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4 Abstract

Physcomitrella pateniselongsto 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 employingP. patensas a model organisnDecades of researchmainly focusedon the
gametophytic generationprobablyalso due to the lack of sexual reproductive events in the primarily
used ecotype Gransdehong termin vitro vegetative reproductiomprobablyled to the accumulation

of somatic (ep) mutationswhich eventuallyled to a nearly male sterile phenotyp&o far, only few

P. patensecotypes areused for scientific workThus, to overcome the fertility issues amal apply
comparativeanalyses to studysexual reproductiorand sporophytedevelopmentas well aspecies

and population divergence i®. patensthe establishment of more ecotypds highly needed. In
comparison to other plant model organisms as égabidopsis thalianagenome wide epigenetic
modifications especially with regard to sexuabroduction are stll barely studied inP. patens

ecotypes

Here | present thecharacterization of the sexual reproduction of the recently introduced fertile
ecotype Reute which wasollected2006 inGermany. Reuteis the most closely related ecotype to
Gransden reported séar. In a comparative analysis betwegme ecotypesGransden, Reute and
Villersexel | could show no differences in timing and morphology of the sexual reproductive tissues
However, whileReute was as fertile as the more distant ecotype Villersexel, Gransden was nearly
selfsterile. Also, | presentthe fluorescent marker strain Reut®Cherrywhich can be used in
crossing analys e.g.to determineif female or male sexual reproductive orgaare impairedBy
employing this method, a clear male defect could be shown in Grandelemher, | present a
comparativemulti-omicsanalysishetween Gransden and Reute using different tissues during sexual
reproduction Single nucleotide polymorphisméSNPs),DNAmethylation and RNAexpression
pinpoint a flagellar defect which presumablyleads to the observedmale fertility impairment in
Gransden. Finally, | present the characterization of-flayerswhich are highly conserved within

eukaryotesand ae required for flagellar motility in humans as well as in the nigsatens



5 Zusammenfassung

Das MoosPhyscomitrella patengst ein rezenter Nachkomme der ersten Landpflanzen. Diese
phylogenetisch interessante Position ermdglicht die Analyse von Schlisselmomenten in der Evolution
der (Land) Pflanzen.P. patenswird it vielen Jahrzehnten als Modellorganismus verwendet.
Dennah konzentrieren sich die meisten Arbeiten bisher auf die gametophytische Generation,
welches sich durch das seltene Vorkommen der sexuellen Retiod im vorwiegend verwendeten
Okotyp Gransden erklaren lasst. Seit vielen Jahren wird das Gewebe iin déro Kultur
ausschlieB3lich vegetativ vermehrt. Die vermutlich daraus resultierende Anhaufung von somatischen
(Ept) Mutationen hat die mannliche Sterilitét von Gransden zur Folge. Bisher werden nur wenige der
bekanntenP. patensOkotypen fiir wissenschdiithe 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 ermdglichen Okotypen
vergleichende Analgs der Speziesund Populationsvielfalt ifP. patens Im Vergleich zu anderen
Pflanzenmodellorganismen wie z.Brabidopsis thalianagibt es inP. patensbisher nur wenige
genomweite Analysen von epigenetischen Modifikationen, vor allem im Bezug auf §ealiein der

sexuellen Reproduktion involviert sind.

In dieser Arbeit prasentiere ich die Charakterisierung der sexuellen Reproduktion des vor kurzem
vorgestellten fertilenP. patensOkotyps Reute, welcher 2006 in Deutschland gesammelt wurde.
Reute ist imVergleich mit allen sequenzierten Okotypen genetisch gesehen am nachsten mit dem
bisher verwendeten Okotyp Gransden verwandt. In einer vergleichenden Studie zwischen den drei
Okotypen Gransden, Reute und Villersexel konnte ich zeigen, dass die zeitlich&rphologische
Entwicklung der Geschlechtsorgane sich nicht unterscheidet und Reute so fertil wie der genetisch
etwas entferntere Okotyp Villersexel isin Gegensatz daonnte ich zeigen, dasdransden nahezu

steril ist. Aufrdem prasentiere ich derfluoreszenten Stamm Rewm@Cherry 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 eim Defekt im mannlichen Reproduktionsapparat zeigt. Des Weiteren
beinhaltet diese Arbeit zwischen Gransden und Reute vergleichende Datensédtre
Nukleotidpolymorphismender Genexpressionnd des DNAMethylierungsstatus von Geweben die

in die sexuelle Repduktion involviert sind. Genetische und epigenetische Unterschiede zwischen
den Okotypen weisen auf Defekte in den Flagellen der mannlichen Spermatozoide hin, welche
vermutlich zur mannliche Sterilitat des Okotyps Gransden beitragédschlieRendrasertiere ich

die Charakterisierung von Schliisselgenen die in Eukaryoten konserviert sind und fur die flagellare



Motilitat der menschlichen Spermien sowie der Spermatozoide des MoBsgsatensbendtigt

werden.



6 Introduction

6.1 Advantage®fusingPhyscomitrellpatensas a model organism

The mos$hyscomitrella pateniselongs to theFunariacea@andthe mainlaboratory strain Gransden
(Gd) hasinitially been collected in Gransden Wood (UK) 1962 In vitro, P. patenscompletes its
lifecycle within two to three monthand predominantly selfertilizes (Nakosteen and Hughes, 1978;
Perroudet al, 2011) For thewell-establishedmodel organismin vitro culture and alarge set of
methods are establishe@ndit can be propagate via vegetative and sexual reproductiffdioheet
al.,, 2002; Cove, 2005; Coet al, 2009; Strotbelet al, 2013) Also, a single cebf any tissueis
sufficient to regenerate a whole plar{Cove, 200Q)which is employed for transient and stable
transfections via protoplasts Combined with the presence of a highly efficidmbmologous
recombination which allows precisegene targetingP. patends awell-establishedmodel organism
to analyzegene function via reerse genetic approaches stable mutantgSchaefer and Zryd, 1997;

Schaefer, 2001; Kamisuagial., 2006)

P. patensis, as all land plants, haplo-diplont with the haploid gametophytaepresentingthe
dominant phaseThe prevalence of the dominant haploid generation ti@sadvantagethat genetic
modifications are directly visible in the firghaploid) generation and no crossinig necessaryo
generate a homozygais F2 to analyzethe effect of intoduced mutations. Also, embrydethal
mutations as observed idominantdiploid model organismdike e.g. Arabidopsis thalianaare not
necessarily lethal in the gametophytic phasenich is highly reduced in angiosperms, but easily
accessible inbryophytes like P. patens(Cove, 2005)In comparison togymnosperms and
angiosperms bryophytes develop easily accessibielticellular sporophytes and gametophytes
well as separated male nd female reproductive organsEasily accessible tissues wofost
developmental stagesn both generationsmakes it applicablefor research with regard to the
alternation of generationswhich is defined as the alternatidsetween amulticellular gametophyte
and a multicellularsporophyted | 2 TYSA &G SNE weyap, A013) In 200the P FokteasS
genome has been publishd®ensinget al., 2008)as the first mn-seedplant genome Additionally,
DNA methylation(Zemachet al, 2010)and histone modificationWidiez et al, 2014) data are
available.Several transcriptomianalyses are available using both arragnd RNAseq approaches
covering diverse treatments and developmental sta¢@stizRamirezet al, 2016; Perroucet al,
2018) 9nceits introduction P. patenshas been used for several morphologiaall geneic (Engel,

Paulinus P., 1968; Cove, B)QCoveet al, 2006) evolutionarydevelopmental(Sakakibareet al,



2008; Ayeet al, 2011; Sakakibaret al, 2013; Kofuji and Hasebe, 208 well as functional studies
analyzing mammalian maologs in plantgHorstet al, 2016; OrtiZRamirezt al., 2017)

6.2 Phylogenetic background

All eukaryotesevolved from thelast eukaryotic common ancestor (LECR)e LECAlready held
many key features afukaryotes namely the nucleus, mitochondria, an actin/microtubule skeleton,
an endomembrane systenflagellaand machineres for splicing and meiosi€Stewart and Mattox,
1975; Mastet al, 2014) It is proposedhat mitochondria, and later duringhe evolution of plants
alsochloroplastsderived from bacterig which weretaken up by eukaryotiancestorsand gave rise
to the first unicellular alga (Fig. 1(Keeling, 2004; Keeling, 2010; Zimoegkal., 2014).

Chlorophytes Charophytes Bryophytes Vascular plants

| EE
ae !
/3% 30 [N
Zygnematophyceae
Hornworts
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¥

£

Water to land transition

Coleochaetophyce:

Mesostigmatophyceae

Chlorokybophyceae
Klebsmoridophyce:

Archaeplastida Excavata Amoebozoa  Opisthokonta SAR

(2]
F/\/ K

Figure 1. All elkaryotic life originates in the last eukaryotic common ancestor (LETG#).LECA gave rise to all five
kingdoms of eukaryotic life whereas the Areptastida include the green lineage, the plants. Chlorophytes and
streptophytes which comprise the charophytes and all embryophytes (land pladig}rgedapprox.1 billion yearsago.
Within the streptophytes the Zygnematophyceae, Choleochaetophyceae and CharophyceadofACe&xlade with the
embryophytes. The water to land transition is indicated by a cyan dot afidt land plants wereprobably akin to
bryophytes, which compse hornworts, liverworts and mosse$ which the last twoform the Setaphytaclade Wether
hornworts and setaphytes form bryophytes or bryopagnd if hornworts or setaphytes are sister to all land plastitthas

to be solvedUnsolved branches in the bryophytes indicated with a dashedRedrawn fromMastet al,, 2014; Putticlet

al., 2018; de Vries and Archibald, 201i@)ages are not to scal8AR: Stramenopiles, Alveolates, Rhizaria.
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Most green algee are haplontic plants shwing a diverse growth pattern ranging from unicellular
algee like Chemydomonas reinhardtiio the highly complexChara brauniiThe MRCA of all alga
gave rise to the chlorophytic algawhich have a rather simple body plaand the streptophytic
algae, which show complex tweand threedimensional body plan@Jmen, 2014)Interestingly the
haplodiplontic lifecycle was invented independently in tkbloro- and strepbphytes (Niklas and
Kutschera, 2010)in comparison to the chlorophytic algae, dteptophytic alg& are haplontsand
haplodiplonts appeared within the first land plants, the bryophytesThe streptophytic algae
comprise the paraphyletic KCM (Klebsormidiophyceae, Chlorokybophyceae, Mestostigmatophyceae)
grade and the ZCC {ygnem#éophyceae CholeochaetophyceaeCharophyceaegrade whereas the
Zygnematophyceae were shown to bee sister group to all land plants(Wickett et al., 2014; de
Vries and Archibald, 2018)Streptophyte algae and alland plants together comprise the
monophyletic PhragmoplastophytdNishiyamaet al, 2018) The bryophyteswhich comprise
hornworts, liverworts and mossess P. patens are probablythe sistergroupto all vascular plants
and positioned at a phylogenettly interesting positionsince their ancestorare thought toakin

the first land plants after the water to land transitiavhich occurred aprox. 436500 mya (million
yearsago (Kenrick and Crane, 1997; Mores al, 2018) Here, new emerging model organism
slowly start to fill up thegap between streptophytic algee and angiospermsto get deeper
evolutionary insights into (land) plant evolutiofiRensing, 2017)This informative phylogenetic
position makeghem ideal model organisma for the analysis of kegvolutionarysteps in the(land)
plant evolution(Michael J. Prigge and Magdalena Bezanilla, 2000yain deeper knowledge about
evolutionary forces, acting on the ancestral embryophytascomparative analysis between
members of this group is needed as well as the solution ofpthdogeneticrelationship. In the last
two years, severdhboratorieshaveworked on this topic and could shatlvat bryophytesmight be
monophyletic and that, based on a parsimonious modeketaphyta clade igormed, which is
comprising mosses and liverworiRenzaglia and Garbary, 201Bmployingnorphological features

of the motile male gametes of mosses and liverworts, this relationship recently was reinforced
(Renzagliat al, 2018) Siill, it has to be determined if hornworts, or moss and liverwort ancestors
emerged first afér the water to land transition and if bryophytes areily monophyletic(Rensing,
2018)
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6.3 Physcomitrella paterecotypes and strains

P. patenshas been reported to grow in North America, Europe, Africa, China, Japstnalia and the
land masses of the Holarctithus, several accessions/ecotypes are avail@tn Stackelbergt al,,
2006; Freyet al,, 2009; McDanieét al,, 2010; Beikest al,, 2014; Medineet al., 2015; Medineet al,,
2019) Per definition,ecotypes are geographically and genetically distinct populations of the same
specieswhich adapted to their specific environme(ferrero-Serrano and Assmann, 2019hereas

a species is defined by the ability to still produce fertile offspring when crosseddapdation as the
development of an inheritable tra{Bock, 1980)Even ifP. patendhasa worldwide distribution, only
few accessions were used for scientific work so Eaotypes carior examplebe used for genome
wide association studies (GWAS) to idendilftelescorrelatingwith a specific traitwhichwas gained
through adaption to aecific environmenor to analyzethe development of a specific population
In Brassicaceaegcotypes show betweerone per 10 lase pairs (bp)to one per 285 bp single
nucleotide polymorphism3NPgCaoet al, 2011; Weiet al, 2017). Until 2000, thesingle spore
isolateecotype Gdwhichwas collected by Whitehouse in the Ukas worldwideusedas the main
laboratory strain(Beikeet al,, 2014) In 2003 the Villersexel (Vx) accesshas been collectedy M.
Lath in Haute SadneHrancg and was used to generate a genetic map through crossing with Gd
(Kamisuget al.,, 2008) The genetidistance betweerGdand Vx was determined to bthe highest
reported so far irP. patenscotypes showingone SNP in 828p (Kasaharat al., 2011)which isstill
rather lowwhen compared toSNP frequency betwedBrassicaceaecotypes. This lower number of
SNPs betweerP. patensecotypescould be explained with therather low rate of synonymous
substitutions per $& per yeaiin bryophytes compared to angiospernis patens1.9in comparison
to Brassicacead’.71(Rensinget al, 2007; De La Torrt al., 2017) as well ady thelack of ecotype
sequendng data. Additionally,the genetic divergencis probably also affected by the mode of sexual
reproduction, whereasprimary selffertilizing mosss as P. patensprobably show less genetic
variationsin comparison to e.gobligatecrossing speciesuchas the mos€£eratodoninwhich the F1
generationhas beenshown to have intespecies haplotypg(Nieto-Lugildeet al,, 2018. Decades of
research employing. patensfocusedon the gametophytic generatiqrexcept of very early studies
carried out in 1924 by von WettsteifwWettstein, 1924) Thus, vegetative reproduction was used to
keep laboratory strains in culture. When scientists startednalyzethe impact of mutations during
sexual reproduction and gained interest in the process of sexual reproduction itself patens
several labortories reported fertility issues with thel®d cultures (Ashton and Raju, 2000; Landberg
et al, 2013)whichare suggestedo be based on somatic mutatiomiie tothe long term vegetative

reproductionin vitro (Ashton and Raju, 2000; Perroatal., 2011)
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6.4 Physcomitrellgpatenslifecycle and sexuag¢production

The P. patenslifecycle starts with the germination of a haploid spore which gives rise to
gametoplytic protonema cells which growwo-dimensionéa via tip growth and branchingMenand

et al, 2007; Harrisoret al, 2009) This filamentous growth state &f. patensconsists of two cell
types, the chloroplastich chloronema cells, displayingp&rpendicularcell wall and the long and
thin caulonema cellswhich display far less and smaller chloroplasts and diagonal cell walls.
Chloronem#a mainly grow in the inner part of the filamentous cell cluster and are the
photosynthetically activepart of this developmental step, whereas cauloneroells grow at the
periphery of the clusterextend the boundaries of the surface coveradd acquire nutrients
Eventually, caulonema cell branches give rise to a tfmeed bud with an apical stem celhichwill

now grow threedimensional instead of twadimensional (Harrison et al, 2009)

HAPLOID BIEnch

/' Chloronema Caulonema
. short day

Spore cold
DIPLOID

4

Juvenile gametophore

30 days

Adult gametophore

Brown sporophyte

Figure 2: Life cycle oP. patensHaploidspores germinate and filamentous protonerdavelops consisting of chloronema

and caulonemaells The protonemal tissue gives rise to buds which eventually developguwemile gametophores. Upon
short and cold day conditionssexual reproductive organggdmetangiq are formed at the apex of the now adult
gametophore. WWen moistened by water, the egg cell is fertilized by the motile spermatozoids. Subsequently the diploid
zygoteis formed and embrydsporophyte developmentakes place After mitotic division and maturation, spores of the
new generation can be releasefigure modified from Lang et al., 2018.
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The budsubsequently develogs into the juvenile gametophorevhich does nb possess sexual
reproductive tissue Gametophoresre leafystems which consistof a multicellularshootlike stem
bearing severabne celtlayer thicknon-vasculareaflike structures, the so called leaflets or phyllids
Theyshow aphenolenriched cuticulawhich is ancestral tothe lignin evolutionin landplants and
probably contributes to the erect growth of the gametophared the rigidity of the leafletéRenault
et al, 2017) The juvenile gametophyte is anchored on the sudigt viamulticellular filamentous
rhizoids,analogougo roots in angiospermsvhich deliver water and nutrients to the growing plant
(Jones and Dolan, 2012)egetative in vitro culture oP. patends usually performed under long day
conditions (16h light, 8h dark, 21°C, 7Qumol/m?/s) ensuring efficient and fast cell divisioft#oheet
al.,, 2002)

To induce the sexual reproductipwhichusually takes place in autumn to spring, the plamtguire
colder temperatures andhort day conditions (® light, 16h dark, 15°C, 20 pmol/nf/s) (Engel,
Paulinus P., 1968; Nakosteen and Hughes, 1978; dblé, 2002) SinceP. patensis monecious,
both, the female (archegonia) anthale (antheridia) sexual reproductive organs (gametangia)
develop at thesameapex of the gametophoreut from an antheridium/archegonium apical stem
cell (Kofuji et al, 2009; Landbergt a., 2013) Under reproductive conditions, the gametophore
apical stem cell usually producing lkdfapical stem celprecursorsdevelops into theantheridium
initial stem cellwhichgives rise teseveral antheridium apical stem cellthe antheridium pical stem
cellssubsequently develop into bundles of antheridiofujiet al,, 2018) The antheridium initial cell
undergoes several antlinal divisions and later, an antheridia jacket is develop®dth covers the
spermatid mother cellfLandberget al, 2013) Similarly to the liverwortMarchantia polymorpha

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

Figure3: Spermatozoid development and fertilization. Each ape
adult gametophores bears seral antheridia (male) and at least ¢
archegonium (female). In the antheridia, spermatid mother
develop, which give rise to two spermatids. They undergo nu
condensation and morphogenesis to form the mature spermato
The antheridial tip cél (t) swells upon maturity and releas
spermatozoids, when moistened by water. Biflagell:
spermatozoids subsequently swim through the neck canal cell
of the archegonium to reach the egg cell (e) in the archeg
venter. Fertilization takes placand the diploid zygote is formed.

®]%) &) %

SMC spermatids mature

Spermatozoid development
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condensation and morphogenesis to release the mature spermatoz6ids, (Hisanagaet al,
2019). During differentiation and maturation processes, autophagy was shown to be required for
proper spermdevelopment(SancheX/eraet al, 2017) Upon spermatozoid maturity, the antheridial
tip cell swells and burstgwhen moistened by water)to release the maturebiflagellate
spermatozoidsA few days after antheridia initiatio(Kofuji et al, 2009) the archegonium apical
stem cell undergoes, similarly tbe antheridium apical stem cell, aftiinal divisiongo form inner

and outer cells. The inner cell subsequently divides-elintally and gives rise to the eggtial and
canal cells. Théower part develops into theggcontaining venter whereas thecanal celldivide

and elongateto becomethe archegonial neck. Upon maturity, the previously closed archegonial tip
opens and the canal cells dissol¥&e mature spermatozoids caow reach and fertilize the egg cell

to induce sporophyte developmenburing archegonium maturatigrautophagous processes can be
detected in the canal cells as well as in the egg and basaDeddicts in autophagy correlate with
more dense material in the canal cells which does not inhibit fertilizafiandkerg et al, 2013,
Sanche#/eraet al,, 2017)

After successfufertilization, the diploid sporophyte develops from the zygaed undergoes
embryogenesisThe 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 penetiate the gametophore and
formsin comparison to other Funariaceaeshort seta(Engel, Paulinus P., 1968; Medataal., 2019).
The sporophyte cells contain chloroplasts, but also recengabolites andnutrients from the
gametophyte throughout thesporophyte development (Haig, 2013; Regmeét al, 2017) The
sporophyte developthrough differentially described and groupesfages Groups are defined by age
(S1¢ SM, OrtizRamirezet al, 201§ or by developmental stagenitial to brown sporophyte

0 h Q5 2 ye a8lK2D83; Dakwet al, 2016) First steps of embryo development are performed
within the archegonium(S1S2, initial development)These first developmental steps are mainly
defined by cell amplification leading to a growing embrfuring trese steps, the archegonium
ruptures and becomes the calyptravhich is at leastprotecting the young sporophyte from
dehydration in mossegBudke and Goffinet, 2016Afterwards, the capsulesnlarges(S3 and
sporogenesis is performed¥ter meiosisof the spore mother cells (SM@)early green sporophytes
tetrads give rise to each fouhaploid spores During spore maturation, the sporophyte turnsom
mid green (mid sporophyte) to yellowfter maturation, he brown mature sporophyteuptures and
releasesup to 3000 spores of te new generation(SM (Nakosteen and Hughes, 1978; Hadteal,,
2002; Sakakibarat al, 2008). As in all other land plantdryophytes possess stomata on the
sporophytic generatiorwhich is, in the case of bryophyteshe three-dimensional sporophyteln

bryophytes, tomata aresuggested to play a role durirgporophytematuration, but beinga highly
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discussed topic, additional workill haveto be performedto elucidate stomata functiofChateret

al., 2017; Merced and Renzaglia, 2Q17)

6.5 Bryophytes posssevolutionary corerved flagella

Bryophytes are flagellated plante/hich possessbi-flagellated spermatozoidsvhich are a defining

and namegiving feature of streptophytes (Renzaglia and Garbary, 200EJagellated gametes are
ancestral to 8 eukaryotes(Stewart and Mattox, 1975; Mitchell, 200@nd havebeen secondarily

lost several times as e.g. in the algae Zygnemai@lemseau, 19513nd, probably in the MRCA of
conifers, Gnetaleand flowering plant¢Renzagli@t al., 2000; Renzaglia and Garbary, 20Q¥ptile)
flagella show a common architectuteroughout thetree of life (Cavalho-Santoset al, 2011)and

are the only motile cedlof archegoniatesomprising bryophytes, lycophytes, pteridophytes and seed
plants (Renzaglia and Garbary, 2008}ill, flagellated male gametes are highly adapted and show
myriads ofvariations between specieqAlvarez, 2017)Spermatozoids of the setaphytes show a
sinistral coiled architecture which consistsa cylindrical condensed nucleus, two mitochondria, one
plastid and two flagella at its distal end (Fig. 4Renzagliaet al, 2000). Spermatozoids of the
charophyceaen lineage and land plants possess a unique -laydtied structure (MLS), that
comprises the spline microtubules (SM) anc tlamellar strip (LS). The SM form the structural
framework of the cell and the organelles are attached t@Riénzagli@t 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 ttienorphic 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 theBBs 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 bot{@&warnhard and Renzaglia, 1995;
Renzaglia and Garbary, 2001; Ragliaet 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, ahéne c
microtubules are terminated (Fig. 4Bpdgeset al, 2012). Motile axonemes show a highly
conserved 200nm ultrastructe composed of nine peripheral MT doublets enclosing a central MT
pair (CPYRenzagliat al., 2000; Renzaglia and Garbary, 2001; Satal, 2008; Carvalh&antoset

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 thelfladRSPs 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)ClnreinhardtiRSPs are required for flagellar motil{§ipernoet

al., 1981; Huang, 1986)Flagellar motility is derived from dynein motor proteins which drive
interdoublet sliding(Porter and Sale, 2000; Heussral, 2009) Two types of dyneins are shown to

be present in the flagellar model organisin reinhardtii inner dynein arms (IDA) and outer dynein

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

Figure4: Moss spermatozoid morphology and ultrastructuse. Sinistral coiled spermatozoid with elongated nucleus (n,
blue) bearing three orgzelles, one plastid and two naithondria (9. Alocomotory apparatuss located at its distal end of
which two flagella emerge (fB: Thelocomotory apparatus consists afmultiHlayered structure (MLS) artd/o dimorphic
basal bodies (BBYheMLScomprises a lamellar strip (LS) and overlying spline microtubules T8¥gentriole (not shown)
shows nine microtubule(MT)triplets (a red, b: blue, c: green) arranged arounc central corewith a stellate patternThe
BBs show dimporphic MT patternshereas the posterior BB shows usually thiestom MT triplets and the anterioBB

up to nine MT tripletsin the transition zonea and bMTs are elongated into the transitiomone.C: The axonemeshows
nine outerMT doublets and a pair of singMTsin the center (CP\hichare connected by a bridge (purplefhey are also
surrounded by protein projections (cyarljhe outer MTs are interconnected by nexin (orangedl connect to the CP via
radial spoke proteins (RSP, greéle a MT possess inner arm dyneins (IDA, yellow) and outer arm dyneins (ODA, yellow).
Redrawn from(Caralho-Santos et al., 2011; Renzaglia et al., 2018; Renzaglia and Garbary, 2001; Meyberg et al., 2019)
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generate flagellar waveform¢Brokaw and Kamiya, 1987; Kamiya, 199&/th 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 aéga bryophyte
spermatozoids seem to be limited in motility time and distan€er M. polymorphait could be
shownthat spermatozoid motility lasts for ca. 6@inutes, but that spermatozoids where limited in
distance and required movement of the surrounding water to reach distances ab8wri{Furuichi
and Matsuura, 2016)The dynein setup, namely the occurrence of IDAs and ODAmntimdictory
reported in bryophytes(CarvalheSantoset al, 2011)reported only ODAs to be present M.
polymorpha whereasRensinget al., Hodgeset al., and Wicksted and Gullsuggestd, that only IDAs
and no ODAsre present in bryophyte§Rensinget al, 208; Hodgeset al, 2012; Wickstead and
Gull, 2012) Thus,the dynein statusof the model mossP. patensflagellum and with it the

mechanisms behind motilityvill have to be determinedin future.

Plant and mammadn male gametes ardighly similar and share not only structural but also genetic
similarities.In plants as well as in mammals, the chromatin is highly condemg®dh is shown to
protect the genome against mutation§Rathke et al, 2010) Also, atophagous cytoplasmic
reduction mediated through theautophagy related protein 7 (ATG?7) is required for male fertitity
mice and mosgSanche/eraet al, 2017) Finally, spen attraction of the female in moss and mice

is mediated via glutamateeceptorlike ionchannelgOrtizRamirezt al., 2017) Concluding, several
aspects of male fertility in flagellated land plants and mammals probably have their roots in the most

recent comnon ancestor (MRCA) and evolved independently afterwards.

6.6 Alternation of generation

The life cycle ofand dants is diphasic andlternates between two multicellular generations, the
haploid gametophyte and the diploid sporophytejth fertilization and meiosisonstituting the
switchesin between (Hofmeister, 1851) Streptophyticalgae as e.g. the model organismChara
brauniihavea hapbntic life cyclewith a dominant and multicellular haploid generation whereas the
diploid generation is unicellular armhcompasses one cell, the zygdMishiyamaet al.,, 2018) me

algae also show a hapldiplontic lifestyle whereas Ulva represents the isomorphic and e.g.
Laminariathe heteromorphic typgPotteret al, 2016; Liwet al,, 2017) In angiosperms, the haploid
phase is highly reduced to the male multicellular gametophyte, the pollen grain and the multicellular

female gametophytéDrews and Yadegari, 2002)
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The alternation of generation is regulated by several genetic and epigenetic factors e.g.
FERTILIZATIONDEPENDENT ENDOSPERM gfRECURLY LEAF (Clgehes of the POLYCOMB
REPRESSIVE COMPLEX 2 (PRC2) wghicip was shown toact viathe histone modification
H3K27me3 on gene expressiohdownstream gene@ Drosophila melanogastgiNekrasowet al,
2005) In P. patensknockout mutants of FIE and Cl.Rhe development is arrested in the
gametophytic phaseinhibiting the alternation of generation&lEacts on the regulation of stem cell
maintenance and affects the expression of HOMEOBOXNOXA transcription factors(TF)mkn2

and mkn5whichare involved in sporophyte developme(ifatzet al., 2004; Skakibaraet al.,, 2008;
Mosqunaet al, 2009) KNOX2 genes could be shotenrepress aposporySakakibarat al., 2013)
leading to the conclusiothat KNOX HOMEOBOX TFs act on the repression of the diploid body plan
of P. patensIn C. reinhardtii it could be showrthat zygote development, the first stage of the
sporophytic generation, depends orhaterodimer ofKNOXand another HOMEOBOX BEL(Leeet

al., 2008)similar to mammalgBellaouiet al,, 2007; Rensing, 2018h P. patensexpression of knox
and bell homeobox genes in the sporophytic stage could be shewggesting a putative conserved
regulation withn mammals and alga(Frank and Scanlon, 201&)ontrary to theknoxgenesit could

be shownthat the overexpression dbelll leads to apogamydeveloping a sporophytic body plan in
haploid tissue, bypassing the alternation of generatiofHorst et al, 2016) Thus, BELL/KNOX
heterodimerization is required for &halternation of generation and for the subsequent body plan
formation of plants and is probably conservedbetween green algae, land plants and possibly
mammals(Leeet al, 2008; Rensing, 201630 far, no involvement of HOMEOBOX TFs in the male
germlinein plantscould be showryet, but in human, RHOX homeobox gemas correlated with

male fertility and controlled via DNA methylati@Richardsoret al., 2014)
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7 Research objectives

The aim of this thesisvas to identify and analyze factors which are involved in the sexual
reproduction of the model mosPhyscomitrella patendn ealy land plant models, littlesi known
about genegequired for the sexual reproductigmvhich includes gametangia initiation, gametangia
development, fertilization, embryo and sporophyte developmeiio achieve this goal, two
approaches were chosen. The first approach made uséeWbridwide used latoratory strain Gd
whichwasreported to showdefectsin its sexual reproductigrwhich isthoughtto be based a the
accumulation of somati¢epi) mutations due to long term vegetativereproductionin vitro. Thus,
characterzation and establishment of the recently collectedP. patensecotype Re and its
establishmentn researchwasplannedas well as comparativanalyze between ecotypeso localize
and characterize the Gidhpairment The fertility of different Gd strains, Re and Vx was quantified
employing the number of sporophytes developed per gametophdémeaddition,gametangia were
morphologicallyanalyzed Genetic and epigenetic differences were deterntinesing SNP ral
differentially methylated positions (DR) data. Differences in the gene expression during sexual

reproduction vere quantified via gqPCR and RN@&g analysis.

The second approach wgdanned b identify candidate genesrequired for successful sexual
reproduction ofP. patens Thegoalwasto use publicly available expression data to identify genes
exclusivelyexpressedn different developmental stageand tissuegluring sexual reproductionThe
function during theP. patendife cycleresp. sexualeproduction wagplanned to be determined via a
reversegenetic approach. ockout mutants were generated and characterized ®ventuallyget

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

8.1 Sexual reproduction, spophyte development and molecular variation in the
model mos$hyscomitrella patenstroducing the ecotype Reute

As previously introducedseveral laboratories started toealizethat their long term vegetativdy
propagaked cultures were mpaired in sexual reproductionin this publicationthe more recently
collected ecotype Rewas introduced and characterized, comparing sexual reproductenetic
variabilityand gene expressioto the frequently used ecotypes Vx afod Gd. Expression analysts
different developmental stages involved in the sexual reproducticas performedin order to
identify genes important fospecificdevelopmentaltime pointsand processesNo developmental
and obvious differences in morphology or timingcould be identified during gametangia
development Quantification of the number of sporophytes developed per gametophore, employed
as indirectfertility measuremens, revealedGdto be nearly selsterile. In comparisonRe and Vx
were shown to behighly self-fertile and developed high numbes of sporophyteper gametophore
Genetic variations namely the number of base pairs per SNP,of the analyzel ecotypes were
determinedand showedRe being genetically Hbld closer to Gd compared to \xwvho displaysa
similargenetic distancéo Gdasseen inA. thaliana ecotypes updating previous analys€éKasahara
et al, 2011) Nevertheless, micro arraglata generated from adult gametophores of Re and Gd
showed several TAPs to be BE@hich might be responsible for theearly sterile Gd phenotype.
Comparative analysis of different sporopbytevelopmental stageallowed to identifyseveral DEGs
represening the morphological changes during sporophyte developmery. cell wall modifying
proteins and protais involved in the UB responseof the sporophyte This publication now allows
the community to use thelosely relatedfertile ecotype Reas a properreplacement for studies,
previously performed in GdRe enables the analysis tfie sexual reproductionand the resulting
sporophyte of the model mossP. patensas well adurther work on the characterization ahe Gd

nearlyselfsterile phenotype.
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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
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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

100 um (b

£
e

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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100 000

50 000 i
0

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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