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Annotation

Ferns are primitive spoi#teearing plants, which alongside lycophytes, represent the oldest
lineage of vascular plants on Earth. They are the sister group to seed plants and currently the
second most diversified group of vascular plants. Ferns used thesifite¢ion waves of
angiosperms during late Cretaceous that formed terrestrial ecosystems on Earth to diversify
themselves. In contrast to other land plants, the life cycle of ferns (and lycophytes) is unique. It
requires two completely spatially and nunally independent generations of plants to
complete itself. The leafy diploid sporophyte stage (frond) is bearing sporangia and the sexual
haploid gametophyte stage, usually resembling a {skagied plantlet (prothallus). The
alternation of those twgenerations greatly influences these plants. Ferns are the subject of this
habilitation thesis. The research of this group focused on many aspects of their biology such as
modes of reproduction, genome size, diversity, with special interest in interaatimrg
gametophytes and among sporophytes. The thesis presents several thematic storylines. The first
story focuses on the evaluation of fern spores formed by sexual, apomictic species and their
hybrids (apesex hybrids). The special detailed view on teeroductive mechanisms of apo

sex hybrids surprisingly showed us evidence of both apomictic (unreduced spore and
apogamous sporophyte formation) and sexual (regular spore formation) reproduction strategies
present in one taxon. Furthermore, until now,asvibelieved, that apogamous sporophytes are
generally considered to form earlier than sporophytes originating from the sexual process. Our
comprehensive study proved that the apomictic reproduction was not necessarily leading to an
earlier sporophyte forntian and that the apomictic gametophytes are smaller in size than the
VH[XDO VSHFLHV 7KH DSR(VH[ K\EULGY DOVR WHQG WR EHI
suffer from an early disadvantage in the form of lower spore germination rates. The second
story explores the evolutionary significance of fern pheromones called antheridiogens. It was
found that a pheromone system is widespread among ferns with several recognized different
types. Surprisingly, apomictic species also respond to the pheromomensykdspite its
original function being the regulation of sexual reproduction. In addition to pheromones, ferns
appear to produce exudates that may have suppressive or facilitative effects on younger
gametophytes of various fern species. The final staryigveals the many biosystematic
adventures resulting from the distribution and interaction among sporophytes discovered using
innovative methods in floveytometry. Through the application of genome size measurements,
we were able to reveal genome multglion, hybridization and evolution in target groups.
This approach has been used to study aspects ranging from genome size esplsomu),

species delimitation, population cytotype screening, detection of hybbDdgogdteris
Pteridium) to largesale cytogeographical studieSystopteri$.



1 Introduction
1.1 Ferns #phylogeny, ageand position in a plant tree of life

Fernsarea very diverseplant group growing inmany habitats (e.gterrestrial, arborescent,
aquatic, epiphytic, epiliilc), and alongsidelycophytes represent the oldest lineage$
vasculamplants on EarthRecent morphological and molecular phylogenetic analyses indicate
that the extant vascular plant lineages haasal dichotomy separating the lycophytes from
euphyllophytes + representing ferns and seed plantherefore, érns (referred to as
monilophytes)arethe sister group of seed plarftsenrick & Crane 1997, Pryer et al. 2001,
2004) Fossil records dafernsbackto the middle Devonian within 38393 million years ago
(mya) (Taylor et al. 2009) Recent divergence time estimates suggest they may be even older,
possibly having first evolved as far back as 430 (igsto & Sundue 2016However, despite
theconsiderablage of the group as a whole, mokthe earliest ferns have since gone extinct.
Themajority of living fernsarosefrom amuchlaterdiversificationeventoccurringas recently
asca70mya Molecular data andreassessment of the fossil recostiswthat polypod ferns
(Polypodiales reqgsenting more than 80% of living fern species) diversified in the Cretaceous,
after angiosperms. The diversification of polypod femas apparently caused kgological
responsg to the previous diversification waves of angiosperms that formed terrestria
ecosystems on EartfiSchneider et al. 2004)Smply put, recent ferns (monilophytes)
diversified in the shadow of angiosperms.

Theextantferns comprise four extant lineages: horsetailgroup composed of whisk ferns
andophioglossoid ferns, marattioid ferns and the most modern leptosporangiatiBamies
& Wolf 2010). Today, the group of leptosporangiate ferns with arc0@d living speciess
the second most diverse group of vascular plants on Earth, outnumbered only by angiosperms
(Schuettpelz & Pryer 2007, PPG | 2016)

1.2The fern life cycle as unique system of two independent life stages

In contast to othefand plants (mosses, se@tants) the life cycle of ferns and lycophytes is
unique It requires two completely spatialjcariousand nutritionally independent generations
of plants to complete itself. The leafy stage (frond) beaspayanga represert thediploid
sporophyte and sexual generatiaisually resemlohg a heartshaped plantlefprothallug,
representshe haploidgametophyte.

In mostferns, the diploid frond (sporophyte) produdesploid spores via meiosiSpore
formation (sporogenesis) occurs in sporangia, usually on the underside of theHemfd.
haploid spore grows into a timbovegroundghotosynthetigrothallus (all leptosporangiate
ferns, several groups of eusporangiate ferns) amdergroundheterotrophicprothallus
(Ilycophytes, whisk ferns, ophioglossopsids). Each haploid protlwaituproducenale gametes
(spermatozoidsin antherida and female gametdeggs)in archegori. Both free-swimming
spernmatozoidsandsessileeggsmay be producedn the same plantlgbossibly leading to self
fertilization. Such event is likely rare in nature, possibly due to the resultant complete
homozygaity (Soltis & Soltis 1992, Sessa et al. 2016)

Fernsexcan change over time argl environmentally determingednfluenced by factors
such apheromonesutrients, temperatuyetc.A particularlyinterestingsex determinars a
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pheromonealled antheridiogen. The main function of antheridiogen is to proapsezocious
formation of antheridigand to an extet) enforce male unisexuality in younger gametophytes.
This in turnpromotes outcrossing bgcreasingthe numberof freeswimming spermatozoids
around older(female) gametophytes. The young gametophyte retains its sensitivity to
antheridiogens only untihe onset of the meristic phase (the phase associated with archegonia
formation) after which the gametophyte may be unable to form antheridi& S

Raghavan 1989)When water is present, sperm use their flagella to salmngside a
pheromonal traito an egg and fertilize it. The fertilized egg is a diploid zygote formed by the
combination ofchromosomesets from the egg and sperm. The zygote grows via mitosis into
the diploid sporophyte, completing the life cy@Raghavan 1989)

1.3Mechanisms of diversificationand speciationin ferns

Three different speciation modes are recognized in extant ferns and lycopgipriesary,
secondary and tertiafRanker & Haufler 2008)

The establishment of isolatpopulations, by means o§inggeological larriers or dispersal
events, followed by population evolutamy processes dfift, inbreeding, gene flow
metapopulation concepgdc.) is considered as primary speciation @ngs a common pattern
of diversification in ferngdKato 1993) These diversification trends are simikarthe vast
majority of other organisms.

In ferns asin the majority oflandplants whole genome duplicatiofpolyploidization) isa
major speciation forcéLavania 2020, Van de Peer et al. 2020h)is phenomenors usually
connected with hybridization arsbmetimes calledecondary speciatio(Ranker & Haufler
2008)

Within land plants,polyploidizationappears to be low or absent in liverworts, hornworts,
cycads, and conifers, but is remarkably frequent in lycophytes, ferns (monilophytes), and
angiospermsWood et al. (2009¢stimated that of speciation events, 15% ffowéring plants
and 31% for fernsare associated witlpolyploidy. In ferns, gstematic research of
polyploidization was started byanton (1950) who first reportd on the intricacy of fern
polyploid groups

There are three types of genome multiplicattearrangemenin ferns (autopolyploidy,
allohomoploidy, allopolyploidy)(Ranker & Haufler 2008) Autopolyploidy involves the
multiplication of one basic set of chromosom@sitopolyploidy isin many fernsoften
associated with distinct reproductive strategies increases the likelihood of reproductive
barriersoccuring thus creatingthe potential for the development of spatial struc{luevis
1964, Trewick et al. 2002n some fern group$, may serve aa frequent, rapid and important
speciation mechanism, especially when accompanied by apgWwisham & Yatskievych
2003) During autopolyploidy there is no mismatch between geneticdifferentchromosome
sets, sooffspringfertility is high (Soltis et al. 2014, Jighly et al. 2018)

A likely infrequent angboorly studied mechanisai secondary speciatios allohomoploidy
(Conant & CoopeDriver 1980, Sigel 2016)This process comes up in dipla@decies which
may be ecologically isolated, but not always reproductively isolated. Hybrid swarms may arise.
Examples of allohomoploidy were foundtime genusPolystichumn western North America



(Mullenniex et al. 1999andtree ferns fronthefamily Cyatheacea@Conant & CoopeDriver
1980)

The most widely studied speciation process in ferns is ligsbpolyploidy. In this case,
progenitors of hybridlerived species are not interfertile and fatarile offspring when they
cross (Manton 1950) Pteridophytes are generally prone ttee formation of allopolyploid
complexegHaufler 2002, Fujiwara & Watano 2020)

The origin and persistence of polyploid ferns is enhanced by the empty niche space and
greater tolerance tdisturbancse of polyploid ferns related to larger spore size is likely a
selective advaage on islands, consistent with the number of high polyploids encountered
among ferns on oceanic islands. Though recently originated polyploid ferns usually have
identifiable progenitors with which they are partially sympatric, the rate of expansioesef th
ferns beyond the range of their progenitors vaiasrington 2020)

Allopolyploidy is preceded byhybridization +the process of crossbreeding between
genetically dissimilar parents to produce a hylgde below) It seems that barriers to
development of hybrid zygotes are weak and field studies d@venstrated high frequency
of vigorous but sterile hybrids in some complexes (Reichsteif, Fasit et al. 1999). Primary
interspecific hybrids are usually sterile dueutdalancedneiosis: pairing chromosomes (each
coming from distinctly different gemoe) are not actually homologous, resultingaborted
sporesThe mlyploidization event restorgbe possibility of homologous chromosome pairing
andproper spore formatiorPossessing redundant copies of genes, gametoptiyiel/ploid
speciesare mordolerant to selfing than their diploid progenitors. Thus, viable sporophytes may
develop. However, even though allopolyploidy is generally acceptedraguent mode of
speciation in ferns, there are still many open questions dfwesb-called speciesamplexes
that involve allopolyploids Ranker & Haufler 2008). Relatively high basal chromosome
numbers and large genome sizes of extant ferns have probably been derived from lower ones
by ancient(paleo)polyploidy (Walker 1979Y herefore species recentlgepresenting diploids
arelikely theseancient polyploids whose ancestors became extinct. Although it was initially
thought that paleopolyploidis restricted to ferns only, it has recently been recognized in
numerous families of angiosperms as well (Soltis et al. 2009).

Tertiary speciationin otherwords polyploid genome reorganizatiisna major discovery of
the pastwo decade. It resultsin arapid reorganization of fern polyplogenoms (Soltis et al.
2003). This process couldccur in genetically isolated populations whose separation is
maintained by reciprocal gene silencing (Werth & Windham 1991ihe genome is highly
polyploid, thee can be a risks of aneuploidy caused by changes in cell structure and mistakes
during meiosigComai 2005) Duringthefollowing gene silencing, parts tiegenome can be
inactivatedeven activaalleles ODUWtQH] GH $QED HW DO

1.4 Hybridization zinteraction between the species

Despite the fact that a single gatophyte can form male antheridia and female archegonia at
the same time ani$ capableof selffertilization most ferns seem to prefer outcrossiimg.
sexualfern speciesjf two different speciesmeet theyarevery oftencapable ofcrossing =
hybridization. Fern hybrids(that arose fromhybridization of sexual speciesare mostly
incapable of creatingf functional spore$Wagner & Chen 1965)



The phenomenon of hybridizationvieell-knownin ferns, new hybrids are constantly being
described(Barrington et al. 1989, Sigel 2018Ylany more species ardlapolyploids, i.e.,
hybrids, that restored their fertility lgenome duplicatiarHybridization has profound positive
and negative consequendesfern evolution

In ferns, researchers presume that hybridization is frequneithe hybridization barrierare
weak (Barrington et al. 1989, Sigel 201@ut, with afew exceptiongTesto et al. 2015}the
nature of these barriers was not properly studied. Furthermore, there was no research
guantitatively measuring the frequency of hybridization, hybridization rates,afarah
populationsThe much more complicated hybridization system could arise, when one species
involvedin hybridization is apomicticThe hybridization between fern sexuals and apomictic
of different ploidy is one storgliscussedn this habilitation.

1.5When it takes one to tangoaspects and consequences of apomixis in ferns

Apomixis in ferns is broadly defined simpég asexual reproduction (apo=without, mixis =
mixing/sex). Apomixis encompasses both vegetative reproduction and asexual reproduction
through the alternation of generations, including apospory, apogamy, and parthenogenesis
(Grusz 2016, Albertini et al. 2013 owever, apomixis is mostly used as a telescribing an
alteration of the typicalern sexual life cycle by @ombination of twagprocesses, diplospory
(formation of diploid sporeand apogamyformation of sporophytewithout the mergingf
gametes Apomictic ferns, by contrast to sexual ones, follow one of two alternative-spore
generating pathways to yield chromosomally unreduced diplospores: @iteereiotic
endomitosis+PE; formerlyknown D V ' |-BI&nton sporogenesis’' | S S ODQWRQ
Manton & Walker 1954)RU PHLRWLF ¢dstvNibnGMKFDLR/ foRr@rly known as
Braithwaite sporogenesi¢Braithwaite 1964) These diplosporeseach having one full
chromosome complement, then germinate. The resyttiothalli are capable ofenerating

new sporophytes from somatic cells, which aseally located neathe spot archegonia would

be producetyy sexually reproducing fernRarely archegonia are observe@pomicts as well

but they are likely alwaysbortive In contrast, apomictigametophytes have been known to
make functional antheridj but the viability of speratozoidscontained therein is largely
dependent upon the pathway to diplospory undertaken in the pandntPE yields viable
spermatozoidsThese processes are describedhore detaik by Raghavan (1989) or Grusz
(2016)

In ferns, apomixis has mostligeen confined to the largest leptosporangiate families
Pteridaceae, Dryopteridaceae, Polypodiaceae and Aspleni@ieae et al. 2010, Liu et al.
2012, Dyer et al. 201Zu0 & Liu 2013) It is estimated that about 10% of ferns are without
capability of sexual reproductiqiValker 1979) but, apomixis was confirmed about 3% of
extant fern specied.iu et al. 2012) This is rather high number compared to less than 1% of
angiospermgWhitton et al. 2008)



2 Context of habilitation

2.1 The adventurous stories of fern spores and their intricate journeyowards forming a
green thalloid gametophyte

Fern sporeare reproductie propagules capable wing-distancalispersalExcept for thesmall
number of heterosporouspecies represesd by water ferns, homosporous ferns usually
reproduce bythesetiny oval propagules tens of micrometers in siZzetns produce large
numberof sporesranging from severalmillions to hundreds omillions every year ofits
seasonal fertility (Moran 2004Even homosporouderns tend to vary in spore size, mainly
because of polyploidy. Polyploid species tend to have larger spamgzsared taheir diploid
relatives(Barrington et al. 1989, Quintanilla & Escudero 2006, Barrington 2(&f)res are
usually typical in their color and this also plays a crucial role in bmy, distribution,
germination and ecology of fern species. The majority of felhawe nongreen
(achlorophyllous)usually of brown or yellovgporecolor. Those spores usually germinate after
a longertime (several weeks) and are much more resistanticoementalhazardsThe taxa
with green(chlorophyllou$ spores are in a minority butighrait evolved multiple times and is
spread throughout the fern phylogeny tree (Sumdae 2011). The presence of chlorophyll in
the spore indicates its active metabolism and fundamentally changes spore characteristics.
Green spores germinate within a couptd days and tend to result in faster growing
gametophytes butaveshort life s@ns andlie after average 48 days, compared to the tens of
years achlorophyllous spores may remain viddgLIloyd & Klekowski 1970) Sundue et al.
(2011), first described scalled cryptochlorophyllos spores with oliveolor, both green and
brown. They are protected by welkveloped perispores but carry chlorophyll inside. The
division of sporecolor should probablype viewed as a gradiergther tharadichotomy.

The shape of spores is mogitymedby thetype of sporogenesiés spores are the product
of meiosis, four are produced at a time in a tetrad. Based on how the spores aredurerged
sporogenesis the tetrad, a scar is created at the point of contact of all four sister Sfjues.
scar is either trilete (Y shaped), leading to a tetrahedral spore, or monolete (I shaped), resulting
in an oval spore. The character of scar shape is highly conservative and rarely varies within
family (Tryon & Lugardon, 1991).

Spores mayalso beof spherical shapeavith indistinct scar This is caused by either 4
incompletemeioss or cytokinesiscyclesleading to polyploiddiplo)spores (Morzenti 1962)

These aberrant spores can germinate ands@ase as an important drivier the evolution of
polyploidy in ferns.

Meiosis, through which spores generally form, is an important cpeak of genetic
integrity as chromosomes have to form pairs. In contrast to angiosperms, in which some hybrids
may successfully sexually reprodu@ieseberg & Carney 1998fern hybrids are unable to
properly pair chromosomes during spore formation and their spores are mostly inviable,
aborted. Aborted spores vary greatly in size, and are often very dark, shriveled, with a collapsed
exospore. This may be very practical for researchers using aborted spores as an identification
characte(Wagner & Chen 1965)ernhybrids are sterile and potentiglreproductive dead
ends. Apasexhybrids (one parent apomictic, one sexual) are a peculiar exception to hybrid
sterility. These ap@ex hybrids are generally considered to form#®%6 spores aborted



(FraserJenkins 2007;Paper 1, Paper 2. A comprehensive comparison of sexual and
apomictic taxa using extensive spore fitness data has been pubispet (). Based on a
representative data set of 109 plants from 23 fern taxa, we accomplished the first robust analysis
of spore fitnes®y examiing spore abortiongalculatingthe ratio of aborted to all examined
spores. We compared this trait for different fern reproductive types (sexual/apomicts/hybrids)
and ploidy levels (diploid versus polyploid). The results confirmed the general assurhation t
shows higher spore abortion for apomictic taxa (18%) when compared to sexual taxa (3%).
Furthermore, hybrids are characterized by having almost all spores aborted (99.8%) with the
rare exception ofan aposex hybrid. We found no significant differenda spore abortion
between sexual taxa of various ploidy levels or between sexual tegetyeneraDryopteris
andAsplenium

JHUQ DSR(VH[ K\EULGY DUH DOVR FDSDEOH RI SURGXFLQJ
characteristic rare among ferif¢/indham 1983, Sigel et al. 201Paper 2. Like their
DSRPLFWLF SDUHQWYV IHUQ DSR(VH[ K\EULGYVY FDQ SURGXFH
and apogamously formed sporophyt@¥alker 1962, Regalado Gabancho et al. 2010)
Although the information is limitedyur findings indicate a possible involvementsafixual as
well as apomictic reproductiom DS R (V H[ KA &ethlled $tudy concerninifpe aposex
pentaploid hybrid ofDryopteris icritica, a hybrid of triploid apomicticD. borreri and
tetraploid sexudD. filix-mas(Paper 2 was recently publishedhis partly fertile hybrid§oth
well-developed and aborted spores are present) surprisingly sinstedle sporogenesis with
sexual and apomictic reproduction combined. Wtalestandard number of spores per
sporangium in sexual leptosporangiate ferns is 64raagomictic 32(Regalado Gabancho et
al. 2010, Dyer €al. 2012) thenumber of sporem this hybridvaried fromca31 to 64. Within
a single sporangium it was possible to dethetformation of either only aborted spores or
various mixtures of aborted and wdkveloped reduced spores and unreducddstipres. The
spores germinated tim viable gametophytes with two ploidy levels: pentaploid (5x, from
unreduced spores) and half of thaa @.5x, from reduced spores). Moreovera8 % of
gametophytes (both.2x and 5x) formed a viablgporophyte of the same ploidy level due to
apogamy The existence of reduced viable spores and the occurrence of both types on one plant
and even in one sporangium together is unexpected and novel. Moreover, both spore types are
capable ofviable nextgeneation sporophyte(F2) production, which has not been observed
previously In conclusion, he pentaploid hybrid is capable of autonomous reproduddape
2).

The interaction and possible hybridization between sexual and aporaigtizery
challengingand still not fully explainedopicsin general. Our recent studygdper 3 presents
the most thorough comparison of gametangial developmesgxual and apomictic ferns to
date. We cultivatethe VSRUHV R DSRPLFWYV D SR (dhtimgadaied GV D Q
their development (germination, lateral meristem formation, sexual expression, production of
sporophytes) in vitro over 16 weeks. All three examined groups (sexualssérybrids /
apomicts) formed antheridia but differed in overall gaipleye development. Sexuals created
archegonia (86% of viable samples), but no sporophytes. Apomiciasionallycreated
nonfunctional archegonia (8%) but usually produced apogamous sporophytes (o).
now, it was believed that apogamous sporophyteg@nerally considered to form earlier than



sporophytes originating from the sexual prod@¥sittier 1968, Huang et al. 2006, Regalado
Gabancho et al. 2010, Haufler et al. 201B)ly a singlepreviouspaperindicatal the opposite

trend (Laird & Sheffield 1986) So, despite expectationdn our study the apomictic
reproductionwasnot leading to the earlier sporophyte formatiofPaper 3. $SR(VH[ K\EULGYV
in this study had lower germination rates than their parental species, indicating a genomic
imbalance (chromosomal incompatibilities during meiosis) caused by the hybridization event
DQG OHDGLQJ WR SRVW(]\JRWLF K\EULGL]hcehQddetdbly ULH UV
higher spore abortion rat@aper 1, Paper 2. Thus, of the a 10% apparently viablepores,

abouta KDOI IDLO WR JHUPLQDWH $00 JHUPLQDWHG DSR(VH][ K
were absent) and abundant apogamous sporophyiiess supported by other studi@¥alker

1962, Regalado Gabcho et al. 2010Finally, ZH FDQ VD\ WKDW DSR(VH[ K\EUL(
morelike their apomictic parents than the sexual ones but suffer from an early disadvantage in

the form of lower germination rateBgper 3.

We also looked at the problem froman alternativeviewpoint The presence of fern
gametophytes has been demonstrated to affect the size and sexual expression of other
gametophytes in populations based on the resulting gametophyte density and the release of
pheromones into the habitat. When sown at high dendeiesgametophytes tend to be small
and male, or may even completely lack gametangia, while at lower densities, gametophytes are
larger and female or hermaphrodifiduang et al. 2004, DeSoto et al. 2Q08pwever, at very
ORZ GHQVLWLHYV RU LQ VLQJOH(VSRUH FXOWXUHV JDPHWR
(Dyer 1979) Very little is known about the interactiobstweerthe gametophytes of multiple
species at the same stage/age occurring at densities permitting the formation of both types of
gametangia. There are several possible outcomes of such interactions. First, the gametophytes
LQ PL[HG(VSHFLHV SR S XtOtbeWshrReQndte RaB \in ndRvoZulture. Second,
overyielding may occur, leading to gametophytes of at least one species growing faster in the
presence of another species, as has been observed in angiosperm spofbyimjdel et al.

2013, Wright et al. 2017)Third, one or more species may underyield (grow smaller) due to
competition for resources or chemical allelopattys QN HW DO THVWR :DWN
Cheng & Cheng 2015)Y o address this lack of information, we cultivated three fern species of
the "U\RSWHULYV com@ek [ (BryppteridaceaeDr \R SWHULYV id LaOdekuBllp V
reproducing tetraploid with diploid gametophytes, whilaffinisandD. borreri are apomictic

and gametophytes have the same ploidy level as sporopRyesr(4). The gametophytes of

the three species in our study diéidrsignificantly in their growth capabilities, as expressed by
their total cover area in monocultures. The diploid gametophytes of the sexual tetéaploid

I L O L [gfew Vargest. In comparison, the apomictic gametophytes were smaller, ordered by
ploidy level. Interestingly, the apomicts were smaller than the sexual species overall, which
seems to go against the generally presumed faster growth of apomictic gamet(flajkes

1962, Regalado Gabancho et al. 20d1fj also support this trend in our previous sturBper

3). In general, lte performance of the tested species in mixtures was dependent on the
competitor species identity, indicating the importance of competition between gametophytes.
Ourinnovativemethod based on software Easy Leaf Area, which evaluate the numbers of red
andgreen pixels that are automatically compared to calculate the green abfined-egion,



can be used for a rapid assessment of fern gametophyte cover in large gametophyte populations
(Paper 4.

It is well known that most ferns seem to use specialgphenestantheridiogengSchneller
2008) There is an ongoing discussion about whether antheridiogens primarily slow down
JURZWK ZKLFK SURPSWV DQWKHULGLDO IRUPDWLRQ RU Y
Quintanilla et al., 2007). Neverthelesantheridiogens mediate interactions between
gametophytes of different developmental stages or &geghis is another story presented in
the next chapter.

2.2 The secret life offern gametophytes:An exploration of fern pheromones and their
evolutionary significance

Gametophytes of homosporous ferns can be bisexual and are theoretically capable of
gametophytic selfing, the fusion of two gametes originating from a single gametophyte via
mitosis(Haufler et al. 2016)As the gametophyte grows from a spore originating via a single
meiotic event, the sporophyte arising french events completely homozyge (Klekowski

& Lloyd 1968). Thus, he recent homosporous lineages maintain their genetic diversity by
mechanisms that reduce the rate afmgtophytic selfing. Fern gametophytes often use a
dynamic system controlling sex expression via pheromones called antheridiSghnsller

2008) Antheridiogens(AG) were discovered and subsequently described in HR6ihg
experiments witlin vitro gametophyte cultivation' | S S 111 HW .Br@heridiogen
production and respons@ary considerably among fern taxa and the system involves complex
inter- and intraspecific interactions. Moreoykater studies indicated that various types of AGs
occur across fern phylogenySchneller et al. 1990)The primary function of AGs is the
stimulation of precocious formation of antheridia. When a gametoptiyde AGresponsive
species grows in the absence of this pheromone, it first develops archegonia. However, right
before the gametophyte reaches the archegoniate phase, it begins exuding AGs into its
environment. At the same time, the gametophyte loseabihty to respondo the pheromone
Younger or slowgrowing asexual gametophytes in the immediate surroundings of the first
gametophyte respond to the AGs by halting growth and forming anther&ligoécoming

male). The population ends up composed déw larger female gametophytes and many
smaller male gametophytes|S S 11l HW DO 7 U\ RA3 fer@dpevd O H
are flagellated and need to swim through water to reach archegonia, a greater abundance of
sperm due to the AG system may help overcome the limitations of dry environments. Likewise,
AG leads to a greater number of unisexual gametophytegfahe limiting selffertilization

and facilitating outcrossing, the exchange of gametes between gametojsiugemintaining
heterozygosity in fern populatiofScredlbauer & Klekowski 1972)Through the AG system,
homosporous ferns gain these advantages, which are usually afforded to heterosporous plants
because of their prdetermined sexes atiteconsequent inability to undergo the extreme form

of selfing fourd in homosporous plants. Additionally, larger gametophytes may be able to
pheromonally suppressporophyte formation irsmaller gametophytesleading toredwced
competition.On the other handgmaller gametophytes may use the system to contribute to the
next generation despite being unable to form archegonia or support young sporajpleytes
unfavorable condition@Villson 1981)



Despite the apparently widespread occurrence of AG systems in ferns and their potentially
large evolutionary significance via their effects on population structure and mating behavior,
our understanding of their evolution and distribution across the ligtogenywaslimited until
recently The metaanalysisof 88 published papex@n 208 fern species in totalogether with
new data from cultivation experiments was preser@agpér 5. Using this largaedatasetwe
showedthat the AG system is widespread argderns. About twahirds (64.5%) of all tested
species responded positively to AGgveral AG types are wedistablished by now, but others
still require thorough testing to determine their scope, distinctness, and feaheemjority
(66.7%) of aponettic species surveyed to date respond to AG. The consequences of this may
play an important role in survival and competition among fern gametophytes in nature as well
as interactions between apomictic and sexually reproducing taxa. This study alscssihggjest
there is no difference between diploids (67.0%) and polyploids (68.1%) in response to AGS, so
the pheromonal system may be advantageous even to spbaabsare predominantly selfers
(Paper 5.

Apart from the precocious formation of antheridia, A&so enable spores to germinate in
darkness, bypassing the usual requirement of {g¥ginberg & Voeller 1969, Haufler &
Welling 1994) Such germinated spores grow into small belowground gametophytes with a few
antheridia(Schneller et al. 1990jThe sperm released from these antheridia then navigate
toward open archegonfaopezSmith & Renzaglia 2008nd may fertilize the antheridiogen
releasing gametophytes aboveground. Thus, AGs effectively allowttemisie the otherwise
dormant spore bank for genetic divergiBchreller 1988)

There is stillalarge potential for studying new types of AGs systemstheidinteractions
with biotic or abiotic factors. One of these stiliresolvedpotentialAG typeswasreported in
asmall calcicole feri\splenium rutamuraria. It was nitially describedas a uniqué&G system
in A. rutamurariadue toWKH VSHFLHVY ODFN R (SéhveldR PYHIVvAKIR JLEEH
are similar to Schizaeaktgpe antheridiogens. Within our stu@@aper 6 we cultivated the
spores of multiple fern species, including representatives of three established antheridiogen
types and various related and unrelated members of Aspleniaceae. Specifically, the effect of
older meristic gametophytes on the sexual express younger gametophytes was observed.
Our tested individuals oA. rutamuraria decidedly did not employ any system resembling
antheridiogens as observed in Schizaeales and Polypodiales. The exudates of female
gametophytes did not preclude the formatad archegonia among younger gametophytes or
stimulate germination in darkness. Surprisingly, the exudatés ofitamuraria may have
suppressive or facilitative effects on younger gametophytes of various fern species. The
mechanics and properties of skeeffects have been poorly explored until now and may have
evolutionary significancen the subsequent development of sporophytes

2.3 The story of how fern sporophytes are affected by genome size delimitation,
distribution, diversification and hybridization in the shadow of genome
multiplication

As mentioned in the introductionne of the most important mechanisnpteEntdiversification
is genome multiplicatiortpolyploidy (Haufler 2002) The quickest and mogtowerful tool
usedto evaluate andetermine the plant genome size or estimate the DNA ploidy leflehis
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cytometry (FCM).The evolution of plant genomes is dynamic, encompassing a range of
genomic processes including multiple rounds of whole genome duplicatM@D],
polyploidization,chromosomal rearrangemerdsid the turnover and evolution of repetitive
DNA (Wood et al. 2009)Thisis mirrored in the tremendous variation in nuclear genome sizes
acrossland plants (@ 11,850fold). This has crucial implications for flow cytometric
applications both with respect to technical issees, a series of internal standardsddferent
genome sizeisrequired RXUHLUR HW DO . fiHedamt Qelrainiddnéabirty
degree ofttention has focused on the contrasting genomic profiles and evolutionary processes
undetying different lineages of land plants, and the consequences of these differences on their
diversification andnechanisms driving genome size evolutfbritch & Leitch 2012, Landis

et al. 2018, Fang et al. 2022, Fujiwara et al. 2023)

Although ferns and flowering plants could share some of the pathways involved in
diploidizing the genome, they differ in their response to the additional chromosomes and DNA
arising from WGD(Clark et al.2016) The distribution of genome sizes in angiosperms is
biasedtowardssmall genomes (median = 1.7 pg/1C) but is more normally distributed with
PHGLXP(VLIHG JHQRPHV LQ IH (L 6&teh & EitGh2DI3, Suda et 81.J201%,
Pellicer et al. 2018)Ferns arealsotypically characterized by higher chromosome numbers
(mean 2n = 121.0; 2n range =#A840) comparetb angiosperms (mean 2n15.99; 2n range
= 4640) and genome size and chromosome numbermaf2nyften correlated in ferns but not
in angiospermgBarker 2009, Haufler 2014, Clark et al. 2016uch differences at the
molecular level could alsteadto the higher contribution of hybrid speciation to extant fern
diversity (Wood et al. 2009, Mayrose et al. 2011, Soltis et al. 28@8)evolutionary potential
(Vanneste et al. 2015, Clark et al. 20&6)nparedo other land plant lineage$his suggests
that genome size evolution in ferns is not only shaped by repeated cycles of polyploidy but also
by other mechanism#n our study Paper 7), we aimedto explore whether the evolution of
fern genome sizes is not only shaped by chromosome number changes arising from polyploidy
but also by constraints on the average amount of DNA per chromosamtest these
relationships, we used 147 accessions belongirigt taxa of genuAsplenium This genus is
suitable forsuch analysi®ecause of highly conserved base chromosome number and a high
frequency of polyploidy. Wesurprisingly revealed that genome size varied substantially
between diploid species, resalyiin overlapping genome sizes among diploid and tetraploid
species of genuAsplenium The observed additive pattern indicates the absence of genome
GRZQVL]LQJ IROORZLQJ SRO\SORLG\ 7KH JHQRPH VL]H RI C
found evidencefoFODGH(VSHFLILF WUHQGYVY WRZDUGYV ODUJHU RU V
of fern genome sizes have arisen not only from repeated cycles of polyploidy but also through
FODGH(VSHFLILF FR héadtuhidla@mmavd/drelintnat@h ¢ DNA&per 7).

The applicationof FCM is very helpfulfor the development of plant biosystematics.
Resolving genome siZ@NA ploidy level of many intricate and cryptic groups of plgnts
including ferngwas a significanstepforward % XUH& HW DO (ELK&UD HW I
al. 2009, Dyer et al. 2013, Henry et al. 2014, Dauphin et al. 20I&)xpplied flowcytometry
with a combinationof multivariatemorphometriczo one of the most taxonomically intricate
fern groupof Central EuropetDryopteris carthusiangroup Paper 8. This conspicuouand
very commoncomponent of temperate woodlands is typital its overall phenotypic
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similarity, great plasticity and thadidence of interspecific hybiightion, which has resulted

in continuous disputeconcerning species circumscription and delimitation. The group consists
of one diploidD. expansaand two allotetraploid®. carthusianaand D. dilatata Our flow
cytometric measurements$ 858 plants from 85 localitiegvealed unique genome sizes in all
species and hybrids, allowing their easy and reliable identification for subsequent
morphometrianultivariateanalysesEven thetwo tetraploids markedly differ in their genome
size(21% difference)This study Paper 8 showedthat genome size data may help to resolve
taxonomic complexities in this important component of the temperate fern floréhand
multivariate analges may resolve species boundaridss study together with other thorough
examinatios of the genu®ryopteris (Ekrt et al. 2007, 2009, 2010, 2018y toachorological
compilation of distribubn of all Dryopterisspecies in the Czech RepublRaper 9. Based

on a thorough revision o#0 public herbariumcollection including the largesines(e.g,
BRNM, BRNU, CB, HR, MP, OL, OLM, PR, PRC, ROZ) the distribution pattern of individual
species in the Czech Republi@s processedll reviseddata from herbarium voucheused

for mappingwere georeference@nd entered into the Pladias datal{&@g#d et al. 2019)and
geographically sorted according to the traditionally used CEBA (Central European Basic Area)
grid templde ofNikifeld (1997).During the followingyears, based on herbarium revisions and
areview of literature, the distribution maps of all fern and lycophytes of the Czech Republic
were publishedEkrt in Kaplan et al. 201&017a, 2017b, 2018a, 201&819, 2020)

Going back tdPaper 8§ a veryinteresting findingesulted from the studyVe foundavery
varied frequencyof particular hybridtaxa that depended primarily orthe evolutionary
relationships, reproductive biology, and-@ccurrence of progenitarslowever,the dataset
was not designetb provethis, and evidence was insufficiefitherefore, a followup study
(Paper 10 was conducted to focus on this aspéttis alo representshe most thorough
investigation of hybridization rates in natural populations of féfheDryopteris carthusiana
group was alsohosen as it formthiree different hybrid combination arsfrequenly availeble
in mixedpopulations. A total 40 mixeat¢-occurrencef at least two species) population were
sampled and all mature plants ancontinuous area containing about 100 individuals were
collected andhe genome size of all studied individuals (about 3962 plants)determined
using flow cytometryWe found hybrids in 85% of populationshd riploid * TDPEURVHDH
(D. expansai D. dilatata) occurred in every population that included both parent species and
is most abundant when the parent species are equally abuBglacontrast, tetraploid.
1G HZH YtH dathusiana 1 D. dilatata) was rare (15 individuals total) and triplofdl.

TV DU Y (@B Céartdusianal D. expansawas completely abseirt this study The parentage

of hybrid taxa is considerably asymmetric. OVlerse can say that hybridization rates differ
greatly even among closely related fern taxa. In contrast to angiosperms, our data suggest that
hybridization rates are highest in balanced parent populatopporing the notion that some

ferns possess wekveak barriers to hybridization.

The other application of floweytometry and genome size measuremeagfacusingonthe
experimentalnterspecific cytotype variability of the fefteridium aquilinum(Paper 1. In
Europe,P. aquilinumis considered an aggressive colonizer and a weed, growing in woods,
pastures, abandoned fields and various other disturbed habitats. This success is likely due to a
combination of sexual and clonal reproduct{®age 1976)The taxon is considered diploid
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with anotableexception of the triploisloccasionallyfoundin the British IslegSheffield et al.
1993) Unlike in most eveiploidy cytotypes, fern triploids are often apiatic or infertile, due
to genetic imbalance. An interesting opportunity to study these phenomena has emerged with
the discovery of this triploid bracken tiploid that is fertile but not apomictic. To study the
cytotype variation of the speciesve andyzed 1456randomly sampledronds from 135
population. The diploid cytotype &f. aquilinumis dominant in continental Europe with 121
entirely diploid populations found, but we also found 9 mixed and 5 entirely triploid
populations.Triploids werealso revealed in Norway, Sweden, Germany, Switzerland, the
CzechRepublic,and Austria but are ree. There seems to be no obvious geographical patterns
in the distribution of cytotypes, so walditionally testedgenetic difference(9 microsatellite
regions)between ploidy levels as welt.wasfoundthat te triploid cytotype is rare and likely
originated multiple times from the diploids and relies on clonal and possibly limited sexual
reproduction to maintain itself. However, diploids and triploids are often genetically different
within a population, indicating that the triplaichayalsomigrate béwveen populationdbecause
21.4% of triploid plant$ound weréfertile (Paper 11).

Theintensive and longerm use of flow cytometry in fern biosystematics fiaally led us
to the challengef produéng the largest cytogeographic study epeeformed orferns We
focused orthe interspecific cytotype variability dfie polyploid Cystopteris fragiliscomplex
(Paper 12. The mollection of 5518 individuals from 449 localities across four continents and
subsequent analyse$ genome sizéook us five years(thanks to the great help of many
colleagues)We revealed five different ploidy levels (2x, 4x, 5%, 6x, 8x) and three species with
intraspecific ploidylevel variation:C. fragilis, C. alpinaandC. diaphana Two predominant
C. fragilis cytotypes, tetraploids and hexaploids;amzur over most of Europe in a diffuse,
mosaiclike pattern. Within this contact zone, 40 % of populations were rpi@dy and most
also contained pentaploid hybrids. Despite applicationof possible ecologal preferences,
field-recorded parameters and databadeacted climate data, thendaronmental conditions
were only observed to haweelimited effect on the distribution ¢fie predominantytotypes.
Flow-cytometric analyss revealed subtle but highlygsificant differences in monoploid
genome size (Cx value) betweéh fragilis tetraploids and hexaploids. Specifically, the
monoploid genome of hexaploids is on average 2.6 % smaller than that of tetraploids. This
PLIJKW EH D FRQVHTXHQFRJINI DJBEQRPHVFRRIQVWMWHPDWLF '1
known to commonly accompany polyploiflyeitch & Bennett 2004)Based on this stugyve
can confirm, that bottheploidy leveldiversity and the frequency of mixguoidy populations
observed here suggest thiat this respectferns can match the wellocumented patterns in
angiosperms .ROi HW 7D \While ploidy coexistence irC. fragilis is not driven by
environmental factors, it could be facilitated by the perennialfdifen of the species, its
reproductive modes arie efficient wind dispersal of spor¢Baper 129.

A follow-up research oRystopteris fragiliscomplex was built on prior knowledge of the
genome size/ploidy level of the plants under stuiRper 12 and was focusegarticularlyon
the phylogenetic pattern among the members of the complex worldwide, basedagenetic
analyses of plastid DNA among main cytotypes and spore chaf@af@r(13. We selected
representativeset of 87C. fragilis samplegeflectingthe ploidy level (4x, 5x, 6x)andspore
type (spiny/rugoseyariability of the group found in Nthern Hemisphere populatiorisr
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sequencing of two plastid loci (rbcL, trA). The spore charactelasevaluated in this study
asthe production of rugose instead of regular spiny spisesometimes associated with a
potential speciescalled C. dickieana. Our plastid DNA analyses revealed two haplotype
lineages, which we label the hemifragilis and reevesiana clades, based on their potential
relationship to the two presumed diploid parent€ ofragilis. The tetraploid, pentaploid and
hexaploid accessns did not form monophyletic groups and they were each distributed in both
major clades of th€. fragilis complex.Rugose spores were rarer overall (26% of samples),
but five times more prevalent in the hemifragilis cladel therefore should not be associated
with a single namelt is evident, that thistudyis limited by using oly plastid DNA data
(Paper 13 but further reveals agreat genotypic and cytotypic complexity present in this
taxonomiccomplex.The proper delimitation and understanding@f fragilis still remains a
greatchallenge

3 Future perspectives

In many aspeciderns as vascular spebearingplantshavebeen neglected in comparison to
angiosperms Therefore there are numerousemaining challenges that show the future
directions we can take. Some of the studies presentedqguestionsfor further research of
ferns andpossiby, lycophytes.Future research will have to include both glaenetophyit and
the sporophyic stags. Many other stories may still be unfolding that we widl doubthear
about in the future.

Spore abortion in ferns wamtil now studied only in temperateptosporangiatéerns
(Quintanilla & Escudero 2006, Paper Eusporangiate ferns a&ll as lycopods werstill not
tested. Within fams, there is an extensiepportunitiesoncerningther regions (arid, tropical)
where examining spore abortion will be challengiRgrthermore the comparisonbetween
plants of different habitats corresponding with optimal vs.-gptimal conditionsis still
understudied.

Focusng on the gametophytés unique system of sex determination and ensuing population
demographic contrailsodeserves more intereist the future. More than seventy years after
WKH GLVFRYHU\ RI DQWKHULUGS BER J kh@ YasErhajddit) oY fidrbd shpBics
(98%) remains unexplored. It may be expected that large, spediefamilies such as
Athyriaceae, Thelypteridaceae, Polypodiaceae andth@pceae, witliew, if any, species
tested, should be the subject of future inquiries, as stasfmbrangiate fern lineages or even
lycopods. We are now beginning to understand how antheridiogens operate on the molecular
level but many questions abouethdistribution and evolution remain unanswered. Hopefully,
the presentedomprehensive datag@aper 5kan provide a starting point for fern researchers
to learn whether their species of interest use this intriguing system of pheromonal control over
sexual determination.

Further questions arise about possible gametophyte competittorg thér development
Of greatimportancepossibleare theunderstudiedllelopathicinfluencesthat were discovered
during the studyf Asplenium rutamuraria (Paper 6). The exudates of female gametophytes
did not preclude the formation of archegonia among younger gametophytes or stimulate
germination in darknesklowever, theynay have suppressiee facilitative effects on younger
gametophytes of various fern speciBlse mechanics and properties of these effects have been
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poorly explored until nowmay have evolutionargignificance andleserve further study in
ferns.

Duringour study on the foration of fern polyhaploids (Paper 2), ssgggestethat the apo
sex hybrids might be of certain evolutionary potential, particularly if their polyhaploid offspring
are capable of producing viable spores and crossing with sexual sptangother interestg
research topiceereraised based amosedata, such as the incidence of polyhapfoitgnation
in other fern groups or ploidies, genetic variation of polyhaploid offspring, and especially the
occurrence and fertility of polyhaploid descendant fromapdbid hybrids.

Despite continued study focusing tite dynamics of genome evolutiand genome size
diversity, we still measured the genome size of only about 5.1% of the fern sflegjiegra
et al. 2023) More FCM measurements are needed dobetter overview of genome size
variability particularly in the still poorlyinderstoodern andlycophyte groups. Our research
group is very active in this fieldVe continuously excergiublished data on genome size of
ferns and lycophytes and alsbtaingenome sizeof still not measured taxaVe lelieve we
will create the largest database of genome size of ferns and lycophytes used for furtbes.analy

Members of our research grodpo participate in the Fern and lycophyte genome databank
and silica archive (FerDA) project coordinated by L. ERfe are ceatingthe Europe's largest
genebank for ferns and lycophytea a gradual collection (and storing it as sitah@ed) of fern
and lycophyte material during various fiegcursiongo many European countries. \Were
inspired bya similar projectby our colleagues from theuke University tFern labs Database
(https://fernlab.biology.duke.edu/The silicadried samplestored within FerDA are precisely
georeferencedlocumented by herbarium vouchers and usokypown genome size or ploidy
level. This project is still in progress, but several thousahdamples are ready be usel for
possible phylogenetic studigsthe future.
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