should be analyzed further, since
promising first phenotypic data are available. Finally, | propose several putative scientific projects can
arise from my presented work and | am looking forward to find out more about the factors affecting

sexual reproduction in P. patens.
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11 Attachment
11.1 RTPCR analysis

RTPCR and gPCR primer were designed to, if possible, include at least one exon-exon border to
restrict DNA amplification. Gel images of RTPCR for all 24 candidate genes in Gransden (G) and Reute
(R) juvenile (j) and adult (a) apices were analysed. Green rectangle marks presence, or putative
presence (question mark), of a PCR product with the predicted size, which is indicated in brackets

next to the candidate gene number.

1 (329bp) 2 (281bp)

3 (293bp) 4 (251bp) 5 {294bp)
GJ_' FfJ' Ga SR+ - -(Gj) R] (GanRa) +% - 100bp
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11.2 Candidate gene gPCR results

2-cq was calculated for each sample and normalized by reference gene median expression. Technical
replicates were normalized by median, biological replicates by average. Average and standart

deviation of all biological replicates was determined and used for visualisation (Tab. 2, Fig. 5).

Table 2: qPR expression of the five selected candidate genes.

Median Median

Condition Gene Replicate1  Replicate2 average stdev

Gj act5s 1 1 1 0

Ga act5 1 1 1 0

Rj acts 1 1 1 0

Ra act5 1 1 1 0
Median Median

Condition Gene Replicate1 Replicate2 average stdev

Gj 1 0 o’ o’ 0

Ga 1 0.073812041 0.168404197 0.121108119 0.066886755

Rj 1 0 o’ o’ 0

Ra 1 0.262429171 0.275476279  0.268952725 0.009225699
Median Median

Condition Gene Replicate1 Replicate2 average stdev

Gj 2 0 9.53674E-07  4.76837E-07  6.7435E-07

Ga 2 0.289172046 0.586417475 0.43779476 0.210184258

Rj 2 1.25838E-06 07 6.29196-07" 8.8981E-07

Ra 2 0.489710149 0.972654947 0.731182548 0.341493542
Median Median

Condition Gene Replicate1 Replicate2 average stdev

Gj 3 0 0" o 0

Ga 3 0.273573425 0.482968164 0.378270795 0.14806444

Rj 3 0 o’ o’ 0

Ra 3 0.476318999 0.812252396 0.644285698 0.237540783
Median Median

Condition Gene Replicate1  Replicate2 average stdev

Gj 5 0 0" o 0

Ga 5 0.040386026 0.05440941 0.047397718  0.00991603

Rj 5 0 0" o” 0

Ra 5 0.0476956 0.114228931  0.080962266 0.04704617
Median Median

Condition Gene Replicate1 Replicate2 average stdev

Gj 13 0 0" o 0

Ga 13 0.015303442 0.031467361 r 0.023385402 '0.011429617

Rj 13 9.1873E-05 0 4.59365E-05" 6.4964E-05

Ra 13 0.037162722 0.035402621 r 0.036282672 '0.001244579
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11.3 Knock-out strategy and constructs

To generate the knock-out mutants, homologous recombination was used to exchange the complete
gene locus (Fig. 6). This has the advantage of generating mutants with a known genome sequence

and the complete loss of gene function.

A Re
5 3
B  qr1 WHecus T HR2 N

B KO mutants

51
B HR1

Figure 6: Sketch of KO generation via homologous recombination. A: Wild type locus (blue) flanked by the homologous
regions (HR) one and two. B: Mutant locus with the resistance cassette between both HRs. Resistance cassette consists out
of a 35S promotor (p35S), a hygromycin resistance (hptll) and a cauliflower-mosaic-virus terminator (tCMV).

pBHRF_2 6783 nt

1804...2814 Hptll

Y
D

pBHRF_3 7043 nt pBHRF_57195 nt .

Figure 7: KO-constructs for candidates 1,2,3 and 5 (A-D) and their corresponding size in nucleotides (nt). Each construct is
based on pBHRF (Schaefer et al., 2010). All constructs encompass an ampicillin resistance (AmpR) for amplification in
Escherichia coli and a hyromycin resistance (Hptll) for mutant selection in P. patens. Used restriction enzymes are shown in
light blue and homologous regions (HR) in blue.

112



12 Supporting information

Published supplements of publications contributing to this thesis. Partial supplements provide the

link to the supporting information at the journal homepage.

12.1 Meybergetal., 2019
Supplementary tables are available at BioRxiv:
https://www.biorxiv.org/content/10.1101/728691v1.supplementary-material
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Figure S1: Detailed analysis of Gd and Re spermatozoids.

+

Re
Elongated flagellar tip

The number of spermatozoids per antheridium does not vary significantly between Gd and Re (A, n =
10 of each ecotype). Median-cantered box-dot plots representing 50% of the measurements within
the white box, whereas the whiskers show the 1.5 interquartile range (IQR). Dots show individual
measurements. In Re, 94% of the spermatozoids were motile, 6% were immotile of which 3% showed
flagellar movement. In Gd, 8% of the spermatozoids where motile, 92% were immotile, of which 24%
showed flagellar movement. The number of motile spermatozoids is significantly different between
ecotypes (B, Gd n = 50, Re n = 103, p < 0.01 chi-square test). C: Gd spermatozoids (n = 51) show
coiled flagellar tips statistically significantly more often compared to Re spermatozoids (n = 62, p <

0.01, t-test). Median: black cross.
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Figure S2: GO bias analysis and word cloud visualization.

Over-represented terms are shown in green, whereas under-represented terms are shown in red.
Larger font size correlates with a higher significance level. Genes affected by DMPs between Re and
Gd in any of the contexts (CG, CHH, CHG) show over-representation of terms connected to cilia
motility as well as terms related to macromolecule modification (A). Genes expressed in Gd (B) and
Re (C) antheridia bundles show over-representation of polyamine and peptide biosynthetic processes
as well as under-represented terms associated with mRNA capping.
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Figure S3: Expression analysis of genes expressed in antheridia bundles.

A: RT-PCR expression in adult gametophore apices of Gd and Re of hydin, marchl and belll genes
matches RNA-seq data. B: RNA-seq expression of Gd and Re march1 (blue) and hydin (orange) show
significant differences between Gd and Re (*, p < 0.01 t-test).
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Figure S5: March1 gene body methylation.

Percentage of methylated reads per position per pattern of Gd (A) and Re (B) adult gametophores.
The V3.3 gene model of marchl is shown in grey, the UTRs are marked in blue and exons are shown
in orange. Very low levels of methylation are detectable in march1 and 2kb upstream in both Gd and
Re. CHG (blue), CHH (yellow) and CpG (green) marks are shown.
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Figure S6: Network analysis of genes associated with proper flagellar functionality.

A: March1 network shows two protein phosphatases being co-expressed in common with CCDC39 (C,
black arrows). B: Network analysis of hydin shows connectivity with genes affecting sperm cells
(CCDC39, RSPHY, TLL6-like). C: Network analysis of CCDC39. Coexpressed protein phosphatases
marked by black arrows. Line color specifies connection type between analysed proteins: dark grey
marks co-expression, light green marks literature analysis, sky blue marks protein homology, grass
green marks gene neighborhood, cyan marks interaction shown by curated databases, pink marks
experimentally determined interactions.
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Figure S6: Percentage of ccdc39 methylated reads per position.

Gd (A) and Re (B) adult gametophores. Gene model annotation as described in Fig. S5. Low gene
body methylation is detectable in ccdc39 and 2kbp upstream in both Gd and Re.

Figure S7: Protonema (A) and gametophore (B) development of Re compared to ccdc39 mutant
strains.

No obvious morphological differences could be observed in the analysed mutant lines.
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Figure S8: Gametangia development of ccdc39 mutant strains compared to Re.

No obvious morphological differences can be detected. A: dissected apices with both archegonia and
antheridia, B: detailed images of the antheridia bundles.
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Figure S9: Number of sporophytes per gametophore developed under selfing conditions for P. patens
ecotypes Re, Gd and GdJp.

Re (n = 3, 730 gametophores) shows median 100% sporophyte per gametophore, Gd (n = 3, 523
gametophores) shows 1.9% sporophytes per gametophore and GdJp (n = 3, 653 gametophores)
43.1%. GdJp develops significantly more sporophytes per gametophore in comparison with Gd (p <
0.05, t-test).
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Figure S10: Sporophyte per gametophore development for all three independently analysed ccdc39
strains.

All ccdc39#8 (n = 546), ccdc39#41 (n = 714) and ccdc39#115 (n = 537) show in median 0% of
sporophytes in comparison to median 99% of sporophytes for the corrosponding wildtype
background Re.

Figure S11: Expression level of act5 in juvenile (j) and adult
Gdj Rej’! Gda Rea 100bp (a) apices of Gd and Re show similar expression.
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Figure S12: Final vector for amplification via ampicillin selection (yellow) of the knock out cassette
flanked by the enzymes Pmel and Ascl. HR1 and HR2 (blue) flank the resistance cassette consisting
out of the 35S promotor (green), the hptll resistance gene (pink) and the CMV terminator (red).
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Figure S13: Gel images and sketch (E,F) of performed genotyping on Re and ccdc39 gDNA.

Presence of the wild type locus was tested using ingDNA_for/rev (A). HR1 (B) and HR2 (C) presence
was verified using HR1in_for/p35S_rev and tCMV_for/HR2in_rev. Full length amplification was
performed using HR1in_for/HR2in_rev (D).
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12.2 Perroud et al., 2019
Supporting information is accessible at the journal homepage:
https://onlinelibrary.wiley.com/doi/full/10.1111/plb.12840

12.3 Langetal., 2018

Download complete supplemental material:
https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1111%2Ftpj.13801&file=tpj138
01-sup-0001-AppendixS1.docx
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Figure S29: Genes affected by body methylation.
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Figure S30: Methylated genes.

A) Distribution of methylated positions (%) across all three contexts in genes showing GBM.
B) GO bias analysis of methylated genes with RPKM > 0, biological process ontology. C)
Venn diagram showing expression of methylated genes in the three principal developmental
stages.

G_CHG G_CHH G_CG

average methylated % GC % average methylated % GC % average methylated % GC %

ALL 62,45841279 37,9643415ALL 10,72077003 35,7739744ALL 48,26382088 39,71913%4
NO RPKM 69,65318023 37,5602105N0O RPKM 11,52950977 35,4695635 NO RPKM 58,38698921 39,2857488

RPKM >0 <2 | 42,10277254 38,7865405RPKM >0<2 | 5,734804923 36,7334532RPKM >0<2| 26,75197331 39,3490395
RPKM >=2 13,08027413 41,5197368RPKM >=2 1,406773056 43,1433333 RPKM >=2 5,705589374 43,4942735

Table S18: Comparison of methylation contexts with GC and expression evidence.
Most methylated genes show no expression (no RPKM); increasing RPKM is associated with

increasing GC and decreasing methylation content. Percentage methylation varies between
contexts whereas GC content is relatively stable.

12.4 Hissetal., 2017
Supporting information is available at the journal homepage:
https://onlinelibrary.wiley.com/doi/full/10.1111/tp{.13501
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