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The one process now going on that will take millions of years to casrénet loss of genetic and
species diversity by the destruction of natural habitats. This is the folly our descendants are least likely
to forgive ugEdward O. Wilson, 1984).
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Abstract

Due to the loss of potential habitats because afhthropogenic fragmentation many plant
populations became small dnisolated. Small populations are often facing negative genetic
consequences like reduced genetic variation, genetic drift, founder effects, inbreeding depression
and accumulation of deleterious mutations. These factors may lead on to a weaker futuréoadapt
potential to environmental changes, reduced plant fithess and consequential higher risk of becoming
extinct. In this particular field, conservation genetics becomesrmouslyapplicable. It targets the
comprehension of dynamics of genes in populatioizgs genetic method$o develop management
plans for persistence and protection of the populatiédnplant species of conservational concern is
the marsh gladiolus@ladiolus palustrjs which is critically endangered in Austria ahdrefore also

in the federal state of Salzburg. The last occurrences in Salzburg are restactbe base of the
Untersberg. Miny populations are rather small and geographically isolated.

The major aim of this thesis was to survey thenetic diversity andjenetic structurewithin and
among populations ofGladiolus palustrisn Salzburg and adjacent areas. The questions if the
geographical isolation of populations due to fragmentation of habitatalready visible in the
genome and if small populations are facing genetidekign should be answered.

For approaching these questions, Diaterial of seventeen gladiola populations of the northern
base of the Untersberg were sampleahaterial of populations outside of the feddratate of
Salzburg were sent to Salzburyg colleagues The AFL¥hethod and computebased programmes
were used to create DNBngerprints of the speciedf there was genetic differentiation among the
populations, a divergent development because of geographical isolatiocaregivable

No clear genét groups could be identified. At three groups, the populations of Vorarlberg and
Upper Austria were forming a separate cluster. Within Salzburg, most of the populations were
genetically admixed; a few of them could explicitly be assigned to one of thee throups.
Considering the gene diversity of populations in Salzburg it could be recognized that not the biggest
populationswere the most diverse ones, as one would expect, but rather small populations were
having high levels of diversity. However, therasno significant correlation between the size of the
populations and their gene diversities. Correlations between geographical and genetic distance were
partially significant. Within Salzburg, no significant IBD (isolation by distance) could be detedmine
summary | conclude thabladiolus palustrigs characterized by low genetic diversity, possibly due to

the huge loss of potential habitats during the last two centuries.



Zusammenfassung

Durch den Verlust potentieller Lebensraume aufgrund mendoéiti Fragmentierung der Landschaft
wurden viele Pflanzenpopulationen stark dezimiert und oft auch raumlich voneinander isoliert. Solch
kleine, isolierte Populationen sind durch negative genetische Konsequenzen gefahrdet, wie
beispielsweise durch verringert genetische Variation, genetische Drift, Griindereffekt,
Inzuchtdepression oder Ansammlung nachteiliger Mutationen. All diese Faktoren kénnen zu einer
verringerten kinftigen Anpassungsfahigkeit an Umweltverdnderungen fihren und die generelle
Fithness der Pdnzen verringern und somit auch das Aussterberisiko erhéhen. In diesem Bereich sind
naturschutA Sy St A aOKS aSiK2RSy 6a02yaSNBIGA2Y 3ISySia
genetischer Prozesse in Populationen beitragem Managementplane zum Fortbestehemas zur
Sicherung der Populationen zu erstellen. Eine Pflanzenart von groRem naturschutzfachlichen
Interesse ist die SumyiBladiole Gladiolus palustr)s die in Osterreich ungomit auchim Bundesland
Salzburg vom Aussterben bedroht ist. Die letzten Vorkem der Sumpfladiole beschrénken sich

in Salzburg auf das Vorland des Untersberges, viele Populationen sind eher klein und geografisch
voneinander isoliert.

Das Hauptziel dieser Arbeit ist es, die genetische Struktur innerhalb sowie zwischen den
Populatonen der SumpGladiole in Salzburg und umliegemd8ebieten zu untersuchen. Es soll
festgestellt werden, ob die geografische Isolierung der Populationen durch Fragmentierung des
Lebensraumes bereits Auswirkungen auf das Genom zeigen und ob kleine Populdiereits von
genetischer Verarmung betroffen sind.

Von siebzehn SumytladiolenPopulation im nérdlichen Untersbeidorfeld wurden DNAroben
gesammelt, von Populationen auf3erhalb des Bundeslandes Salzburg wurden Proben nach Salzburg
geschickt. Mit derAFLFMethode sowie mit computergestitzten Analysen wurde ein genetisches
Profil deg Art erstellt. Sollte eine genetische Differenzierung zwischen den Populationen gefunden
werden, ware eine Auseinanderentwicklung aufgrund geografischer Isolierung zutearmu

Es konnten keine klaren genetisch@nuppen identifiziert werderBei einer Gruppenanzahl von drei
Gruppen stellten sich jedoch Populationen aus Vorarlberg und Oberdsterreich bereits als
eigenstandige Gruppen dar. Innerhalb von Salzburg sind dietaneBopulationen genetisch
durchmischt, einige wenige sind eindeutig einer der drei Gruppen zuzuordnen. Bei Betrachtung der
genetischen Diversitdt von Populationen innerhalb von Salzburg ist feststellbar, dass nicht wie
anzunehmen die groften Populationedie genetisch diversesten sind, sondern eher kleine
Populationen hohe Diversitatswerte aufweisen. Es besteht jedoch kein signifikanter Zusammenhang
zwischen GroRe der Populationen und gentischer Diversitdét. Zusammenhdnge zwischen
geografischer und genetiser Distanz waren nur zum Telil signifikant, innerhalb von Salzburg konnte

keine signifikante IBDgplation by stance) festgestellt werdeirzusammenfassend l&sst sich sagen,



dass Gladiolus palustrisdurch eine niedrige genetisch®iversitat gekennzeichne ist, die

mdoglicherweise durch den enormen Lebensraumverlust in den letzten Jahrhunderten beingt



1 Introduction

1.1 General introduction

Nature conservation is of great importance in the present,agbiodiversity continues to decline
globally (PEARSON2016) There are plenty of arguments and ideologies for conserving nature
comprehensively. Nature should be valuated as a basis of existence, as ongoing processes like e.g.
decomposition, climate regulation, water purification and pollination wes human existence
permanently. Additionally, nature deliversourishment and other resourceand enables an
enhancement of vitality and quality of living and is thereforgy#at importance for everyone, also

for prospective generations. Besides, natiugs a right to exist and we all have the ethical obligation

to preserve it in its whole beauty and divers#ty it has been produced by evolution over more than
3.5 billion yearsaside from human interes{&\.LENDOR& LUIKART2007; PEARSON2016).Humans are
intervening into the environment at a very high speed and nature is not able to adapt to these fast
anthropogenous changes, so we are facing a mostly hdmdurced mass extinction of plants and
animals right now3.000 to 30.000 species go extingtraally YWOODRUFFR2001). Regarding plant
species, the IUCN (2001) estimates th&84%%6 of major plant species are threatened with extinction
over the next decadesA(LENDORR: LUIKART 2007). Consequently, there is a need of nature
conservation as well aspecies conservation; it is necessary to protect and conserve diversigyl

relevant levels, namely on ecosystem diversity, species divergityalgo genetic diversity level.

There are many global and local private associations and governmentalnagrese to protect

nature. TheBiodiversity Convention, Rams@onventionand BernConventionare supranational and
governmental conventions to protect plants, animals and their habitats. Adei#), nature
conservation isregulated by two nature directivesdesigned by the Directorate General on
OYDPANRYYSY(d 2F GKS 9 dzNP BisdDirective YN R A AR F X NEDOTEDE & &
(FFHDirective). First named is responsible for the conservation of wild birds and the second directive
protects endagered natural habitats and wild fauna and flora. The Directives include appendices,

where habitats and rare species of community interest are listed. Every Member State of the
European Union i©®2 YYA GG SR G2 RSAAIYI GS | LILINRrhakArépdrtS & A G S 3
about theconservation statuand to avoid alegradationof conditions, in other words, to maintain a

GCl @2dzNT 6t S / 2 YOATERNIMNLEOB) A ye aifn lisltolpdzsieeve nature as a habitat for

species that enables thmaintenanceof large populations.



LEIMUet al. (2006 stated that fithess and genetic variatiai populationswere significantly positive
correlated with population size#According to these authors, number of alleles, the proportion of
polymorphic loci and the exgeted heterozygosity increased with population sieer some rare
species, mean correlations between population size and fitness tended to be even stronger than for
common speciesHowever, many rare species are composed of small and/or isolated pomdatio
what iscoming along with several problems for the affected species, as discussed in the following

paragraph.

Many populations have become small and isolated due to dasat of possible habitatsecause of
recent anthropogenically induced fragmernita. Habitat fragmentation results in several smaller
and spatially isolated patches of former continuous habitdsufGet al, 1996).H LSTRANE. B AM

(1993) identified consequences of fragmentatiothat may put rare plant species and small
populationsat a genetic risk. Smalbpulationsare predicted to be at a higher risk of facing negative
genetic consequences like reduced genetic variateod population viability, due to genetic
processes like genetic drift, founder effects, inbreeding depressmhagcumulation of deleterious
alleles or mutationsGenetic drift, which causes a random change in allele frequencies within a
L2 Lddzf F GA2yQa 3ASyS Lk2f Yire €SFR (G2 fFNAHSN FyR
small populations, meanwhilenilarge populations, fluctuation effects are generally smahe
chance of inbreeding, i.e. the mating of related individuals is increased as a result of small population
size E.LSTRANB H.AM 1993 OuBORGet al, 2006).Changes in allele frequencies;camulation of
harmful alleles or mutations, increased inbreeding and reduced genetic diversity may lead on to a
weaker future adaption potential to environmental changes and reduced plant fit(fgs\KHAM

1995 LEiMuet al, 2006 ALLENDORE& LUIKART2007). Therefore, small and isolated populations are at

a greater risk of becoming extin@HMIDT& ENSEN2000). This ia result of low levels of gene flow

among isolated populationddere, conservation genetics becomes applicable.

Conservation gendts targetsthe conservation of genetic diversity by understanding dynamics of
genes in populations via applying genetic methods. First, genetic relationships within populations
need to be understood, before management plans can be developed. As molesthaiques like

e.g. allozymes, DNA sequencing, microsatellites, RARRI¢m ampilfified polymorphic DNA) and
AFLP (@aplified fragmentlength polymorphis became available, they were applied to depict
genetic relationships among individuals, populatioms] aspecies HAIG 1998). AFLPgVos et al,

1995), a dominant DNA marker system based on polymerase chain reactions, are used for fast
screening of genetic diversity and detecting polymorphism at DNA sequence level. This method has

many benefits as many migers can be scored for many individuals at the same time, accompanied
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with a high replicability and no requirement of any prior information about the genaviige(LE&
WOLFENBRGER1999 OuBOR@et al, 2006 PAUN& SCHONSWETTER012).PAUN & SCHONSWETRE2012)

state that AFLPs can be used to infdrylogenies and biogeographic patteras populatiorlevel.
LUCCHIN(2003) also tested the AFLP method as a tool for biodiversity conservation and management
and came to the conclusion that it can be a vegod molecular technique for conservation

concerns.

The marsh gladiolusGladiolus palustriGAUDIN), is an Iridaceae specigith conservational
concern, as it is critically endangered in Austria and in the federal state of Salzburg and is listed in the
appendiced! and IVof the HabitatDirective of the EUWITTMANNet al, 1996 SSYMANKet al, 2006).

The main reason for its threat is the loss of suitable habitats as it primarily occurs in regularly late
mown wet straw meadows which faced a dramateackihe in the last decades. In Salzburg, the last
extant occurrences of the marsh gladiolus are at tioethern baseof the Untersberg\(VITTMANNet

al, 1987), in general populations show a negative development tendemcpopulation sizes
(Nowotny, persoal communicatioph There are many rather small and isolated populations, which
are threatened with extinction. Discussions with members of an association for ecological
O2yaSNBIFGA2Y &l ! [ adzy B a[l SAYVRENNKERY HYWLBSYSydi€ 0 LI 3
genetic analysis oGladiolus palustripopulations of Salzburg. The aim was to detect the genetic
diversity and relationships among populations of Salzburg and adjacent areas. Another aim was to
examine, if there is already a genetic depletion due toggaphical isolation and small population
sizes. Ideally, results of this study may help to develop management plans for the marsh gladiolus in
a cultural landscape, includingx situcultivation and planting out of individual® maintain and

increase poplation sizes



1.2 Study subjecGladiolus palustriSSAUDIN

Gladiolus palustrisalso called Marsh gladiolus, is a perennial species belonging to the family of
LNRARI OSI S ¢ GadioDsiphldsBIGAUDIN | Z SIA @ A the tixBriomidaniBrean
Francois Aimé Philippe Gaudin, a Swiss priest and natural scientist. For the planttimaraere
several synonymssuchas Gladiolus boucheanuSchiltdl.,Gladiolusfelicis Z.Mirek, Gladiolus felicis

var. zmudae Z.Mirek, Gladiolus imbricatus subg. parviflorus K.Richt., Gladiolus palustrisvar.
vaudensisGaudin,GladiolusparviflorusBerdau,Gladiolus pratensié.Dietr.and Gladiolus triphyllus

Bertol. fittps://www.gbif.org/species/2750279

1.21 Distribution of Gladiolus palustris

Thedistribution of Gladiolus palustrigs restricted to theNorthern Hemisphere(see Figure IMEUSEL
et al., 1965), it is lllyrian, alpirepenninic.BesidesGladiolus imbricatuand G.illyricus G. palustrigs
the only species of thgenusGladiolusoccurring in Central Europ&(HMITTet al, 2010).1t occurs in
eastern France, Switzerland, Germany, Czech Rep@diwakia, Poland, northern Italy, Austria,
Hungary, in Balkan regions like Albania and WesternaBialg@ndfragmentarily inBelarus Ukraine

and Russighttps://www.gbif.org/species/2750279NowoTNy2000).

wwzey + Gladiolus palustris GAUD.

Fig. 1: Distribution map d@bladiolus palustrifaken fromMEUSEEt al.,, 1965).


http://www.gbif.org/species/2750283
https://www.dict.cc/englisch-deutsch/Belarus.html

Regarding the distribution in Austria (see Figure&adiolus palustrieccurs in Burgenland, Lower
Austria, Upper Austria, Salzburg, North Tyrol and VorarlffesgHert al, 2008 and uncertainly in

I' I NRAYGKALF 0 6SOMHZ/NIR antisAlESONKNSS AYOKNEIIEA R S NA @ EendbriéR ¥ | ©
University of Vienna Figure 2 shows the distribution @ladiolus palustrign Austria and adjacent

areas of Germany and Switzerland.

The map has been compiled of information ofNiklifeld (unpublished information, Viennand two
websites, infoflora.ch of Switzerland and deutschlandflora.de of Germany. For a floristic mapping of
Europe, a layer with mapping quadrants was used. If the species is present in the quadrant, there is a
circle in the center of the quadrant.he distribution is scattered, there are cumulative occurrences in

Vorarlberg, Bavaria and Swabia and in Salzburg, in between there are distribution gaps.
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Fig. 2: Distribution oGladiolus palustrigy Awstria an adjacent areas of Germany and Switzerland

Figure 3 shows the known distribution Gfadiolus palustrig the state of Salzburg at the time of the
publication of the distribution atlas of vascular plants of Salzburg/blymanNet al. (1987). Shcethe

year 1945, the species is known in only three mapping quadrants, namely in the quadrants 8243/2,
8243/4 and 8244/1. These are the regiocasthe northernbaseof the Untersberg. The two blank
spots represent vanished occurrences in the quadrant3794Holzhausen, St. Georgen) and 8442/1
(Gumpinger Moossurroundings of Lofer), which could not be confirmed since 1945. The species is

considered extinct in these quadrantsqwoTNy2000).
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1.2.2 Biological features ofsladiolus palustris

Gladiolus plustrisis a perennial and deciduous (sumnggeen) plant. It reaches a height of-80

cm HscHERt al., 2008). Its stem is foliate with linedanceolate leaves adbout 0.5-1cm breadth.
The Marsh gladiolus has a geophytic growth form, which meaasith hibernating organ is lying
below the ground. This organ is an underground bulb, which is formed new annually for hibernation
and is located in depths of 12D cm HEG) 1939 REGEL2010). The bulb cover has meshed filaments,
with rotund or polyanglar meshesRisScHERt al., 2008 LAUBER& WAGNER2007).

G. palustrishas a conspicuous, entomophilous esided flower spike (see Figudgwith two to eight
carmine red or purple flowers, which are up to three (four) centimeters long and have traegnst.
Each flower has its own bracteolEhe lower tepals are inside white with edging dark red longitudinal
stripes € nectar guidesee Figure 4.a); this is conducive to attract and lure pollinators and to give
them orientation ScHMALL 2015). The lowe flowers start to flower first (flowering bottom up),
whereby the topmost flowerslo not fully develop and often nqtroduce seedsREGEL2010). The
flowering period ofGladiolus palusis ranges between (May) June to July.

The main pollinators are bupnte-bees KNUTH 1899). According tddNUTH (1899) andHERRMANN
(2000) the planinhibits selfpollination by protandry. During anthesis, tlstgaminaare first below
the still closed stigma. After draining the pollehey start to shrink, while the stigmbowers itself
through the stamens. The ovary is inferior and partiecteparty. Every part contains 105 ovules.

If fertilization was successful, the ovules develop to winged brown prdeadpetween the middle of
August until the beginning of Septembérhey are then dispersed by wind in the second half of
September lIERRMANN200Q FHscHERt al, 2008). Vegetative reproduction via bulbs is also possible,
but more theexception &cHmITTet al., 2010).The time between germination and the first flowering

of the marsh gladiola is at least three to four years.


https://www.dict.cc/englisch-deutsch/threepart.html

Fig. 4:Gladiolus palustrisa) Inflorescence b) Flower in detail c) Stamina d) Side efewabitus e) Immature

green capsule f) Mature chapped capsule witihged brown propagulefphoto f) by G. Nowotny].



1.2.3 Habitat of Gladiolus palustris

The species occurs at different habitats, it is a character species of extensively manggedymaor
grass bedding meadows (Molinion caeruleaee Figure 5 however it also occurs in regularly
managed calcareous fens (Caricion davallianae),-deyialcareous grasslands (Bromion erecti) and
also in currently unmanaged sewhiy pine forests (Eco-Pinion) on calcareous soOilsIHRRMANN
2000 OBERDORFER001;, ScHMITTet al, 2010).1t prefers moist and marshy meadows and fens but
also can be found on more arid soilsBER WAGNER2007; HScHERt al, 2008).The gladiola grows
from the coline to montane altitudinal beltAccording toE_.LENBERet al. (1992)Gladiolus palustris
has following ecological characteristi¢digh demand of light (L=8), between morderate warm and
warm temperatures (T=6), suboceanic (Kxd¢diummoist to moist grands (F=6), mostly showing
lime (R=8), more occurring at very nitrogeoor sites (N=2), not halotolerant (S=0), geophytic
growth form(G).

a)

Fig.5: Habitats ofGladiolus palustrisa) Typical bedding meadow. be8i-dry pine forest

1.2.4 Conservatbn status and endangerment

Ly GKS O02dz2NBS 2F (KS 9! (Gladiofi$ palugirisMdRaddBE olithg a A 2y
Appendixes Il and IV of the EU Habitats Directive. Therefore, Austria has a reporting obligation for

the condition of this species. Ié law of conservation of nature of Salzburg of 1999, paragraph 29
determines the specific protection of wildly growing plants. According to thisGapalustrisis listed

within protection category B, which contairfislly protected plant species in th8tate of Salzburg.

GFulyLINR 1 SOGSRE YShya G(GKEG AG Aa F2NDARRSY G2 REYI
their habitat. Furthermore it is prohibited to deal, sell or buy the plants. Also, it is forbidden to
damage the habitat in a way that @rents the plant from persisting (RIS, Salzburger

Naturschutzgesetz 199NSchG, StF: LGBI Nr 73/1999).



In the Red List of threatened ferand flowering plants of the State of SalzbuWi{TMANNet al,
1996),Gladiolus palustriss listed as threatenedvith extinction (corresponds to the IUCN category
GONRGAOIfftRY SYRt YEAENBREGKAOK Aa OFGiSI2NE amé v | f
this hazard levelBeing critically endangered means that the survival of the species in theswild
unlikely if the threats are influencing it any longer or there are no supporting measures initiated.
Species are ranked in this category if there are only single occurrences or very small and isolated
populations left that are dependent on vulnerablabitats. Moreover, species thahave faced a

strong or very fast decline in population size are assigndtisncategory YWITTMANNet al., 1996).

The main anthropogenic reasons for the threat of the speciestaalestruction of large areas of
speciesrich wetlands and fen meadows in Eurgfeaving behind isolated patches of wetlands, often
containing only small populations of former common specisifDT& ENSEN2000) as it is the

case withGladiolus palustris

The habitat destruction happened irseveral ways, such asagricultural intensification
(eutrophication drainage and the forward bringing of the mowing datédbandonment of
agriculturalland, scrub encroachment and refasttion are also responsible for the decline of the
species KORNECket al, 1996 ScHMITTet al, 2010. These factors can lead to changes in vegetation
and in competition status foG. palustrisand other more competitive species can become dominant
and suppress the marsh gladiolusl@qwoTNy 2012; http://www.iucnredlist.org/details/162188/0).
According to Giunther Nowotnypersonal communication) who is annually monitoring all

populations in Salzburg, there is a negative tendency in theathvd@velopmenof the species.


http://www.dict.cc/englisch-deutsch/eutrophication.html

1.3 Aims of the study

1.3.1 Genetic structue within and among populations

Gladiolus palustriss threatened with extinction in Salzburg, mainly duedestruction of potential
habitats. Thebase of the Untersbergis the last recent occurrence of this species in Salzburg
(WITTMANNet al, 1987).Especially very small populations are threatened with extincéind many
populations are isolated due to the great loss of possible habiftsall and isolated populations
might be treatened by inbreeding and inbreeding depressiand an increasing genetic
differentiation among the populations as a result of low levels of gdoes famong isolated
populations (SCHMIDT& JENSEN 2000). Discussions with members of an association forleagiocal
O2yaSNBFGA2Y dal ! [ aédzyoRil BET S OKE dzYhriy MEWEHEIMS v (0 €
salzburg.at) posed the demand of a genetic analysi&tddiolus palustripopulations of Salzburg.

So thefirst aim of this study was to survey the genetic struce within and amongGladiolus
palustris populations in Salzburg and adjacent areas to answer the question if the geographical
isolation had an impact on the genetic structurds there already a genetic depletion due to
isolation and small population sig2 This question is obvious, as genetic variation and population
viability decrease with population isolation and small and isolated populations are at a greater risk of
becoming extinct &HMIDT& JENSEN 2000).1t was decided to perform a dominant DNA mker
system AFLP study (Amplified fragment length polymorphigpset al, 1995) on all populations of
Salzburg and adjacent areasdiarifythese questions. The AFLP method was chosen because it does
not require any prior information about the genome daiis highly reproducible and sensitive for
detecting polymorphism at DNA sequence levRlUN & SCHONSWETTER012).These authorstate

that AFLPs can be used to assess the genetic diversity within species and to infer phylogenies and
biogeographic pattars at populatiodevel, which is applicable for the interrogations concerning

Gladiolus palustris
1.3.2 Unique cdor variationin a single population

In SalzburgGladiolus palustrishows two different color morphs (bright pink and purple)das N NNJB
Wied S¢  A-SlezeénheimaGoi@owotny, 2012).As the genetic AFLP study was conducted anyway,
the second aim of this study was to test if the difference within the color is reflected in patterns of
genomic variation This would only be the case if genewlas mainly present within the color
morphs and is low among therrlower color is very diverse throughout flowering plants but color
variation within species is rather uncommorlostly, only a small color range is covered or only
phenotypic plasticity isepresented and the colors are not distinguished by pollinators. There are not

many species that show a genetically based polymorphi@asoRDet al, 2001). Studies on
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rewardless orchids with color polymorphism showed that they are usually pollinatedivy insects,
mostly bumblebees. Behavioral experiments revealed that the insects sample different color morphs
in alternation because after visiting a rewardless flower they tend to switch to the different color
morph (GGoRDet al, 2001). So, developindifferent color morphs may also be an attempt to
circumvent pollinator limitabn. In this case, the gladiofaopulatiors with different color morphs
would not show a difference in genomic patterns. Rather, it is possible that they resemble each other

even more compared to different populations.
1.3.3 Pollination biologyof Gladiolus palustris

Reproduction of Gladiolus palustrisis typically insectpollinated, bumblebees are the main
pollinators KNUTH 1899) The species forestalls sglbllination by protandry NUTH 1899
HEmRVANN 2000), though selpollination is theoretically possibld&dRCHNERt al, 1934). The third
aim is a small pollination biology study to test the sedbmpatibility of the plantsand the effects of

self pollination on theseed set
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2 Material and Methods

2.1 Genetic structure within and among populations in Salzburg and adjacent
areas

2.1.1 Sampling

For answering the question about genetic structur8,pbpulations ofGladiolus palustrifave been
sampled in Salzburg the northern foot of the Untersberg bmyselfwith help of Nowotny Giinther
(Salzburgland Bernhard Christian Schm@Balzburgin summer 2015 (see Figure. 6deally, leaf
material has beencollected of 15 individuals per population. Therefore, fivetireaters of green
leaves were cut and immediately storedpaper bags (MILFOREa bag9, which were then put in
plastic bags with silica gel and drid&} doing this leavewere dried quickly to avoid degradation of

DNA and preserve a high quality DNAe Eilica gel was exchanged when it was saturated with

water.
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Fig.6: Samplinglocations ofGladioluspalustrispopulations in Salzburghown usingQuantum GISThe used
background map is OpenStreetMap (OSM). Details about the populations caeemen Tabe 3 on the
following pages. Thelacklinesarerepresenting the municipal boundaries.
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Sometimes, it was not possible to sample 15 individuals per population, due to different reasons
Either the population size has been too small, or not enaundividuals could be found because not
flowering plants are very difficult to spot. Another reason was that many plants were infected by a
fungus and thereforeould not be used for genetic fingerprinting

For the Salzburg populations, Gunther Nowotnydkinprovided his unpublished results of annual
counting from 2010 to 2016 of flowering individuals ®ladiolus palustrisHe delivered minimum

and maximum values for every population in this period of time and a mean value of the population
sizes. Forthéi ¢ 2 L2 LJdzf  GA2ya |4 Ga5NNNB 2AaAS8asSé¢ 652f | yR
bright pink and purple (see Table 1).

Tab.1: Population information oGladiolus palustritn Salzburg. The average population size (mean value of
the counted flowering f@nts from 2010 to 2016), the minimum and the maximum value were determined by
Gunther Nowotny. For more detailed information see Table 3.

Code Locality Ave_rage_ Min. Max.
population size
Abr Althamerbauer Wiese nahe Iris Hauptbestand rechts 29 6 64
ABW Althamerbauer Wiese Waldrand (NW) 14 0 30
DW Dirre Wiese lilzolored 287 53 536
EBr Durre Wiese pinkolored 9 4 15
EEF Esterer Brache 5 2 10
EJa NO Esterer bei EichdfichtenGruppe 39 0 107
EMr NO Esterer iduncus acutifloruBestand 47 10 122
EOE N Esterer Mittelrippe/Gelandestufe 4 1 8
EWr NO Esterer @Rand des Erlenwaldes 12 8 16
Kne NO Esterer Waldrand 7 4 10
OoLW Kneissimoor (Stadt) 16 6 35
Ran Obere Langwiese 88 50 138
STE Randersberg Groigmain 3 1 5
SWI Steinerbach 237 70 335
ZWI Strewiese am Salzweg lllinger 26 12 39
Z\Wr Ziegler Wiese oben links 59 42 93
ZWu Ziegler Wiese oben rechts 33 18 53

Additionally to the populations collected in Salzburg, three populations in Upper Bavaria (Piding,
Hammerstielwand) have been sampledrbg and G.Nowotny. Other norSalzburg populations have
been sampled bycolleagues who are listed inthe following Talde 2. For the norSalzburg

populations, ten individuals per population were sampled.
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Tab.2: Voluntary collectors for neBalzburg sampte

Region

(Nr. of populations) Collector (Abbreviations)

Address

Vorarlberg (2) Beiser Andreas (AB)

Upper Austria (1) Arming Claudia (CA)

Upper Austria (1) Maria & Norbert Puhringer
(MP&NP)

Schwaben (1) Stephan Giinther (GS)

Upper Bavaria (2) Kemmer Irmgard (IK)

Lower Bavaria (2) Martin Scheuerer (MS)

Unterer Auweg 6, 6826rastanz
Firma/Bietergemeinschaft: TB CaREX

Herrnberg 8, 4644 Scharnstein

Lebensraum Lechtal e V., c/o Amt fur Naturschutz; |
ZiegenspeckVeg 10, 86161 Augsburg

Landratsamt WeilheirSchongau,

Untere Naturschutzéhorde, PltrichstraRe 8, 8236
Weilheim i.0B

PeterRoseggefStr. 10, 93152 Nittendorf

Furthermore, Andreas Tribsch (Salzburg) collected 12 sampi&adiblus imbricatusf Styria, which

were treated as an ougjroup population. In total, 310 individuals were available for analyses. Figure

7 shows all sampling locations outside of Salzburg. For detailed sampling information kec& Tab
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Fig7: Sampling locations of a@Bladioluspalustrispopulationsoutside of Salzburg mapped wiQuantum GIS.
The used background map is OpenStreetMap (O&iHGladiolis imbricatus Detailed information about the
population can be seen ifade 3.
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Tab.3: Sampling locations and collection data of fB&adiolus palustrisamples analyzed in this study. Pop =
Population code used in several maps and figures and throughout the text. N: Numbgenofyped
individuals. CollectorsAT: Andreas Tribsch; BL: Bettigitner; BS: Bernhard Schmall; GN: Giinther Nowotny;
the othersare already listed in Téb2. The last population Gi Bladiolus imbricatusAdditional information
after population abbreviation: * (used in color morph study), + (used in pollination biology study).

Pop Country State Locality N Date Collector Longitde Latitude

Abr  AUT  Salzburg ﬁgﬁi’:;eeggﬁgrrz\gs;e nahe Iris 10 16.06.2015 BS&BL 12,9820 47,75799

ABW  AUT Salzburg Althamerbauer Wiese Waldrand (NW 5 16.06.2015 BS & BL  12,98242 47,75809

DWI*  AUT Salzburg Diurre Wiese lil@olored 16 21.06.2015 GN & BL  12,965& 47,74432
DWp* AUT Salzburg Durre Wiese pinkolored 16 21.06.2015 GN & BL  12,96575 47,74434
EBr AUT Salzburg Esterer Brache 4 26.06.2015 GN & BL  13,00374 47,75618
EEF AUT Salzburg NO Esterer bei EichdfichterGruppe 5 21.06.2015 GN & BL  13,00134 47,75555
EJa AUT  Salzburg ggsgitgrer Iduncus acutiflorus 10 21.06.2015 GN & BL  13,00280 47,75543

EMr AUT Salzburg N Esterer Mittelrippe/Gelandestufe 10 13.06.2015 GN & BL  13,00210 47,75567
EOE AUT Salzburg NO Estere©O-Rand des Erlenwaldes 10 21.06.2015 GN & BL  13,00321 47,75621

EWr AUT  Salzburg NO Esterer Waldrand 10 21.06.2015 GN & BL  13,00339 47,75532
Kne AUT Salzburg Kneisslmoor (Stadt) 5 21.06.2015 GN &BL  13,03621 47,76331
OLW AUT Salzburg Obere Langwiese 10 21.06.2015 GN & BL  12,96807 47,73853
Ran+ AUT Salzburg Randersberg GroRRgmain 15 13.06.2015 GN & BL  12,91409 47,72731
STE AUT Salzburg Steinerbach 1 21.06.2015 GN 12,97635 47,75355
SWiI AUT Salzburg Streuwiese am Salzweg lllinger 10 16.06.2015 BS&BL 1298675 47,75735
ZWI+  AUT Salzburg Ziegler Wiese oben links 10 16.06.2015 GN & BL 1299122 47,74900
ZWr+  AUT Salzburg Ziegler Wiese oben rechts 10 13.06.2015 GN & BL  12,99138 47,74928
ZWu  AUT Salzburg Ziegler Wiese unten 10 16.06.2015 GN & BL  12,99181 47,74903
For D Lower £ rstern 8 12.07.2015 MS 12,96964 48,76768
Bavaria
FrR AUT Vorarlberg Frastanzer Ried 10 07.07.2015 AB 9,61733 47,22329
Haw D ggsg:ia Hammerstielwand auRerhalb Weide 10 05.07.2015 GN & BL  13,02896 47,67348
HW D ggsg:a Hammerstielwand, innerhalb Weide 9 05.07.2015 GN &BL  13,028D 47,67369
HSW D ggﬁfﬁa Hammerstielwand, am Weg 2 05.07.2015 GN&BL  13,02763 47,67247
HW Upper o rdiwiesen 10 09.07.2015 IK 11,21718 47,84698
Bavaria
KoH D Swabia  Konigsbrunner Hele 10 16.07.2015 GS 10,90762 48,27307
MB D UpPer - \1esnerbichl 10 09.07.2015 IK 11,1950 47,94672
Bavaria
MHS D Upper  Zwischen Mesnerbichl und 4 09.07.2015 IK 11,18531 47,94704
Bavaria Hartschimmelhof
Mon  AUT ngt?ira NaturschutzgebieMondsee Gnes 10 15.07.2015 CA 13,36639 47,81875
Pid D UpPer - biding 15 07.07.2015 GN&BL 12,9285 47,78538
Bavaria
Pla  AUT ngt?ira Planwiesen/Griinberg 10 30.06.2015 MP & NP 14,1958 47,87583
SaH D 'E‘;;‘:/";rla Sammerner Haide 10 12.07.2015 MS 12,9526 48,7707
USX AUT  Vorarlberg Ubersaxen/OB. Satteinserbg (??) 10 17.07.2015 AB 9,6872L 47,2452
Steiermark, Norddstliche Kalkalpen:
Gi_Stm AUT Styria Altenberg an der Rax, Kerngraben, ¢ 11 23.08.2015 AT 15,6583 47,68361

400m W Gsoller, 960m
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2.1.2 Geretic analyses

2.1.2.1 DNAEXxtraction

The total genomic DNA of the 310 samples was extracted from silicdrigél leaf tissue in
December 2015 and January 2016 following @eABorotocol byMURRAY: THOMSON1980), DOYLE

& DoYLE(1987) and DoyLE& DoOYLE(1990, modified by Matthias Affenzeller(Salzburg) First, a
2xCTABuffer according to the following prescription was prepared: 100 mM-CFig@HS8.0), 1.4 M

NaCl, 20 mM EDTA, 2 % CTAB, 1 %1BVFhen, the leaf materialasgrounded, wherefore about

one cn? of the leaf was put in a 2ml Eppendorf tube together with two sterile steel beads. The
Eppendorf tubes were put in special brackets and then put in a mixer mill (Retsch MM 301, Haan,
Germany) at 30.000 Hz for 2 minutes. In this step, the leaf nadtaras grinded into very fine

LI NI AOt Sad ! FGSNBINRATE nnann xf 2F GKS | fNBFR& LI
(10mg/ml stock, Thermo Scientific, Waltham, USA), an enzyme to degrade the RNA. The content of
the Eppendorf tubes was vortexdigrcely, followed by an incubation step of ten minutes at 65°C on

a thermoblock, ideally but not necessarily shakimg tube. During this step the plant cell walls were
broken. After the incubation step the tubes were centrifuged (Labnet Spectrafuge 24D
Microcentrifuge, Labnet International, Woodbridge, USA) for 5 minutes at full speed (around
13.0009) to force thelebristo the lower part of the tube due to centrifugal force. The supernatant,
which was containing the DNA, was transferred to a new Eppémaloe. In the next step, 400 ul of a
chloroformrisoamylalcohol (24:1) mixture was added. All tubes were vortexed again and then put in
the centrifuge for another 5 minutes at full speed. In this step three different phases emerged due to
a phase separaih. The uppermost phase contained the watery DMase the middle phase was
composed of proteins and the lowest phase contained chloroform plus aflofable parts of the

plant. Ideally, the upper phase was clear and removed to a new Eppendorf tubmvituching the

protein phase. Afterwards approximately twhirds of the available volume ice cold isopropanol was
added to precipitate the DNA. Therefore, the tubes needed to be centrifuged at full speed for 20
minutes. During this step the DNA formedraall, not always visible pellethich was sticking at the
outsidewall of the Eppendorf tubelue to inertia. ie supernatant was removed carefully and the
remaining pellets were washed in 400 pl of 70% ethanol, where they became visible by turning
whitish. All the pelletsvere dried at 50°C for at least 5 minutes or until the ethanol evaporated.
Then, the pellets were resuspended in a volume of 30 pl of@dH

After the extractionagarosegelelectrophoresis was conducted for all samples to check DNA
concentration and quality. Therefore a 1 % agarose gel (Biozym Scientific GmbH, Hess, Germany;

Biozym Biotech Trading GmbH, Vienna, Austria) was prepared, usiragahesepowder, 1x TAE
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buffer and the Midori Green Advance DNA Stain (Nippon Genetics Europe ,®iren, Germany).

A volume of three pl of the extracted DNA and three pl of a 6 x DNA Loading Dye (Thermo Scientific,
Waltham, USA) were mixed and loaded on the gel. In the first slot three pl of a Gene ruler (DNA
ladder 1 kB, Thermo Scientific, WalthaUSA) was applied as a marker. The running conditions of
the gels were 120V, 400mA for 20 minutes.

Furthermore, the DNA concentrations of the samples were estimated by using avolarae UV

Vis Spectrophotometer (Nanodrop NIDOO, Thermo Fisher Scidfig, Waltham, USA), which allows
measuring small amounts of DNA (ig/>l). Therefore, 1.5 of each sample was tested. For further
AFLP analysis, the concentration needed to be abound®0 or below, so samples with higher

concentrations were dilutedccordingly

2.1.2.2 Generating AFLPs

To screen the genetic divergiof the samples, amplified fragment length polymorphisms (AFLPs) was
used, following a 4 step protocol Mpset al. (1995 with modifications of Matthias Affenzeller. The
samples were arranged in 9€ell PCR plates (see an example in Appendix TablehEreby 48
samples always represented one run. In total, twelve runs were performed. Three wells of the 48
GSNBE dzaSR G2 OKSO1l GKS | dzl tptéstNBRIF A OKES 4 T[ k A @ CE
positive AFLP pattern was repeated in every run (mériellow in Appendix Table 1). For the
GoADKENS LI AOF 6S¢x 2yS alYLXS gFa dzaSR G6A0S Ay |
Ideally, the replicates should show similar AFLP patterns which would indicate a high reproducibility
within the runs. Additionally, every plate contained one negative control, where double distilled
water was used instead of DNA to show possible contamination with foreign DNA.

The first step of the AFLP procedure was the restriction and ligation (RL, Appendix Tae Zheho
reaction mix), which were performed simultaneously. Therefore, the restriction enzymes Msel (50
u/>l; NEB) and EcoRI (8641 Promega) were used to cut the genomic DNA. At the same time DNA
adaptors were ligated to the restriction sites with the pedf T4 DNA Ligase (3U; Promega).
According to the protocol ot/oset al. (1995)the adaptorsEcoRil p-QTCGTAGACTGCGFACL
EcoRR 3-CATCTGACGCATGGHIAAMsell p-GACGATGAGTCCT@AGand Msel2 0-Q
TACTCAGGACTEAWere used.6 >l of the reaction mix were added to %l of the genomic DNA.
Restriction and ligation was conducted for 3 hours at 37°C in a GeneAMP® PRC System 9700
thermocycler (Applied Biosystems, Foster City, CA, USA). Afterwards, eight sdagpleslumn of

the plate including pasive controls and negative controljere checked on a 1% agarose gel at 120V

for 20 minutes (see an example in AppenBigure 1  whereby a smear of DNA fragments was

expected. Then, the samples were diluted 1:20 with f2lH
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For the next step, the peelectivepolymerase chain reaction (PCR, #ggpendix Table 3or the

reacton mixy (062 LINAYSNE 6AGK 2B6ERI+D RRAINA X\EING 0 yadeG A DNER &
Msel+Go Q LINA YSNJ 6mMnYAONRal0 ¢S NBof dieriR fragnentsNEWR dzOS
sequences for the preselective PORSS G | £ ®X M pppGACTAIETAGOAWER bl Y Rp Q
Msel + G -GATGAGTCCTGAGTRA K

8 >l of the reaction mix were applied in%-well PCR plate and>2 of the diluted restriction/ligation

product were addedThe used thermocycling program on the GeneAMP® PRC System 9700 was as
follows: 2ming 72°C, 30x [30seg 94°C, 30secg 56°C, 1mirg 72°C], 10mirg 72°C. Afterwards the
machine cooled down the samples to 4°C. After this step, the same eight samplesheeked on a

1% agarose gel at 120V for 20 minutes (see an example in Apgendig 1 B and diluted with

ddH0 120.

The preselective PCR still yielded a huge number of fragments, which needed to be reduced with the
selective PCR. In this step, thredafiént primer combinations with each three selective bases were
used. The primers with an EcoRI restriction site were labeled with a fluorescent color, the Msel
primers were not labeledTo find out the best primer combinations, several combinations were
tested Appendix Table 4 shows the tested primer combinafjofi$ie primers which provided the

best marker profiles and enough peaks were chosen for the selectiveFBEHadiolus palustrighe

primer  combinations 6-FAM (EcoRI+ACP-GACTGCGTACCAARIo Q ZMsel+CAp Q
GATGAGTCCTGAGT@Ae Q UVIC (EcoRI+AG(®-GACTGCGTACCAARGIE30 Q Msel+CTp Q
GATGAGTCCTGAGT@Pa)Qand NED (EcoRI+AA® -GACTGCGTACCAARKGO ,OMsel+CTp Q
GATGAGTCCTGAGT@Re (showed the best distinct peaks and also the best numtfepeaks

within the Fragment Profiler (Amersham Biosciences eigtataway, USAYlsel primers onlyhad

two additional nucleotides, because tests with three nucleotides showed that the number of
frequents was reduced too mucB.>| of the reaction mixAppendix Table 5 shows the reaction mix)

were applied in @6-well PCR plate and @ of the dilutedpreselective product were added. The

used thermocycling program on the GeneAMP® PRC System 9700 was as follows94£1ain10x
[20secq 94°C, 30seg 66°C, 2mirg 72°C], 20x [20seg 94°C, 30seg 56°C, 2mirg 72°C], 30mir,

60°C. Afterwards the machine cooled down the samples to 4°C. Eight samples were again checked on
an agarose gel (see an example in Appehdixre 1 ¢

The PCRoroducts were purified with Sephadf% G-50 Superfine (GE Healthcare Bioiences,
Uppsala, Sweden) to remove the primers and to reduce the concentration of ions. The Sephadex
resin was applied into a 9&ell MultiScreenHYV filter plateMAHVN45, MilliporeMolsheim, Frange

with help of a MultiScreen Column Loader (Millipore). Then 308dH0 were added to each well

and the Sephadex was left to swell at room temperattor three hours (or packeairtight overnight

in the fridge). Subsequently the plate was centrifuged at 910 g for 5 mitotesmove unabsorbed
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water. Afterwards,again 150> ddH0 were added and thMultiSaeenHV platewas centrifugedat

910 g for 5 minutes once more. After these steps the filtration plate was put on a stenlel08CR

plate. 6> of the NEElabeled, 3>I of the VIGabeled and 3>| of the FAMlabeled PCR products of
each sample were connied on the swollen Sephadex column using a ruliéinnel pipette(HTL
Abimed Discovery)The filtration plate and the PCR plate were fikedsecutivelywith cellotapeand
centrifuged at 910 g for 5 minutes. This step yielded the purified selective PCR products, i.e. the
purified labelled DNA. For electrophoresislaf each purified DNA sample were mixed with 12.9
ddH0 and 0.1>1 ET406RROXMegaBacgApplied Biosystemdh a 96well PCR plate (Cycleplate,
Thermo Fisher Scientific). The DNA was denaturized in the GeneAMP® PRC System 9700 at 95°C for 3
minutes, then immediately stored on ice to keep the DNA sirgglanded. Then the plates were
centrifuged shortly to remove eventual air bladders. The samples were run on an automated 48
capillary MegaBac¥ 1000 DNA Analysis System (GE Healthcare), following treufacturers
manual. Here, a capillary electrophoresis was performed, where DNA samples were placed at the
negatively charged cathode and moved to the positively charged anode when voltage was applied.
With the help of the capillargelelectrophoresis, te speciespecific lengths of DNA fragments
were yielded A laser scanned the samples and the raw data was transformed to electropherograms.
After each run, the samples were contenl with the program Fragmentréfiler version 1.2 (GE
Healthcare)to checkfor capillary failures and if all thregelective amplifications performed well.

Failed samples wenmepeated within the last run, together with the replicates.

2.1.2.3 AFLP data scoring

The program DAXx version 8.0 (Van Mierlo Software Consultancyeii@its) was used for scoring
the data based on theelectropherograms, meaning the band intensity information from the
electropherograms was extracted manually or automatically resulting in a binary matrix. Regions
between 160180bp and 326B40bp were excided from scoring because the -BDXstandard did
not work appropriately in these regionbirst, the three differently labeled fragments-F&\M, VIC
and NED) and the ROX standard were separated by their fluorescence, using a color separation
matrix cee Apendix Table 6). Therogram constructed a baseline to avoid noise signhals from the
electropherograms, which were subtracted by the baseline. With the ROX standard, thefsize
fragmentswere calibrated because itontains the setting of automaticza calibration (ATC methad)
Three binning sheets were created and the peak search was conducted automatically by the
program. The bins (also markers or loci) were set and after the automatic peak search each peak was
checked manually for its integrity ysH (G KS WdzaSNJ RSTAYSR o60AyaQ 2LJAz2
were scored as present (1) or absent (0), whereby (1) is the presedeNi fragment and (0) is its
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absenceat a specific position on the genomesulting in a binary matrix. The binning steewindow
allowed displaying peak height and peak area as well as the curves for each bin. The three 0/1 binary
matrices of 6FAM, VIC and NED were imported into ExcéloZMicrosoft Office, Redmont, USA)

and merged. The replicates were checked for mistmas. Different matrices were created, with and
without the outgroup ofGladiolusmbricatus With the program PAST version 3.6Aleontological
Satistics HAMMERet al., 2001) some Neighbor Joinityges were constructed to identify samples

that did not match thepattern.
2.1.2.4 Quantifying the error rate and pruning the binary matrix

In total, 309 samples (one sample was excluded because the DNA extraction did not work), 44
NBLX AOF GSa RN LIaH6SIiBEHy K IBaBiet al £60y) states that thé S R ©
number of replicated individuals should be about@% of the total number of samples to obtain an
expressive error rate. In this study, the percentage of replicates is 16.18% (calculated for 50
replicates in 309 individuals). Foalculating the error rate, the 50 successfully replicated samples
were used. For each marker, the number of mismatches between replicate and reference sample, i.e.
the fragment presenc@bsence patterns was recorded. After calculating the percentagerofseper
marker, markers with more than 10% were removed. The total number of mismatches dividee by
total number of phenotypic comparisonsas stated as error rateBONIN et al, 2004). It was

calculated for each color separately and in total

2.1.3 Genetic data analysis

2.1.3.1 Data matrices

Different data matrice$or different analysesvere producedas it can be seen in the following Table

4. One matrix included theout-group populationG. imbricatusand was used for building a tree, see

chapter 3.1.3.1. Another matrix contained only populations ®&f palustris with modifications of

L2 LJdzf F GA2ya 60Sd®Id gAlGK2dzi LR LIz F GA2y a{¢9¢é3 O2Yad
For a third matrix, markers which were present in every individuatewexcluded i.e. only

polymorphic markers were used
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Tab.4: Differentmatrices for different analyses.

Nr. Content Populations Programs used
Matrix 1 G. palustri G. imbricatug;  All populations PAST version 3.0J)
all markers
Matrix 2 G.palustris- all markers All populationsof G. palustris PAST version 3.01 (PCOR
2 A K2dzi LJ2 LJzf SPLITSTREE4 version 4.13.1
(NeighborNet)
GenAlEXIBD)
2 A K2dzii L3 Lddzf R 3.1.2 (Genetidiversity and
O2YO0AY Il GAZ2Y 2 rarty)
G52 L)X (2 ab52¢
/| 2Y0AY Il GA2Yy 2 Arlequinversion3.5.2.2
G52 Lk (2 a52 ¢ (AMOVA)
Matrix 3 G. palustris only variable All populationsof G. palustris STRUCTURE version 2.3.4

markers

(Modekbased clustering)

2.1.32 Genetic relationslips (Trees) distancbased clustering methods

The program SPLITSTREE4 version 43sb{& BRYANT2006) was used toonstruct aNeighbor
Net (NN)oased on the genetic distance matrix of Dice coefficiebtsg 1945).Therefore, Matrix 2 of

Table 4 wasused, where ppulation 6STE was excluded because there was only one individual

sampledin this population. Furthermore, an individugbased NeighborNet and an individdzdsed

NeighborJoiningtree were constructed forG. palustrispopulations of Salzbgr Before using
SPLITSTREE, an input file was created in R (R Developmente@are2014) with the function
| CEHRIGHI2010. Wvith { t@ Ngkogdam PBT version 3.01

a8 Edz ¢ 2F (KS

(PAleontological tatistics HaMMERet al., 2001) a NeighbotJoining (NJ¥lustering was conducted

including the ougroup speciess. imbricatugsee Tablel, Matrix 1),based on Euclidean distances.

The longer the branches of the tree, the more the clusters are separated from each Bibatistrap

valuesusing 1000replicateswere computed to get statistical support of the clusteBootstrap

values below 70% were not interpreted. Also, another NeighborJoining (NJ)clustering was

conducted (using Dice coefficients) excluding thegnaup to illustrate identical geotypes.
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2.1.33 Principal Coordinates Analysis (PCoA)

The Principal CoordinatenAalysis (PCoA) based on the genetic distances of the individuals was
performed for the whole dataet (Salzburg populations and populations of adjacent areas) and also
for the Salzburg populations only using the program PAST version BAdoftological tatistics
HAMMERet al, 2001) with the Dice coefficienD(CE 1945). All 125 markers (28 polymorphic, 97
monomorphic markers) were used (see Table 4, MatriXi B¢ ppogram calculates the Eigenvectors

(coordinates) and Eigenvalues and similar individuals are clustered together.

2.1.34 Model-based clustering

The genetic structure of the dataset (excluding the outgr@lpdiolus imbricatyswas investigated

with the program STRUCTURE (version 2BR4rcHARRL al, 2000). The program uses a Bayesian

clustering approach with a Markov chain Monte Carlo (MCMC) algorithm and assumes linkage

equilibrium and HardyVeinbergequilibrium. The probabilities (P) of different nbers of

genetically homogenous groups or clusters (K) are calculated and individuals are (probabilistically, Q)

assigned to these groups. For the intraspecific approadBladiiolus palustristhe admixture model

was used, so that individuals could be pabbistically assigned to more than one population, if their

genotypes were admixed. The other model, the-admixture model assumes that all the genetic

material of an individual originates from one of the K populatidPETCHARRL al, 2000; FALUSHet

al., 2007). Both the correlated and uncorrelated models for allele frequencies were applied. An input

file for Structure was created in Excel, where every individual was duplicated in the matrix. For all

FAdZNIKSNI Fylfedara 0KS LIBSLIKBYIAYRSRE Ady« {&1&{ €y R yORY | dl

programs are not able to read special characters. In the settings the recessive allele model was

chosen for the dominant marker systems in AFLPs. For an exploratory trial, all 295 individuals with

ploidy level 2 an®8 polymorphic loci were use@onomorphic markers were excluded to reduce

computation time; see Table 4, Matrix.3Jhe trial analysis was computed for K=1 to a maximum

K=20, with a number of iterations of 10. The number of MCMC was set to 10 000 aften-en of

5000 iterations. For obtaining accurate estimations, the STRUCTURE analysis was performed again,

both for admixturecorrelated and admixtureincorrelated and the number of MCMC was set to 50

000 after a burrAn of 20 000 iterations. Both modeisere checked for the resulting clusters at

RAFFSNEBYyG YQa G2 aSS AF¥ GUKS AYyRAQGARdAzZ fa ¢SNBE Of

model.

For determining the most probable number of genetic groups (9, Kkinds of analyses were used.

Thefirst possibility to estimate the most likely number of groups was using teerigt STRUCTURE

SUM BHRICHH N N1 pX  dzy LJdzof AAKSRO® ¢KS FdzyOdAz2y a{ GdNHzO d.
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coefficients among each pair of STRUCTWRE according tdNORDB@&G et al. (2005), delivering
GrotSa IyR F  TA3dzNBE ®dSEAGINKY 0 KISK ST dyy2CQa00A 2fyA 169 f (8NHyOdizYon
and four plots were calculate&econd a webbased program called STRUCTURE HARVEBRER (

VONHOLDT 2012) was used to anae the results of STRUCTURE. To upload the result files of
STRUCTURE to the website it was necessary to convert them intdila. 3FRUCTURE HARVESTER
produces several graphs amityannoplots (E/ANNOet al., 2005), which allow to identify th@nmost

probablee number of genetic groups (Kfhe STRUCTURE HARVESTER also generates input files for
0§KS LINPINI/VY ded[(i!SaNJta 6l OKA Yy 3 |y RkoBsSO®IRuENBERROPA). t NP I N
Within CLUMPP, the independent runs for each K were matched up aty@dgssgossible. Results of

these analyses were graphically depicted with Excel 2010.

2.1.35 Genetic diversity and rarity

For calculating the genetic diversity of the complete data set the program R 3.1.2 (R Development

Core Team, 2014) was used. Ongation (STE) was excluded from the analysis because it is
composed of only one individual. The populations DWp and DWI were grouped together to the

L2 Lddzf A2y a52¢3 06SOFdzAS LRLMzZ FGA2y aAl S NBO|2y?
& 5 N ANS FsBetTable 4, Matrix 2With the R Script dBHRICH2010> b S A &L 1BB WS 0
calculated for each population for each marker and then the average was taken. Therefore, the
FdzyODAPENEIAGEE gl a dzZASR® ¢ KS dlaBtanhg X tamSwils NI G S a
information about the proportion of variable markers and gene diversity of the populations. The

Fdzy OlA2y G5AQOSNEAGEDPO220¢ | faz2 OFfOdzZ GSa bSAQA
95% confidence intervals (lowel,Qipper CI) for the genetic diversities from bootstrapping over

markers (1000 pseudreplicates). Also, the rarity indeS{HONSWETTERTRIBSCH2005 DW = Down
GSAIKSR YINJSNL ¢l & OFfOdg  iSR ¢AGK &rBeasure { ONJA LI
of the amount of rare markers in each population. The higher the rarity, the more rare markers are
present in a population. The program generates two output files (rarity index for individuals and for
populations). To visualize the diversity aradity of the data, GIS maps were createdhaQuantum

GIS version 2.12.@ correlation analysis was performed between the genetic diversity and rarity of
Salzburg populations and the average population gigk&lnther Nowotnyand the sample sizes of

tKS {FfT 0dzNB LRLMzZ I A2yad 6aSS Thedebull was & hedzindpy 3 (G KS
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2.1.36 Isolation by distanc€IBD)

For the testing the isolation by distance (IBD), a geographical distance matrix and a genetic distance
matrix were required. The geographical distance matrix was created with the R Scriptro€H
(20106 A 0K GKS TFdzyO# Rzl I GDOSPRAAGCHEWPE 6+2NI NI 6 SNRO
the biggest geographical distance of more than 300 kilomef€he programGenAlEXPEAKALL&
Mousk 2012)was used to calculate prfor all pairs of populations, an analogue @f; Population

G{ ¢9¢ 602y delpapyldtighgwa® ekdludled af ahaly®s. Isolation by distance then was
calculated by correlating the geographical distance against the genetic distance wittantal kst
(MANTEL 1967). For the geographic distance, kilometers and the logarithm (log1l0) of the
geographical distances in meters were used. For the genetic distance mafixs p7/(1- U py) and

the population average pairwise differences (derived frAaMOVA see Table 11 and 18ere used.

9999 random permutations were performed to evaluate the level of significaFlvere were made

more Manteltests to clarify if there was a correlation between the pairwisgs Kor 579 and
population average pairwesdifference for the whole dataset and for Salzburg populatitstation

by distance calcul@ins were conducted for the whole dataset, for Salzburg populations including

nearby populations and for Salzburg populations ofdy group constellation se@able 5).

Tab.5: Groups of populations used for the Isolation by distance (IBD)

Group Populations Number of
populations
All populations Abr, ABW, DW, EBr, EEF, EJa, EMr, EOE, EWr, For, 30

HaWw, Hiw, HSW, HW, Kne, KoH, MB, MHS, Mon, Ol
Pid, Pla, RargaH, USX , SWI, ZWI, ZWr, ZWu

Salzburg and nearb Abr, ABW, DW, EBr, EEF, EJa, EMr, EOE, EWr, HaVv 21
populations HSW, Kne, Mon, OLW, Pid, Ran, SWI, ZWI, ZWr, ZW

Only Salzburg Abr, ABW, DW, EBr, EEF, EJa, EMr, EOE, EWr, Kne 16
Ran, SWI,\&I, ZWr, ZWu

2.1.3.7 Analyses of molecular variance (AMOVA)

An analysis of molecular variance (AMOVA) was performed via the program Arlequin version 3.5.2.2
(ExcoFFiE& LIscHER2010) to calculate the molecular variance among and within populatiomegth
different Fvalues) to identify the amount of population genetic structure. The pairwigedfue
(fixation index) shows the variance among subpopulations relative to the total variancescMa¢ue
calculates the variance among subpopulations withopulations. Thedzvalue reveals the variation
among groups relative to the total variance. The input files for the program Arlequin were created
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with the RScriptAFLPdatBHRICHH n M1 0 dza A Yy 3 (i K S ThE dayhlei df geymutationsI S Ij dzA
was setto 1000 to test the significance of variance. First, a-hmmarchical (devel) AMOVA was

performed for the complete dateset (the colamorph populations DWI and DWp were combined to
population DW, as they are sharing the same habitat) and for Salgmmglations. Furthermore,

different hierarchical AMOVAs {8vel) were performed for different scenarios of population
groupings. Populations were grouped according to their geographical distribution (Satzbimg

Salzburg, SalzbuigNon-Salzburg sepated in different regions, East/est) and also according to

the groups identified with STRUCTURE for K=3 and K=7 (with and without strongly admixed

populations).
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2.2 Investigation of one population with color variation

2.2.1 Plant material

The popultion 652 @A GK (g2 RAFFSNBYy(d O2f2N) OF NASOASE A
Siezenheim, GoiGee Figure 6 and 8 and Table 3 for more detalis21.06.2015, 16 of the bright
pink (DWp) flowering individuals were sampled and also 16 of the pur(aM) ones (few

centimeters of the leaves)h€ plant material was stored as described ahove

:

Fig. 8: Purple (left) and bright pink(right) individuals ofGladiolus palustrid G & 5 NNNB WalshA Sa S ¢

Siezenheim.
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2.2.2 Data analysis

DNA extraction and\FLP analysis were conducted as describechapter 2.1.2. After AFLP data
scoring, a separate matrix was created which contained only the markers of the 32 individuals of

G5NNNE 2ASasSeo

A Principal Coordinate malysis (PCoA) based on the genetic dis¢snof the individuals was
performed for the 32 individuals using the program PAST version BAEdntological tatistics
HaMmMERet al., 2001) with the Dice coefficienDICE 1945). 121 markers were used. The program
calculates the Eigenvectors (coardies) and Eigenvalues and similar individuals are clustered

together.

Furthermore, an AMOVA was conducted via the program Arlequin version 3.EBEZPFFIER
LISCHER2010) to calculate the molecular variance among and within the two populations. pbe in
file for the program Arlequin was created with theSRriptAFLPdatEHRICH2010 using the function

G ! NI S A dekhietarehical AMOVA was performed for the two populations (for 121 markers).

1000 permutations were calculated.

28



2.3 Pollination bology study

2.3.1 Experimental stting

With a pollination experiment, it was tested,@ladiolus palustrisould be selfpollinated. Therefore,
breathable bags made of translucent curtain material were required to cover the flowers.
Furthermore, woodersticks of approximately 70cm height were used. On one end of the stick, two
plastic ringscut from plastic bottlegdiameter about 10cm) were stapled and the breathable bags

were pulled over theeplastic rings and tied up with a tearproof thread (seauFedd).

Fig9: Breathable bags of the pollination experiment settiigp right forceps with stamen.

In total, 49 plants (at ZiegleWViese and Randersbelyfiese) were covered as described. Thereof, 15
AY RA @A Rdzl pollizationiTNE dae@diB@didous selfilgd = g SNBE O2Q0SNBR 0S7¥2
Another 15individualg (G KSO2& A B iR 0 A f foicedl seHidgROdzLI SNIKE O2 ISNBR
flowering and artificially sefbollinated by hand with a paintbrush and a forceps. The remgih9
individualsof 1 KS & O2 y (i N@Eeh polinbtidréizb)e ¢ 8 B O2OSNBR | FGSNI Ff 2
crosspollination by insects However, for later analgs, each single flower was assigned to one of
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0 KS {KNB SpormaN®wzlskifing &farcéd =lfingg Zopea pollinatiod 0 = 6 SOl dza S Rdz
irregular flowering of the flowers of every plant it was not possible to pollinate every single flower of
i KS -cbrapatibiftyd NB dzLJE LISNJ K yR® { 2% Ylyeée Fft2SNE 27F
G afPollinationI NP dzLXE = & (G KSe& ¢ SNB Byd@ndanydRtkes NifsrRseetl Y Ry 2 |
maturation, the bags wereemovedand the dry seed capsules were collected in late summer 2015

and stored in bags for later seed counting.

2.3.2 Evaluation d the data

w»

¢KS Ol LladzZ Sa 6SNB ff20F SR (2 2éyforcéd Felfingerdl 1 K NS
oopen pollinatiot and seeds per capsule were countedwis distinguished between developed

(fertile) seeds which were bigger and heavier and fully developed (sterile) seed¥he number of

possible opportunities for reproduction (flowers) was compared to the actually developed capsules.
¢KS RFGF ¢gSNB aSLINIGSte Fylrftel SR O2yRENKNVY A AR KS
(sponianeous selfing >  GLB2 fyTRA yiordell 2s¢lfing o6 YR (KB { faXONP&&2 Y € 0
pollination). The mean numbers of fertile seeds per capsules were calculated for each érataton

all available flowers.

To test for differences between the treatmenét & LJ2 v (i | Yy S&2 dMimcéd effingTandybapen

pollinatiorg, a linear mixeeeffects model(LME4 package for BaTESet al., 2015)was fitted with
countingresults of capsules per flower and fertile seeds per capsule. Here, nested ANOVAs were
conductal, as there were different treatments occurring for one individual. So, some individuals
occurred more than once in the dataset, so the individuals were included as a random fewtor.

account for different sample sizes iotlividuals a square root othem as weight in the linear mixed

effects models was used. Thgsses greater weight to larger sample sizes which are more reliable.

These analyses were conducted for all data and for their meBms.distribution of the data was

neglected for this analysend a normal distribution was assumed.

However, the data actually showRoisson distributiorinstead of a normal distribution which was

analyzed with aShapireWilk-test (SHAPIRO& WIiLK 1965) in R.The linear mixed model was
generalized according to iPoisson distribution. The plant individuals were again included as a
random factor and thdreatment as thefixed factor. This calculation was conducted only for the

number of fertile seedper capsulefor all data Furthermore a pairwise comparison wasnducted

with the R packagex Y dzf (i Q@ Mdrift if there was a significant difference between the

treatments.
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3 Results

3.1 Results of the investigation of the genetic structure within and among
populations in Salzburg and adjacent areas

3.1.1 Reslts of the AFLP data

DNA extraction was conducted for 310 individuals, 309 were used for further analysis, because DNA
SEGNI OGA2Y RAR y20 62N)] F2N GKS 2dziaINRdzL) al YLX S
the AFLPs and scoring the dathree smples (For_04, For_08,Wi 07) were excluded because

their electropherograms were too weak and showed a great shife remaining 306 samples (295
individuals ofGladiolus palustris1l individuals ofG. imbricatu®» |y R GKS NBLX A Ol (Sa
platesNB LI A O ( S a-platesNB LafoASAIeBEBays 0 6 SNB dzaSR T2 NJ T dzNIi K
the three primer combinations yielded 171 markers (55 FHAbltkers, 56 Vitharkers and 60 NED

markers). Within each marker, the replicates were checked for nigma and seven markers

showed a high percentage of errors and where excluded for further analysis. So, the final number of
markers was 164 (54 FAMarkers, 51 VHharkers and 59 NEMarkers). 39 markers were

exclusively found in the outgroup speci@adblus imbricatusso for G. palustris, 125 markerq28

polymorphic, 97 monomorphic, percentage of polymorphic fragments PPF=2é0¢) left for

further calculationsThere were only 28 variable markers in the third matrix. The fragment lengths of

the markes ranged from 105.2 409.6 bp in &AM, 100.Q; 405.4 bp in VIC and 1037397.1 bp in

NED. The average error eafor all three colors was 0.1829 (FAM:0.148%, VIC0.03%6, NED:

0.33%%). Typical error rates should be betwee% and should not be Higr than 10% BoNINet

al., 2007).

3.1.2 Identification of identical genotypes

Within the dataset, many identical genotypes within and also among populations were detected, as it
can be seen in Table 6. 70 individuals had uniqgue AFLP phenotypes and bstedan the table.

The remaining 23 individuals had redundangenotypes andshared their AFLP phenotype with at
least one or more individualsThe NJ clustering as described in chapter 2.1.3.2 is shown in the

Appendix Figures 2.-a@).

Tah 6: Identicd genotypes ofs. palustrisndividuals. Abbreviations see Table 3.

Individuals Number of loci
Abr_02 2, KH 08, SWI 01, SWI_02 118
Abr_03, Abr_04, Abr_05, Abr_06, ABW_01, ABW_02, ABW_04 2, ABW_05, Ba¥l 03,

ZWu_01 119
Abr_08, Abr_10, DWI_05, Ran_11 118
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ABW_03, EEF_02_2, EWr_02, EWr_03, EWr_04, EWr_07, EWr_08, EWr_09_2, Ran_14

SaH_05_2, ZWI_0&Wr_06, ZWr_08, ZWr_09, ZWu_03 118
DWI_04, Ran_13_2, ZWu_06_3, ZWu_07, ZWu_08 117
DWI_06_2, DWI_15 118
DwI_07, DwI_08_3, DwI_10, DwI_11, DWI_14, DWI_16, DWp_01, DWp_03, D
DWp_05, DWp_08, DWp_11, DWp_12, DWp_15, DWp_16 119
DWI_09, DWI_12, DWI_1BWp_06, DWp_07, DWp_10, ZWr_04 118
DWp_02, DWp_09, DWp_13 117
Ebr_01, Ebr_03, For_03, For_06, HaWRaf_07, SaH_01, SaH_02, SaH_03, SaH_04,

SWI_06_2 120
EEF_01, ZWI_04, ZWr_05, ZWr_07_3 117
EEF 04, EOE_02 116
EJa_01_3,EJa_10, EOE_09, EOE_1008lon_ 117
EJa_02_2, EJa_04, EJa_05, SWI_07 117
EJa_03_2, EJa_06, EOE_05, Ran_02, Ran_08, Ran_09 118
EJa 08, EOE_03_2, EOE_04, EOE_06_2 117
EMr_01, EMr_07, EMr_08 116
EMr_02_3, EMr_05 115
EMr_03, EMr_04, EMr_06 114
EMr_10, SWI_10 117
EOE_01, EOE_07 115
EWr_05, EWr_06 117
For_01, For_02, SaH 09 121
For_07_2, SaH_10, SWI_08 119
FrR_01, FrR_02, FrR_03, FrR_04, FrR_05, FrR_06, FrR_07_2, FrR_08, FrR_09_2, FrR
USX_01_2, USX_ 02, USX_ 03, USX_04, USX_ 05, USX_06, USX 07, USX_08_2, USX 1 117
Haw 01, Hiw_03 117
Haw_02, Hiw_08 119
Haw_05, Haw_09, Ran_04, Ran_06, Ran_10 119
Haw_06, Haw_10, Kne_05 119
Haw_08, Hiw_05, SWI_05 119
Hiw_01, Hiw_06_3 117
Hiw_09, MB_04 119
HSW_01, HSW_02 118
HW_03, MB_09 118
HW_05, MHS 03_2 117
HW_08, HW_09 118
Kre 01, SaH_06, SaH_07, SaH_08 120
KoH_01, KoH_06 118
KoH_02_2, KoH_07 116
MB_05, MHS_04 119
Mon_10, ZWI_03, ZWI_09, ZWI_10 119
OLW_01, OLW_02, OLW_03, OLW_04, OLW_05, OLW_06, OLW_07, OLW_10 119
Pid_01, Pid_09, Pid_10, Pid_11, Pid_13, Pid_15 2 116
Pid 02, Pid_03, Pid_04, Pid_05, Pid_06_2, Pid_07, Pid_08, Pid_12, Pid_14 115
Pla 01, Pla_03 2, Pla_06 115
Pla 02, Pla_04, Pla_05, Pla 07, Pla_08, Pla 09 114
SWI_04, ZWu_02, ZWu_10 118
SWI_09, ZWr_03 116
ZWI|_05, ZWI_07 118
ZWr 01, ZWr_10 119
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3.1.3 Reslits of the data analysis

3.1.3.1 Genetic relationships

The results of the Neighbdyet analysis of all samples shedvthat only one population, namely

L2 Lidzt F A2y Gt flé

6t f Iy 6 waSsighty kobnNgaysepsraieal Elusterl(@eds NJ | dz

Fgure 10Q. For all other populations thengasno clear clustering visible. Regarding the results of the

NeighborJoiningClustering including the otgroup species, they were clearly separated from @&e

palustris populations. The bootstrap value fdgladiolus imbricatusg | a

MA g Y LJ2 LddzE A

showedbootstrap valueof 92% (here depicted in greesee Figure J)1All other populations showed

values below 70%Performing a Neighbeet and a Neighbedoining analysis for Salzburg

populations only revelad unclear clustering; individualeere not groupeddistinctly and hal no

bootstrap support (Figures cdre seen in the Appe

ndix Figure 3 & 4).
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3.1.3.2 Results of the Principal Coordinates Analysis (PCoA)

The Principal Goordinate Analysis (PCoA) based on DICE coefficients was performed for 295

individuals, where the populations of Salzburg and the populatminVorarlberg, Upper Austria and

Germany were included in the analysi$e first two coordinates (axes) had an explanatory power of

33.3% (axis 1: 19@%0; axis 2: 14.33). The third axis has an explanatory power of 1%.8Because

of many identical gemtypes, there are fewer dots in the graphs, as identical individuals are overlying

each other.
Populations
. Salzburg populations
@ KoéH }Swabia
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Fig.12: Principal Coordinate rhalysis of all individuals based on Dice coefficient. The first two axes comprise

33.379% of the total genetic xiation. Salzburg populations are colored in black; the other populations are

colored according to their geographical distribution.
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Fig.13: Princip4 CoordinateAnalysis of the Salzburg individualsly based on Dice coefficient. The first two
axes comprise 38.376% of the total genetic variation. Populations are colored according to their geographical

distribution.

The second Principal Coordinatealysis(see Figure 3) was computed only on the 16Gladiolus

individuals of the populations of Salzburg. The first two coordinates (axdsgrhaxplanatory power

of 38.38% (axis 1: 23.53%; axis 2: 1%B5The third axis ldaan explanatory power of 10.%4 The

L2 LJdzt F GA2Yy ah[ 2¢ 6 ho SwSSeparated alang tBaifigstand sécand Gxis aNE Sy 0
F2NYAY3I | aSLINFYGS Of dzA G SNX | f a®’aSseparkitéd alod@) tdelzf | G A 2
FANBG FEA&AD ¢KS AYRA D hkRaerefaldo azbif sepaatgdS The teviafhihd & & £ Y 3
populationswere not forming any tear clusters and are scattered. As it was already mentioned a

page before, the occurrence of identical genotypes led to a reduced number of dots, as individuals

were overlyingeach other.
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3.1.3.3 Results of the Bayesian clustering

For inferring the genetic structure of the dataset, 295 individuals oG&&liolus palustrisampling

sites were analyzed with the program STRUCTURE. The admixture model was assumed ard both th
correlated and uncorrelated allele frequencies wertempted. The comparison of the results of
these STRUCTURE runs (K=1 to K=2@pliGates for each K, MCMC:@ID after a burAn of 20000
iterations) revealed that individuals were grouped in thensaclusters, independent of correlated or
uncorrelated allele frequencies. Whigvaluating probable solutions &f, the different K values were
plotted against the likelihoods and the uncorreldtallele frequency model showehore clear
results as can bseen in Figurel4 and was therefore chosen for further analysis (results of the
correlated allele frequency model can be seen in the Appendix). The likelihoods (InP) from K=1 to
K=20 of the uncorrelated allele frequency model are shown in Tapksultsof the correlated allele
frequency model in Appendix Tablg. Theywere constantly increasing from K=1 to K=7 and then
decreasing again with higher standard deviations. In Bwannotable output of the STRUCTURE
HARVESTER K=16 was marked yellow, &svied the highest DeltaK value, but thvgas due to
outliers. Regardless of these outliers, the highest peak of mean Deltalat K=7 (here yellow),
which would suggest that the most probable number of growmas 7. Also, the results K=2 and K=3

seenedto be meaningful.

Admixture model, correlated allele Admixture model, uncorrelated allele
frequencies frequencies
2500 -2500 v v v v v v v v v v v v v v v v v v v Y
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FHg. 14: Results of Bayesian cluster analysis. Logarithmic probability of the replicate runs is plotted against the
number of K. Outliers were removed. Lefortelated allele frequencies. Rightndorrelated allele frequencies
(Microsoft Excel)
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Tab.7: Result of theEvannamethod computed with the STRUCTURE HARVESTER of the STRUCTURE run with

the admixture model and uncorrelated allele frequenci€able for correlated allele frequencies in Appendix

Table 7.

K Reps Mean LnP(K Sdev LnP(K Ln'(K) |Ln"(K)| Delta K
1 10 -3679.6600 7.0297 - - -
2 10 -3394.4400 11.6990 285.2200 224.7900 19.2144
3 10 -3334.0100 36.6955 60.4300 99.3400 2.7071
4 10 -3174.2400 43.7679 159.7700 124.1600 2.8368
5 10 -3138.6300 46.3785 35.6100 6.7700 0.1460
6 10 -3096.2500 21.7615 42.3800 8.2500 0.3791
7 10 -3045.6200 20.5162 50.6300 117.3000 5.7174
8 10 -3112.2900 34.8740 -66.6700 66.0100 1.8928
9 10 -3244.9700 42.0051 -132.6800 72.8700 1.7348
10 10 -3304.7800 39.5786 -59.8100 15.5400 0.3926
11 10 -3380.1300 43.0592 -75.3500 33.1200 0.7692
12 10 -3422.3600 43.2525 -42.2300 23.0300 0.5325
13 10 -3487.6200 61.1926 -65.2600 1.1000 0.0180
14 10 -3553.9800 76.5757 -66.3600 16.9600 0.2213
15 10 -3603.3800 43.7502 -49.4000 66.6000 1.5223
16 10 -3719.3800 200.9936 -116.0000 11621.0500 57.8180
17 10 -15456.4300 36737.2224 -11737.050C 11431.2800 0.3112
18 10 -15762.2000 37528.9210 -305.7700 11861.5800 0.3161
19 10 -4206.3900 225.8191 11555.810C 11548.5900 51.1410
20 10 -4199.1700 242.2618 7.2200 - -

Evaluating the mean similarity coefficients and their standard deviation, the same numbers of groups
wereidentified, as the highest values were at K=28631L, SD=00243), K=3 (12667, SD=04270)

and K=7 (®6251, SD=00284), which can also be ea in Figurel5, a), indicated with red arrows.

The Evanno plots of the admixture model with correlated allele frequencies are shown in Appendix

Figure 6.
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Fig 15: Results of the STRUCTURE anabfsihe admixture model with uncorrelated allele frequencies
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Fig 16: Results of theyenetic structure of the complete dataset (295 individuals, 32 populations) as indicated
by STRUCTURE via a Bayesian clustering ana$sig the admixture model with uncorrelated allele
frequencies The results areélepictedfor K=2, 3 and Tor the run with the highest likelihoodFor each K, the

run with the highest likelihood is showithe populations are separated in blocks according to their geografic
distribution. Marked with a asterisk* refers to Salzburg populations. Results of the correlatedlealle
frequencies in Appendix Figure 7.
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The results of the STRUCTURE clustering of K=2, K=3 and K=7 can be seen & Figuraatching

up of the independent runs for each K as conducted with the program CLUMPP revealed nearly the
same clustering as theun with the highest likelihood. So, for each K, the run with the highest
likelihood was chosen to be depicted, also for the maps (background: OpenStreetMap OSWM) on the
following pages. Regarding the clustering for K=2G$axdioluspopulations of Salzbgr(ABW, EMr,

Ewr, OLW, STE, ZWI) were entirely belonging to the same group (red), mostly to this cluster belonging
were the Salzburg populations Abr, Ebr, SWI, ZWr and ZWu. Th8atdurg populations Haw,

HSW, Pid and HW were also entirely belongincghtodame cluster, whereby the first three of them

were geographically close to Salzburg. The Salzburg populations DWI, DWp, EEF, Kne and Ran were
admixed. NorSalzburg populations that were admixed are For, HiW, K6H, MB, MHS, Mon and SaH.
Two populations ofSalzburg, namely EJa and EOE, were entirely belonging to the second cluster
(blue), as well as the neBalzburg populations FrR, USX and Pla.

When considering the solution for K=3, the individuals were clustered as follows (FiQui€irt,

only the nonSalzburg populations were considered. USX, Pla and FrR were again in a separate
cluster, they were nearly totally belonging to the red cluster, this time without any populations of
Salzburg. The population Mon was nearly totally belonging to the blugéeclushile Pid and HW

were largely belonging to the green cluster. The 18&aizburepopulations MHS, MB, KoH, HSW, HiW

and HaW were admixed, also SaH and For, whereby the latter were belonging to the blue cluster in a
large part. Considering the populati®rof Salzburg, DWI and DWp, which were admixed in the K=2
model, were nearly entirely belonging to the blue cluster. Ran, Abr, ABW, SWI, EEF, EMr, EOE, EBr
and EJa were partly (more than half) belonging to this cluster. Populations STE, OLW, Kne, EWr, ZWI,
ZWr and ZWu were more than halfway through belonging to the green cluster. The red genetic
cluster occurred to a larger extent (around 25%) in the populations EOE and EJa.

At K=7 (see FigureB), on closer consideration of the ne®alzburg populationshé two populations

of Vorarlberg USX and FrR were again belonging to the same cluster (red). The population of
a2zyRaSS daz2yé¢ ¢l a Yzailufte o0Stz2y3aiay3a G2 (GKS 2NI y:
were mostly belonging to the violet cluster. The pophil& y at £t € gl a FT2NX¥AYy3A | a
ofdzSv Fa ¢Sttt | a aiSadRurgpopBl&tiBnS Kol asaH; Ko Hiw (HKVE ahbl KIS

(the latter is half belonging to the light blue group) were admixed. Considering populations of

11

Salzburg, DWI ahDWp were again nearly utterly in the same cluster (orange), as well as EOE and EJa
(half orange, half red). Also partly (more than 25%) to the orange cluster belonging were Ran
(admixed with yellow and red) and EEF (admixed with yellow). Most individbigile population
G9aNE |yR a®%2fé¢ gSNB o0St2y3aAay3a G2 + tAIKG of dzS
the populations Abr, ABW, EWr, Kne, OLW, ZWr and Zkéuremaining populationsere admixed.
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Fig. B: Geographical distribution of th®ayesian clustering of K=af the Gladioluspopulations. a) Non
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Figure D again shows the graphical distribution of the genetic clusters of K=7 (of the run with the

highest likelihood), but this time according to the populatgires. For this graph, the populations

52f |yR 52L) ¢SNB |aaSyYoftSR (2 LRLJAIFIAG2Y a52££3%
color morphs available. In Figured,1a) the circle size corresponds to the sample size. Most
individuals (32) weresamge Ay (G KS L2 LJzf | GA2Yy G52¢63 FS@sSad o2y
19, b) shows the same distribution but according to an average population size, determined by
Gunther Nowotny. The average sizes were calculated as mean values between a minimum and
maximum count of Glnther Nowowty in the recent years. Here, it can be seen that the populations
G52¢ YR G{2fté¢ IINB (KS o6A33Sald LRLMAIIGA2ya 2F { |
size, was rather uniform (mostly belonging to the orange chystehile SWI was admixed. The

Salzburg populations, which were occuring on the same meadows but were slightly separated
3S23IN) LIKAOIff ¢ SNB -papRlafigni, ASdAn bé eendir? BIj@@Ih& Badiein

stays more or less the same. The biggeipl G A2y a9{¢é¢ 002YO6AYSR 2dzi 2F 9

is most admixed.
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Fig.20: Geographical distribution of the Bayesian clustering of K=7 of the comi@tastioluspopulations. DW
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45



3.1.3.4 Results of the genetic diversity analysis
¢KS bSAQa 3ISYSHAO RA @& Elges (rayit) waeNdlutzBd/fGréal R2 &y
populationsS E O S LJi  LJ2 L)dmsimgithe R ylunctiofistobtide AFLRgatkage. Té results are

summarized in Table 8.

Tab. 8: Genetic diversity and rarity calculated with AFLPdat. Abbreviatibrs: Number of genotypes
individuals, Nm=total number of markers in the population, PPF=percentage of polymorphic fragments,
GD=gene diversityColour scale: the higher the gene diversity the darker/more intense the colGutpw and

Cl upp = lower and upper boundary of the 95% confidence interval, R=fuoltur scale: the higher the rarity

the darker/more intense the colour). Populationeaorted alphabetically; * = Salzburg populations.

Pop N Nm PPF GD Cl low Cl upp R
Abr* 10 120 0.048 |  0.01298 0.0032  0.0256 0.08189
ABW 5 119  0.008  0.00320 0.0000  0.0096 0.08413
DWW 32 121 0.056 0.01073 0.0029  0.0208 [N0M2875
Ebr 4 120 0.040 - 0.0040  0.0400 0.08557
EEE 5 120  0.048 0.0064  0.0448 0.07412
EJ4 10 118 0032 | 0.012620  0.0000  0.0261 0.07600
EMr 10 117 0024 | 0012444  0.0000  0.0284 0.06650
EOE 10 118  0.056 [ 10019556 0.0044  0.0363 0.07378
EWr 10 119 0032 0007644  0.0016 00165 0.07939
For 8 121 0032 | 0013714 00034  0.0274 0.09286
FrR 10 117 0000  0.00000 0.0000  0.0000 0.07771
Haw 10 120  0.048 0.0048  0.0373 0.08457
HiW 9 121  0.056 0.0076  0.0387 0.08577
HSW 2 118  0.000  0.00000 0.0000  0.0000 0.08249
HW 10 120  0.048 0.0043  0.0338

Kner 5 122 0.048 0.0064  0.0352

KoH 10 121 0.064 0.0076  0.0427 0.08357
MB 10 122 0.080 0.0135  0.0492

MHS 4 120 0.048 0.008)  0.0480 0.08834
Mon 10 121 0.056 0.0081  0.0468

OLW 10 119 0016  0.00444 0.0000  0.0121

Pid 15 116 0008  0.00411 0.0000  0.0165 0.06964
Pla 10 118 0040  0.01067 0.0016  0.0235 0.07059
Rart 15 120 0.048 | 0.01676 0.0041  0.0317 0.08194
SaH 10 121 0032  0.01173 0.0016  0.026l | 0.09622
SWi 10 120  0.040 | 0.01760 0.0037  0.0345 0.08118
USX 10 118 0008  0.00160 0.0000  0.0048 0.07829
ZWE 10 121 o0.072 007N o0.0076  0.0354 [
ZWi 10 121 0048 = 0.01564 0.0042  0.0305 0.08505
ZWu 10 121 0056 1002811 " 0.0076  0.0421 0.08605
Mean i i i 0.01479 i i 0.09412
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The genetic diversity of the neBalzburg populations @ladiolus palustrisanged from 0 to 0.0295,

as can be seen in Figukd. The highest genetic diversigould be found inthe populations KoH
(Swabia), MB (Upper Bavaria), MHS (Upper Bavaria) and Mon (Upper Austria). Interneseistef
diversity occured in the populations For (Lower Bavaria), HW (Upper Bavaria), HiW (Upper Bavaria),
HaW (Upper Bavaria), SaH (Lower Bayaand Pla (Upper Austria). The lowest genetic diversity
occured in the two populations of Vorarlberg, FrR and USX, in Pid (Upper Bavaria) and HSW (Upper

Bavaria).

The genetic diversity within th&ladiolus palustripopulations in Salzbur{see Figure 2) ranged

from 0.0032 to 0.024 andvas therefore lowest in population ABW and highest in EEF. The
populations Kne, EOE, Ebr, ZWI, ZWu, ZWr, Ran, Abr, SWI, EMr and E#hashimtermediate

genetic diversity. Low genetic diversity oamd within populatims ABW, OLW, DW (DWI and DWp

together) and EWr. Considering the population sizes of the Salzburg popul&emdable 1)the

populations SWI and DWere the biggest ones, but lthintermediate and low genetic diversity,
respectively. The population DW dhan average population size of 287 individuals (53 at minimum,

poc |G YFEAYdzY0 | yR { 2waa (70 & SiNinuiEnS339.42 rhadighudmii ki y  a A 1

smallest populations with average population sizes below 10 indiviskexlsEOE, EEF, Kne and.Eb

The genetic rarity was higher in the Salzburg populations. Within theSadzburg populations, the
genetic rarity (DW) varied from 0.0696 to 0.1124 (see Fig8yelt was lowest in the populations Pid,

Pla, FrR and USahd highest in the populationMon, MB, SaH and HWWVithin the Salzburg
populations, the genetic rarity (DW) varied from 0.0665 to 0.1895 (see RRgur@&he lowest genetic

rarity was found in five of the six populations at the "Esterer" tavern, namely in EMr, EOE, EEF, EJa

and EWr. e genetic rarity was highest in the populations Kne, OLW, ZWI and DW.
The correlation analysis between genetic diversity and the average population sizes as well as the

sample sizes showed a negative correlation without statistical significance (semdhp-igured

and Appendix Table)8Also with the rarity, there was no significant correlation.
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Fig. 2: Rarityindéx (DW) as a measure of the amount of rare markers in each population of the Salzburg
populations

49



3.1.3.5 Results of the AMOVA

The nonhierarchical AMOVA for the complete data set was highly significant (sée 9aln Table

10 the genetic distance between the populations are shown. The genetic distance of the

L2 LJdzAt F GA2ya 2F +2NINIOSNH GCNWwé FyR a!{-¢ 6SNB
confirmed by the g t dzSa® ! faz2x GKS LRLMzAFGA2ya 2F at ARAY
by3agAriSasSeé o6h[20 KIR I KAIK 3ISYySGAO RAalGlyOS (2
(population with only one individual) had no significant pairwisevalues. Table 11 shows the

population average pairwise differences

Tab. 9:Nonhierarchcal AMOVAs based on AFLPsGdadiolus palustrisAbbreviations: D.f. = degrees of
freedom; s = significant {Falue < 0.05)

Group Source of variation D.f. Sum of Percentage P-value Fspvalue
squares of Variance

All Among populations 30  378.038 58.12 0.00000+0.00000 s 0.58121
Samples

Within popubtions 264 236.315 41.88
Only Among populations 16  146.028 49.33 0.00000+0.00000 s 0.49331
Salzburg

Within populations 150 132.798 50.67
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Tab. 10: Matrix of population pairwises& of all samplé Gladiolus palustripopulations. Shaded in grey means no significagjivélue (Significance Level=0.0500). The
significant kyvalues are represented in a color scale whereby low values are shaded in yellow and higher values in orange and higlesedgalue

Abr |ABW DW |Ebr |EEF |Ela EMr EOE EWr [For |FrR |HaW HiW |HSW HW |Kne KoH MB |MHS Mon OLW |Pid |Pla |Ran |SaH |STE |SWI |USX ZWIl |ZWr (ZWu

0,000

{I 024
0,857 0,734 0 a12 --- 0,619 1,
, 0,011 4) 024

0,000
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Tab. 11: Matrix of ppulation average pairwise differenceall sampledsladiolus palustripopulations.

Abr

ABW

Ebr

EEF

Ela

EMr

EOQE

EWT

For

Frit

Haw

HIW

HSW

Kne

KoH

MB

MHS

Mon

aLw

Pid

Pla

Ran

SaH

STE

swi

usx

Zwl

IWr

IWu

Abr

0,000

ABW

1,100

0,000

DWW

2,719

2,681

0,000

Ebr

2,150

1,350

3,331

0,000

EEF

2,700

2,640

3,369

3,150

0,000

3,260

3,700

3,300

2,950

3,020

0,000

EMr

3,600

3,760

3,844

4,300

2,340

4,300

0,000

EOQE

3,480

3,800

3,450

3,450

3,480

1,980

4,660

0,000

EWTr

2,380

1,300

3,750

3,100

3,180

4,860

3,820

4,340

0,000

For

2,200

1,700

3,375

2,000

3,500

3,450

4,350

3,800

2,750

0,000

FrR

4,100

4,200

5,656

3,250

3,800

2,700

5,800

3,400

5,300

3,500

0,000

HaW

2,840

2,680

4,094

2,300

3,440

3,500

4,140

4,160

3,300

2,600

3,300

0,000

HiW

3,500

3,400

4,788

2,750

3,711

3,989

4,400

4,778

3,967

3,111

3,333

2,689

0,000

HSW

3,100

3,200

3,219

2,230

3,600

4,100

3,800

3,000

4,300

3,000

3,000

2,200

1,667

0,000

HW

5,140

4,600

6,300

4,650

4,960

6,200

5,500

6,560

4,120

4,800

5,200

4,180

3,956

3,800

0,000

Kne

3,460

2,680

4,606

2,950

4,200

4,500

5,640

4,360

2,460

2,600

4,400

2,880

3422

3,800

4,080

0,000

KoH

3,180

3,100

4,369

3,050

3,460

3,760

4,600

4,320

4,300

3,230

2,900

3,600

3,144

2,300

4,580

4,380

0,000

MB

4,500

4,680

5,906

4,400

4,920

5,260

6,240

5,720

5,320

4,400

4,000

4,460

4,222

4,000

3,460

4,760

4,080

0,000

MHS

5,450

5,350

6,683

4,750

5,250

5,050

6,750

5,400

6,050

4,875

2,750

4,500

4,528

4,250

3,650

5,350

4,150

3,400

0,000

Mon

3,460

3,500

3,175

4,100

4,020

4,000

4,600

4,220

4,800

4,300

5,500

4,840

5,078

4,300

6,140

5,700

4,460

5,520

6,400

0,000

oLw

3,180

2,100

4,581

4,000

4,100

5,800

4,800

5,820

1,800

3,800

6,300

4,240

4,856

5,100

4,640

3,500

5,060

5,980

6,650

5,500

0,000

Pid

4,300

3,400

5,881

4,850

5,400

7,100

5,200

6,800

3,100

5,100

7,600

5,000

5,156

4,600

3,800

4,800

5,500

6,000

6,350

6,100

3,300

0,000

Pla

6,680

6,600

8,281

5,650

7,640

6,000

9,100

6,340

7,700

5,900

4,200

6,200

6,133

5,400

8,500

6,800

6,380

8,020

6,950

8,080

8,520

7,120

0,000

Ran

2,393

2,227

2,848

2,483

3,160

2,793

4,013

3,053

2,980

2,633

4,533

2,733

3,822

3,933

4,920

3,227

4,153

5,053

5,450

4,073

3,820

4,800

6,933

0,000

SaH

2,440

1,360

3,325

2,000

3,640

3,240

5,480

3,700

2,920

1,550

3,200

2,540

2,911

3,000

4,540

2,320

3,160

4,160

4,600

4,300

3,900

5,200

5,600

2,640

0,000

STE

3,500

2,800

5,031

4,250

3,200

5,500

3,600

5,800

2,500

4,500

5,000

4,200

3,889

4,000

4,200

4,200

4,100

5,200

5,750

5,500

3,300

4,600

9,200

4,600

4,600

0,000

Swi

2,200

2,020

3,463

2,300

2,500

3,000

3,460

3,380

2,900

2,530

3,100

2,580

2,836

2,300

4,280

3,300

2,840

4,100

4,450

4,020

3,800

3,100

6,760

2,787

2,600

3,100

0,000

Usx

4,040

4,100

5,581

3,200

3,860

2,700

5,900

3,360

5,200

3,400

0,100

3,780

3,389

3,100

5,260

4,300

2,980

4,080

2,850

5,480

6,200

7,500

4,120

4,433

3,100

5,100

3,140

0,000

3,340

3,020

5,156

3,950

3,900

5,460

4,160

5,880

4,000

4,400

4,900

4,360

4,122

3,100

4,300

5,340

3,860

4,920

5,700

3,900

4,700

5,100

8,020

4,927

4,660

3,500

3,460

4,980

0,000

ZWr

2,620

1,540

3,069

3,300

3,040

4,460

3,720

4,720

1,680

3,100

3,000

3,400

3,800

4,200

4,100

2,960

3,920

4,360

3,700

4,280

2,300

3,800

7,940

3,173

3,040

2,600

2,300

4,360

4,000

0,000

ZWu

2,880

2,520

3,744

3,050

2,960

3,700

3,560

4,200

2,600

3,300

4,400

2,980

3,533

3,600

4,140

3,240

4,000

4,720

5,300

4,380

3,500

4,800

7,700

2,920

3,280

3,200

2,680

4,400

3,980

2,720

0,000
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Tab. 12: Matrix of population pairwise-& of Gladiolus palustripopulations of Salzburghaded in grey means
no significant krvalue (Significance Level=0.0500). The significgqtakues are represented in a color scale
whereby low values are shaded in yellow and higher values in orange and highest values in red.

Abr ABW DW Ebr EEF ElJa EMr EOE EWr Kne OLW Ran STE SWI ZWI ZWr ZWu
Abr 0,000
ABW 0,018 0,000
pw 0,470 16584 0,000
Ebr 0,080 0,301 0,000
EEF 0,185 0,356 0,467 0,122 0,000

Ela 0,500 [6)68810,570 0,353 0,286 0,000

EMr 0,559 [0)684 0,632 0,567 0,242 J8)638) 0,000
EOE 0,416 0,555 0,501 0,286 0,231 -0,016 8,574 0,000

Ewr 0,458 0,430 0,674 0,527 0,453 [j#381 0,671 0,656 0,000

Kne 0,445 04780658 0,171 0,357 0,5830)674 0,511 0,381 0,000
oww 0,658 0,761 0,756 0,716 0,652 ({0816 0,780/0,742 0,580 0,654 0,000

Ran 0,216 0,333 0,421 0,094 0,227 0,334 0,536 0,261 0,465 0,316 [0)623 0,000

STE 0,537 0,857 0,734 0,412 0,063 0,713 0,568 0,579 0,618 0,429 0,832 0,545 0,000

SWI 0,131 0,275 0,529 -0,011 -0,024 0,370 0,457 0,351 0,456 0,309 [B)687 0,225 0,290 0,000

ZWl 0,388 0,446 10,674 0,373 0,312 0,630 0,517 [0,582 0,572 0,543 0,678 0,542 0,295 0,326 0,000

ZWr 0,317 0,281 0,494 0,348 0,214 0,528 0,134 0,278 0,498 0,360 0,248 0,274 0,447 0,000

ZWu 0,217 0,259 0,499 0,104 0,007 0,396 0,376 0,365 0,261 0,172 0,508 0,155 0,097 0,051 0,327 0,109 0,000

Considering only the populations of Salzburg @de6f S MHUO X LJ2LJz | GA2Y a{ ¢9¢
only one individual, again had no significant pairwisg? f dzS& & t 2 LJdzZf I GA2Y dah[ 2 ¢
genetic distances to the other populations of Salzburg, what was confirmed bywuhki@. The most

diff SNBY G FNRY SIOK 2GKSNJ NS (GKS LRLMzAFGA2ya dah[:

z

NBfFGSR LRLIMzZ FdA2ya | NB a{2fé | yRyvélueoTNdyare | & (K
F2ft26SR 0@ a%2 NE | YR opulationakedye gairwisé dffersnces a K2 ga (0 KS

Tab. 13: Matrix of ppulation average pairwise difference§Gladiolus palustripopulations of Salzburg.

Abr |ABW DW |Ebr |EEF |ElJa EMr [EOE EWr Kne |OLW Ran [SWI |ZWIl |ZWr ZWu
Abr 0,000
ABW 1,100/0,000
DW (2,719 2,681 0,000
Ebr (2,150 1,950/3,531|0,000
EEF |2,700 2,640 3,369/3,150/0,000
EJa [3,260 3,700/3,300/2,9503,020/0,000
EMr (3,600 3,760 3,844 (4,300 2,840 4,300/ 0,000
EOE (3,480 3,800 3,450/3,450 3,480|1,980 4,660 0,000
EWr (2,380 1,300 3,750/3,100 3,180|4,860 3,320 /4,940 0,000
Kne |3,460 2,680 4,606|2,950 4,200/4,500 5,6404,960 2,460 0,000
OLW 3,180 2,100|4,581 |4,000 4,100|5,800 4,800 5,820 1,800 3,500/ 0,000
Ran |2,3932,227|2,848|2,483|3,160 2,793|4,013 3,053 /2,980 3,227 3,820/0,000
SwWl |2,200/2,020|3,463|2,300|2,500|3,000 3,460 3,580 2,900 3,300|3,800 2,767 0,000
ZWI 3,340/3,020/5,156|3,950|3,900|5,460 4,160 5,880 4,000 5,340 /4,700 4,927|3,460|0,000
ZWr |2,620)1,840/3,069|3,300|3,040|4,460 3,720 4,720/ 1,680 2,960|2,500 3,173|2,860|4,000 0,000
ZWu 2,880|2,520|3,744|3,050|2,960/ 3,700 3,560 4,200/ 2,600 3,240|3,500 2,920|2,680|3,980 2,720 0,000
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Tah 14: Groups composition used for the hierarchical AMQVAs

Groups Populations

Salzburg Abr, ABW, DW (DWDWp), EBr, EEF, EJa, EMr, EOE, EWr, Kne, OLW, Ran, £
ZWI, ZWr, ZWu

Non-Shg For, FrR, Haw, HiW, HSW, HW, KoH, MB, MHS, Mon, Pid, Pla, SaH, USX

Salzburg Abr, ABW, DW (DWDWp), EBr, EEF, EJa, EMr, EOE, EWr, Kne, OLW, Ran, £

Non-Shg_separated
Vorarlberg

Lower Bavaria
West Germany
East Germany

ZWI, ZWr, ZWu

FrR, USX

For, SaH

HW, KoH, MB, MHS
Haw, Hiw, HSW, Pid

Upper Austria Mon, Pla

East Abr, ABW, DW (DWI+DWp), EBr, EEF, EJa, EMr, EOE, EWr, For, HaW, HiW,
Kne, Mon, OLW, Pid, Pla, R&aH, STE, SWI, ZWI, ZWr, ZWu

West FrR, HW, KoH, MB, MHS, USX

Following Structure K=3

Red FrR, MHS, Pla, USX

Blue Abr, ABW, DW, Ebr, EEF, EJa, EMr, EOE, For, Haw, HiwW, HSW, HW, KoH, N
Ran, SaH, SWI

Green EWr, Kne, OLW, Pid, STE, ZWI, ZWr, ZWu

Folbwing Structure K=7

(with admixed)
Red

Dark blue
Green

Yellow

Orange

Light blue
Purple

Strong admixed

FrR, USX, EJa

Pla

Pid

Abr, ABW, EWr, Kne, OLW, STE, SWI, ZWr, ZWu
DW, EOE, Mon

EMr, HSW, ZWI

HW, MHS, MB

Ebr, EEF, For, Haw, HiW, KoH, Ran, SaH

Following Structure K=7

(without admixed)
Red

Dark blue

Green

Yellow

Orange

Light blue

Purple

FrR, USX, EJa

Pla

Pid

Abr, ABW, EWr, Kne, OLW, STE, SWI, ZWr, ZWu
DW, EOE, Mon

EMr, HSW, ZWI

HW, MHS, MB
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Tab. 15Hierarchical AMOVAS based on AFLRGlaflblus palustrisAbbreviations: D.f. = degrees of freedom; s
= significant (Rralue < 0.05)

Groups Source of variation D.f. Sumof  Percentage P-values Fixation
squares  of Variance indices
Salzburg Among groups 1 53.776 12.12 0.00098+0.00098 s Rt 0.12120
Non-Sbg Among populations 29  324.262 48.47 0.00000+0.00000s Fsc 0.55160
Within populations 264 236.315 39.41 0.00000+0.00000 s Fst 0.60595
Salzburg Among groups 5 126.378 16.62 0.00098+0.00098 s k.t 0.16617
NonSbg_ Among populations 25 251660 43.83 0.00000+0.00000 s Fsc 0.52560
separated  Within populations 264 236.315 39.56 0.00000+0.00000 s Fst 0.60444
Among groups 1 54,718 19.60 0.000@+0.00000 s Rt 0.19600
East-West Among populations 29  323.320 44.17 0.00000+0.00000 s Fsc 0.54935
Within populations 264 236.315 36.23 0.00000+0.00000 s Fst 0.63767
Structure  Among groups 2 113.969 25.31 0.00000+0.00000 s Rt 0.25313
K=3 Among populations 28  264.069 37.72 0.00000+0.00000 s Fsc 0.50508
Within populations 264 236.315 36.96 0.00000+0.00000 s Fst 0.63036
Structure  Among groups 7 255.069 37.44 0.00000+0.00000 s Rt 0.37439
(Kv;tYh Among populations 23 122,969 22.83 0.00000+0.00000 s Fsc 0.36497
admixed)  Within populations 264 236.315 39.73 0.00000+0.00000 s Fst 0.60272
Structure  Among groups 6 241.483 43.74 0.00000+0.00000 s Rt 0.43744
;f/v:izhout Among populations 16  92.811  23.29 0.0000040.00000 s Fsc 0.41403
admixed)  Within populations 201 164.331 32.96 0.00000+0.00000 s Fst 0.67035

For the hierarchical AMOVAS, populations were grouped according to different scenarios (see Table
14). For the STRUCTURE clusters, the biggest STRUCTURE group amount was chosen for allocating
the populations to the groups udeor the AMOVAs. The results of these AMOVAs are listed in Table

15. The hierarchical AMOVA between Salzburg and$&brburg populations were highly significant

and accounted for 12.12% of variation among the groups. Similar values were obtained for the
comparison of Salzburg populations against Matzburg populations separated according to their
geographical distribution. The AMOVAs performed following the STRUCTURE clusters were all highly
significant. For K=3, 25.31% of variation among groups wasu@iedl, for K=7 (with strongly

admixed populations) the value was 37.44% and for K=7 (without strongly admixed populations) it

was even higher F=43.74%).

55



3.1.3.6 Isolation by distance

According to the results of the Mantel te@ee Table 16), fahe dataset including all populations

the correlation coefficient (r) wasioderately highand positively significant {palue < 0.05) for all
settings (see Figures?. The moderately high correlation coefficient indicates a moderate isolation by
distance [BD}pattern, meaning that nearby populations tend to be more similar to each other.

For the dataset with Salzburg and nearby populations, only the correlation between kilometers (and
log10(meters)) against the population average pairwisifedences shwed a significant moderately
high correlation (r=0.299 and r=0.287, both with p < 0.05, see Fig)relBe other correlations had

a rather low correlation coefficient but without statistical significance. Decreasing the dataset to only
Salzburg population of Gadiolus palustris the correlation coefficients became rather small but
again without statistical significance. The correlation betweabr pairwise ks (or vpy and
population average pairwise differences was significantly positive both for the whole dataset
(r=0.6382 P=0.000) and for only Salzburg population9(®510 P=0.000).

Tab. 16: r=correlation coefficient (Rxy in GenAlEx outputyaRie = statiical significancgshaded green if
significant) b= regression coefficient’RCoefficient of determinatioriThe composition of the three categories
Gl £t LILIzZ FGA2yaés af{lf1 0dz2NB | yd beséeh NBabkohjagdest | G A2y aé

All populations r (Rxy) P-value |b R Regression line
Km-upr 0.3709 0.0056 | 0.0009 | R2=01376 |y =00009x + 01275
Km-upy(1-Upy) 0.3444 0.0007 | 0.0127| R2=0.1186 | y =0.0127x + 0.8643

Km- population average pairwisg  0.2717 0.0316 | 0.0042 | R2=00738 |y =00042x + 3935
differences

Log10(m} u pt 0.3295 0.0102 | 0.0757| R2=0.1086 | y =0.0757x +.0787
Logl0(m) upyd(1-Upy 0.23% 0.0042 | 0.7828| R2=0.0545 | y =07828x¢ 1.4511
Log10(m) Population average 0.3676 0.0014 | 0.5104| R2=0,1351 | y=05104x + 19317
pairwise differences

Salzburg and nearby paations | r (Rxy) P-value |b R Regression line
Km-upr 0.0371 0.3860 | 0.0010 | R2=00014 |y =0Q001x + 04463
Km-5py/(1-Upy 0.0190 0.3532| 0.0035| R?2=00004 |y =0.0035x + 1.2835

Km- population average pairwisqd  0.29% 0.0473| 0.0376| R2=00896 |y =0.0376x + 3.421
differences
Logl0(m) s pr 0.2024 0.0926 | 0.0633| Rz = 0041 y = 00633x + 2326
LoglOo(m}upd(1-Upy 0.1691 0.1164 | 0.3620 | R2=00286 |y =0362x + 0471

Log10(m) Population average 0.287 00137 | 0.4249| R2=00826 |y =04249x + 2031
pairwise differences

Only Salzburg r (Rxy) P-value | b R Regression line
Km- s pr 0,048 0.4004 | 0.0045| R2=00022 |y =00045x + (412
Km-up/(1-Upy 0.024 0.4103| 0.0100 | R2=0.0006 | y = Q01x + 09621

Km- population average pairwisg -0.0040 0.5120| -0.0018 | Rz = 2ED5 y =-0.0018x + 31159
differences

Log1l0(m) v pr 0.1497 0.1790| 0.0497 | R2=00224 |y =00497x + @683
Logl0(m} upd(1-Upy) 0.1070 0.2602 | 0.1457| R2=00114 |y =01457x + (6335
Log10(m) Population average 0.0230 0.4449| 0.0368| R2=00005 |y =00368x + 977

pairwise differences
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km vs cDPT v = 0,0009x + 0,4275 log(m) vs @, y = 0,0757x + 0,1787
15 R?=0,1376 12 - R?=0,1086
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2 0 & 06 - %
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L 4
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! 2 _
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Fig. &: Significant resultgpfvalue < 0.0bof the Manteltest for the whole dataset9999 random permutations

were performed to evaluate the level of significance
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Fig. &: Significant resultsptvalue < 0.0pof the Manteltest for the dataset containing populations of Salzburg
and nearby population®999 random permutations were performed to evaluate the level of significaNog
significant resultspg-value>0.05) are not graphically shown.
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3.2 Results of the investigation of one population with color variation

3.2.1 Results of the AFLP data

Generating the AFLPs and scoring for the two populations yielded 121 markers (4@drkdls, 37

VICmarkers, 44 NEBnarkers), whereas seven markers are polymorphic and 114 markers are
Y2Y2Y2NLIKAO® t 2LJdzA F GA2Yy da52f ¢ KALRphendtypesvhigehsd Y 2 NLIK ;
L2 LJdzf F GA2Y &a52L¥ KIF& 2yfeé AFPphendtypes Y2 NLIKA O YI NJ SN

3.2.2 Results of the data analysis

The PCoAbased on DICE coefficients was performed 3@rindividuals.The first two coordinates
(axes) had an explanatory power@8.393% (axis 149.062%; axis 2:4.331%). The third axis lgean
explanatory power 08.606%

J DWp_01
® bwi DWI_03_3 DWp_03

® Dwp DWp_04
DWI_07 DWp_05

DWI_08_3 DWp_08

DWI_09 DWp_06 DWI_10 DWp_11
DWI_12 DWp_07 DWI_11 Dwp_12
DWI_13 DWp_10 DWI_14 DWp_15

DWI_16 DWp_16

DWI_06_2
® DWI_15
. ;E :‘3 3‘4 Jrs
@®ow|_05
h ® ®owi_oa
®Dbowp_02 _ DWI_01
gx”—;’g ®owi_ 02
p_ Coordinate 1

Fig. 27: Principal Coordinate analysis bfight pink (DWp) and purple (DWihdividuals based on Dice

coefficient. The first two axes compri68.393% of the total genetic variation.

In Figire 27 the result of the PCoA of theampled 16 brilt pink and 16 purple flowering individuals

of Gladiolus palustrig8 ¥ (G KS & 5 N NN&SiezeénhefriisSshown. Fhere Werefewer dots than
individuals because individuals were often genetically identical and dots were overlaying each other,
even if trey were not of the same color. Some purple flowering individuals are partially separated

from the bright pink ones by the first (vertical) axis.
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C2NJ GKS !tah+! 3 (GKS AyLdzi YIFIGNRE F2N 6KS LINRINI Y
bright pink iRA A RdzF f a0 |yR Ga52f¢& omc LlzNLX S AYRA DA Rz
hierarchical AMOVA (see Tallé) wassignificant. The percentage of variation among populations
was11.79%, the &valuewas0.11795. This resulvassupported by the pralue whichwas0.02444
(+/-0.00603).

Tab. 17: Nonhierarchical AMOVA based on AFLPSGtddiolus palustrisAbbreviations: D.f. = degrees of
freedom; s = significant {Falue < 0.05)

Group Source of variation D.f. Sum of Percentage P-value Fsrvalue
squares of Variance
& 5 N NINJ Among populations 1 1.969 11.79 0.02444 +0.00603 0.11795
2S4S
Within populations 30  18.812 88.21 S
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3.3 Results of the pollination biology study

Seeds per capsule were counted ard” -

categorized in fertile and sterile seedseé ' capsule
Figure B). Results of the counting of the
pollination biology study are listed in Tablg

18.In total, data (number of inflorescence$ SIS stetle

and capsules) were availabldor 30

o

individuals of G. palustris or 167 single
flowers 83  developed capsules),
respedively, see Table 18. The remainin
19 plant individuals got lost during summe

because of game bite odieback for

Fig.28: Contentof a capsule, sterile and fertile seedsG@hdiolus
palustris

instance.

The mean number of fertile seeds per capsule was calculated as the total number of developed

fertile seeds per capsule divideby the number of capsules. The percentage of fruit set was
calculated as the total number of capsules divided by the total number of flowers per individual,

times 100. Afterwards, the mean of this data per treatment was calculated. For the flowers which

were covered before flowering a A L2 y i yS2dza aSt FAy3é¢0X (GKS LISNOSYy
value 0f32.12%. They also had the lowest number of fertile seeds per capsule (7.66). The hand self
LREEAYFGSR Ft26SNE 0daT2 yodb it seSdf 35630 with 165 Retils SR |
seeds per capsule on average. The highest percentage of fruit set showed the flowers which were
covered after flowering & 2438 § £ A y I { A 2 y74.19% Buk thieil hatl a |@verfmez® number

of fertile seeds pr capsule (12.8) than the hasmbllinated flowers.

Tab.18: Reckoning values of the pollination biology study

Treatment Nr.of  Nr. of developed Mean number of fertile Percentage of
flowers capsules seeds per capsule fruit set
ospontaneous selfing 90 32 7.656 32120
oforced selfingg 30 18 16.500 55.519
oopen pollinatione 47 33 12.848 71122

The resllts of the ANOVA with the linear mixeffects model are depicted in the following two
Tables (see Table 19 and 20). Considering all values, thareighly significant fPalue =3.582e11)

difference in the number of capsules per flower depending on the treatment. The dependence of the
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number of fertile seeds per capsule on the treatment is not statistically significanal{ié =
0.09451). For th dataset considering the mean values, both the capsules per flower and the fertile
seeds per capsule show a statistically supported dependence on the treatfleatcapsules per
flower differ significantly dependent on the treatment. For the fertile sepds capsule, a highly

significant difference exists, depending on the treatment.

Tab.19: Results of thdinear mixedeffects modefor all samples.

All values
Capsules per flower treatment Fertile seeds per capsutdreatment
B spontaneous forced open spontaneous folrced olpen
selfing selfing
X21=48.105, P 8.582e11 *** X21=47181, P =0.09451

Tab.20: Results of thdinear mixedeffects modefor mean values.

Mean values
Capsules per flower treatment Fertile seeds per capsutdreatment
spontaneous forced open spontaneous forced open
selfing selfina
X2, =7.5587 P =0.02284 * X?1=16.06 P =0.0003256 ***
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The linear mixed model generalized according ®Roisson distributiorfof all valuesyevealed that

there was a significant difference in theumber of fertile seedger capsuleaccading to the

treatment. The pairwise comparison showed that there was a highly significant difference in the
YdzYo SN 2F FTSNIAE S &S Sorad selfiadl ¢ ISspahtarieduSselfintBH alpY Sy G a ¢

value ofP = e04. The other comparisons showe significant differences.
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4 Discussion

The main aim of my study was to analygenetic diversity patterns and underlying processes of
Gladiolus palustri;n Salzburg and adjacent areas to be able to make a statement about the genetic
condition of ths threatened species. Another aim was to clarify if therasa genetic hint for the
occurring colomorphsin one population in Salzbur§MalsSiezenheim, Gois). Additionallywanted

to test if the speciesvas actually seHcompatible and if therevere differences in selfand cross

pollination regarding theize and characteristics of tlfieit set.

4.1 Genetic structure ofGladiolus palustrisn Salzburg and adjacent areas

4.1.1 Genetic variation inGladiolus palustris

The genetic variation oBladiols palustriscan be regarded as very lovihe scoring of the three
AFLP primer combinations of 295 individuals (32 population§) pélustrisresulted in 125 markers,

of which only 28 were polymorphic (PPF=22.Adtjat is rather low The remaining 97 magks were
monomorphic, i.e. present in every individual of the sample set. Remarlaiily70 individuals had
unique AFLP phenotypes (i.e. fragment combinatiofis@ AFLP phenotypes of themaining 23
individualswere redundant and appeared at least teiin the dataset. In Table 6 the 50 genotypes
are listed, whereby they contain not less than timalividualsup to twenty. Not only individuals of
the same populations shared the sarAELP phenotypes, many individuals of different populations
were genetially overlapping each other, as for example the individ& 10 and SWI_10 were
sharing the same AFLP phenotypéfferences between the genotype groups often emalgecause
there wasjust one absent or present locull. has been shown that some rar@exies with low
variation have a high proportion of monomorphic markekORDEN& LOEFFLERL999 NYBOM&
BaRTISH2000), what would be applicable ®. palustris

There are some other studies, where a higher percentage of polymorphic makers was foanel in
plants. For exampleREICHElet al. (2016 conducted an AFLP study baserpitium prutenicugman
European plant which faced an enormous fragmentation of its habitat and a decline in population
number during the last 70 years. The authors yielded &gmnage of polymorphic loci of 45% and
interpreted it as relatively highScCHMIDT& ENSEN2000) examined the genetic structure and AFLP
variation of populations oPedicularis palustrjiglso @lled European purple lousewor plant which
only occurs orthe Northernhemisphere in Europe in naturahoderately managed fen meadows.
The former common purple lousewort experienced a strong decline in its abundance because of
changes in landise during the last decadesa situation similarto Gladiolus palusts. The AFLP

study with four primer combinations on 129 individuals revealed 262 loci of which 64% were
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polymorphic. Only two individuals showed the same AFLP phenotype, so in total, the authors
received 128 AFLP phenotypeghat is, ompared to my studpn G. palustrisquite a lot.

One question to posehere is, if AFLPs were an inappropriate method for surveying the genetic
structure of the marsh gladiola. The Amplified Fragment Length Polymorphism method has been
broadly used in systematic, populatigenetics, DNA fingerprinting and quantitative trait loci (QTL)
because of its many advantages such as rapid generation of hundreds of DNA markers, time and cost
efficiency, replicability and high resolutioM(ELLE& WOLFENBERGEF999. Another advantagef

this technique is that only small amounts of tissare needed, which is accruing for rare plants like

G. palustrisiVoset al, 1995 SCHMIDT& ENSEN2000). Nevertheless, there are also disadvantages.
Mostly dominant markers are generated, making distinction between individuals being
heterozygous or homozygousr the dominant allele impossibld@LLet al., 2010). Furthermore,

they often have lowr levels of polymorphisnthan other methods GAGGIOTTI2010). This might be
problematic because thecauracy and resolution of measurements on genetic distances increases
with the number of loci usedTRAvIt al, 1996 SCHMIDT& ENSEN2000. Howeverin my study the
marker profiles in thd=ragment Profiler mostly showed distinct peaks, what madecorelude that

the method was appropriatand that the observed low variation is real and not due to the method
chosen The authorsScHMIDT& ENSEN2000) of the AFLP study étedicularis palustrinad fewer
individuals but a bigger number of loci, whicligimt possibly be dependent on the one more primer
combination they usedPossibly the usage of more than three primer combinations would be
preferable for a better resolution of the AFLP markers and a better illustration of the genetic
structure anddiversity ofGladiolus palustris

Another hint that the low percentage of polymorphic loci is real and not a product of inappropriate
methods was given by a different study @Gfadiolus palustriand Gladiolus imbricatusThe authors
analyzed the natural hybrithetween the both species and also used AFLPs. They detected 61
fragments, which were only present iG. palustrisand of this, 24.59 % were polymorphic
(SZczepaNiagt al, 2016). A further supporting study d@. palustrian Poland, where the species is
also threatened with extinction, revealed similar results. The authors got a PPF of 10% for the marsh
gladiola; genetic variability for the marsh gladiola was four times lower thaGladiolus imbricatus

(Q. 9| ptrak, 2014).

4.1.2 Genetic structure ofGladiolus palustrisn Salzburg and adjacent areas

Theresult of theSTRUCTURE analysis identified three numbers of groupings, namely at K=2, K=3 and
K=7, where mean DeltaK and similarity coefficients weighest. At K=2, many populations are

admixed, but there are some which are entirely belonging to one of the two clusters. Already, we can
NEO23yAT S a2YS 3S23aNILKAOLFE fft20FGA2yd 2KSY VYT
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are forming adisff OG Of dza 1 SNJ G23ISGKSNI gAGK GKS7,th2 twdz | GA2Y
populations of Vorarlberg formed their own cluster, as well as the population of Upper Austria was
forming its own clusterThis result proved that there is some geographiatribution pattern. To a

small extent, this is also confirmed by the results of the following analyses. Comparing the
{ew!/¢!'w9 NBadzZ Ga (G2 (GKS NBadzZ 6a 2F GKS bSAIKo2N
Austria) was separated again froimetother populations, whereas the two populations of Vorarlberg

were more or less scattered amongst the other populatioAtso the bootstrap values in the
bSAIKOo2NbSG RAR y20 adzZJl2NI Fyée OSNIFAY 3INRdzZLIA Y:
other individuals were more or less scattered, individuals of different populations were overlapping

each other, even if their distances were great, for example SaH 10 and SWI_08 (113km).
Interestingly, populations which were forming separate groups IRIBITURE at K=7, are having
FSH6SNI ' C[t LIKSy2GelLlSa GKFIYy 20KSNJ LRLJzZ | GA2yad Cz
only three AFLP phenotypes, whereas only two of them are visible in the PCoA (dark blue). Also, the

two populations of Vorarlberg¢20 individuals) are just present in two AFLP phenotypes. In general,

there is some differentiation between the populations and there also seems to be some geographical
separation. The STRUCTURE results at K=7 look quite colorful, but one has to benotareful
overestimate the diversity of the genetic structure, because the estimated allele frequencies depend

on a low number of variable loci. Populations of Vorarlberg and Planwiesen in Upper Austria have a

few alleles less than the other populations ahérefore are separated in the analyses. For example,
AYRAGARdMzZEta 2F atftlé 2yte KIFIFS mmp FNIIYSyida 2y
AyadaglryoS al F2é¢ KJo@$S areadydnerfionddiidredotsi betheen the genotype

groups ofen emergel because of just one absent or present locudat should always be kept in

mind while viewing the results.

4.1.3 Gene diversity and genetic rarity

TheS & G A Y I (igbriR diveSi( @HNE| 1987)at population level ofsladiolus palustrisvas quite

low as he mean value of gene diversity across all populations was 0.0¢@rding toREGEL
(2010), the population in Kdnigsbrunn (KoH) is the biggest one in Central Europe. This population has
one of the highest gene diversities (0.02400) in study. As big population sizes usually contribute

to higher genetic diversitiesSt/ 9 / Let &l.y2016), my result of a higher genetic diversity in this
population would be matching into this theory. However, | do not have population sizes for the non
Salzburg populations, wherefore | could not perform a correlation analysis betp@auation size

and gene diversity. The lowest genetic diversity occurred in the two populations of Vorarlberg FrR

(0.0000)and USXQ.0016) in Piding Pid0(0041)and HSWQ.000Q in Upper Bavaria. This would fit
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to the previous results of STRUCTUREr&RkrR and USX were formimgeparate cluster, as well as

Pid, as they are having fewer alleles than other populations.

Regarding the populations of Salzburg, the gdiversity within theGladiolus palustripopulations

ranged from 0.0032 to 0.024Theywere lowest in population ABW0.0032)and highest in EEF
(0.0240) As the populations DW andW\8 were the biggest ones in Salzburg, with an average
population size of 287 and 237, respectively, one would expect the highest gene diversities within
these mpulations A performed correlation analysis between gene diversities and mean values of the
population sizes yielded controversial resutisthere was suggested a negative correlation but
without statistical significancelTherefore, there was no signifisacorrelation between these two
factors. The two biggest populations showed rather intermediate and low gene diverkitesver,
GKSNBE INB O2YLI NXGA@S QFftdzSa 2F 20KSNJ | dzi K2 NA
GY2RSNI (S¢ a2pdpercoflRdsét @l. (ROY6), there is talk of a generally low within
population gene diversity of values between 0.026 to 0.124 and an averaged gene diversity of 0.072
across all populations of an epiphytic orchid in Madagascar and La Réunion. Biuthis the
percentage of polymorphic fragments (PPF) was 86.3%. Compared to this result, the gene diversity of

G. palustrigs very low, as well as the PPF.

A Mol A X

There is a discrepancy between the biologyatddiolus palustris Y R (1 KS &G SELIS GiiéSR RA O

according toNYBOM& BARTISH2000). These authors studied the effects of life history traits and
sampling strategies on genetic diversity obtained with RAPD markers by summarizing results of
numerous other authors. As life history traits they used t@mic status, life form, geographic
distribution range, breeding system, seed dispersal mechanism and successionalNstabe &
BaRTISH 2000). They found that the mean withgopulation gene diversity showed a significant
association withaxonomic statis, breeding system and successional statea comparable study by
ReEISCH& BERNHARBROMERMANN2014) the impact of study design and life history traits on genetic
variation of plants determined with AFLPs were analyzed. SimilalvBom& BARTISH2000), the
authors used life history traits like taxonomic status, life span, frequency, mating system and
pollination vector REISCK& BERNHARBROMERMANN2014). They found a significant association of the
mean gene diversity with the frequenoy the plantand the mating system.

In the study ofNyBOM& BARTISH2000)the mean withinpopulation gene diversity was highest for
gymnosperms, the value was at 0.386. Monocotyledon plant&. @slustrisis, should have a mean
within-population gene diversity of aut 0.190. My results of gene diversities, ranging fro®000

to 0.02951] are far below these values. Alsbetbreeding system was significantly associated with
the mean withinpopulation gene diversityAccording td\YBoM& BARTISH2000) outcrossing fants

have the highesgene diversity(0.260), followed by plants with a mixed matisgstem (0.219).

Selfing plants are coming in last with a mean wigbapulation gene diversity of 0.09REISCH
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BERNHARDROMERMANN(2014) obtained resembling gene dikgty results for outcrossing (0.19),
mixed (0.18) and selfing (0.09) plants. AlgMRICK& GODT(1996) found that outcrossing species
seemedto be more genetically diverse than selfing specad had a lower genetic differentiation
amongst the populatins. According to these result$;. palustrisvould fall into the categonpf a
selfing plantbecause of its lounean withinpopulation gene diversitpf 0.01479 However,it is out
crossing andseems to inhibitselfpollination by protandry(KNUTH 1899 OHRI& KHOSHOO1981;
HERRMANN2000).In my pollination biology experiment | got the evidence that the marsh gladiola has

I GYAESR Yl GAyYy3é & Pdlidaor But iyrdtsaliic@mpatiliie? AlsBGipalis8is

is able to reproduceegetativelyviabulbs but this is more the exceptioisgHmITTet al, 2010).

AsGladiolus palustrits threatened byhabitat fragmentation, what hastronger negative effects on
within-population genetic diversity of outcrossing spediean selfing specie@GUILARet al., 2008) |

was wondering if there was going on a change in the breeding system from a formerogaing to

a selfing breeding syster@ 02t 2 3A 0L f FT2NDSa OFly RSGSNX¥YAYSI 6KS
selected to chang@HARLESWORT2006). Outcrossing, insegiollinated plants are dependent on the
density of plant individuals and also on the density of pollina{@$ARLESWORTR006). If these
factors are limited for the marsh gladiola, why should there be no change to a mainly divigee
mating system? Clearly, this would be a long lasting process.

Furthermore NYBOM& BARTISH2000) found that the nmean withinpopulation gene diversityvas
associated with successional state. A late successional status goes along with heginewithn-
population gene diversity0.287). The gene diversity is decreasing from mid successional status
(0.195) to early successional status (0.166). Here, too, my results are conveespahsstrisis a late
successional plant but has very low gene diviersit

Also, the frequency down weighed marker value (DW), or rarity index, was calculatedNSWETTER

& TRIBSCH2005 EHRICKH 2010).According toSCHONSWETTER TRIBSCH2005, high values of the
frequencydown-weighted marker values are expected in pdgtions which are longerm isolated.

In such populations, an accumulation of rare markers due to mutations could have taken place. In
contrast, it is expected that newly developed populations are having lower values. So, the rarity
index might be helpfuior analyzing population histon8¢HONSWETTERTRIBSCH005).

For nonSalzburgG. palustrispopulations, it varied from 0.0696 to 0.1124. It was lowest in the
populations Pid0.06964, Pla (0.07059, FrR@.0777) and USXD(07829. As expected, thesare the
populations, which were already forming separate clusters in the STRUCTURE results and having
fewer alleles than other populations.

In Salzburg populations, the genetic rarity was generally highear outside of Salzburg; it varied
from 0.0665t0 0.1895. The lowest genetic rarity was found in the populations at the "Esterer"

tavern, namely in EEF (0.07412), BJ&760Q, EMr 0.06650, EOEQ.07378 and EWr§07939) It
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was highest in the populations Kn6.1895), OLW @.17885, ZWI (.1540Q0 and DW (.12375.

There is no certain pattern in the Salzburg populations as it already was the same with the gene
diversities. Furthermore, population size does not seem to play an important role, as the populations
with the highest rarity indices haveauie different sizes. While Kne (7), OLW (16) and ZWL (26) have
rather small average population sizes, population DW is the biggest in Salzburg with more than 280
individuals on average but has a lower rarity index than the three aforementioned. Howévibe a
values, even the highest ones Gt palustrisare quite lowg this would suggest that the populations
were not isolated over a long period of time but rather newly developed. This would fit to the fact
that the habitat of the marsh gladiolaas deceased enormously in the last decadesge discussion

below).

4.1.4 Differentiation (Fs7) of Gladiolus palustriand isolation by distance (IBD)

Regarding all populations involvedhet northierarchical AMOVMdicates that more than half of the
total geneic variance can be found among the populations (58.12%), in contrast to within
populations (41.88%). Considering only the Salzburg populations, about half of the total genetic
variance is explained among the populatiod®.830) and the other half withinhie populations
(50.6®%). Both analyses of molecular variance are highly significant and supported byaheep
(P<0.001)The krvalues for all populations (0.58121) and for Salzhuwgulations(0.49331) are
quite high.The krvalue can range from rze to one, whereas a value of one would depict completely
differentiated populations where all the genetic differentiation is explained within the populations. A
value of zero indicates that two populations are randomly mating, panmictic, respectaelyp()>&
LUGONMOULIN 2002 WEISINGet al,, 2005). Also, the matrix of the population pairwisgr ¥alues
(Table 10) shows partially very high values.

Astudy onG. imbricatusevealed Ervalues much lower than the values | obtained @rpalustrisof
about 0.27 Q. 9| [et &, 2014). These results are fitting better tthe differentiation values for
different life history traits oNyBomM& BARTISH2000. They found significant associations of AMGVA
derived krvalues withlife form of plants, geographic rangetdeding system and successional state
(NyBOM & BARTISH 2000). REISCH& BERNHARBROMERMANN2014 found a significant association
between krvalues and frequency and mating system of plant species. Regardirgetlierms of
plants, longlived woody speeis should have lower differentiation amongst populations than short
lived herbaceous and annuals plant§RICK GoDT 1989 MAHYet al,1997). According tdlYBOM&
BAaRTISH2000)the Fsrvalues for londived perennials are expected to be around 0.2%,ghortlived
perennials around 0.39 and for annuals around 0.70. Comparingdpelation pairwise &values of

G. palustrigo this categorization, my study species would rather be ranged within annuals plants

than with perennials. Also, the associatiovith the geographic range does not fit to the situation of
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the marsh gladiola. According to the authors, the highest&ues are found in regional (0.43) and
widespread (0.42) species, followed by species with a narrow geographical range (0.34)emicen
species (0.20 Gladiolus palustrigss anything but widespread; still, itg{values would indicate this.
REIsCH& BERNHARDROMERMANN2014 state that for a rare species therFalue should be around
0.34, whereas common species usually hayed®ues around 0.20, indicating that rare species have

a higher differentiationRegarding the breeding system, for a species with a mixed mating system
favouring outcrossing but also being capable of g@ilinating, the AMOVAlerived krvalue for the
marsh gladiola should be around 0-0728. Again, as with the life forms, therf7alues ofG. palustris
argue for a selfing plant, as selfing species tend to hay®dtues around 0.7NYBOM& BARTISH
2000).ReiscH& BERNHARBROMERMANN2014) yielded a shilar tendency- outcrossing plants have

the lowest krvalues (0.20), followed by plants with a mixed mating system (0.28) and selfing plants
(0.53). Last, early successional states (0.45) and mid successional states (0.40) have-iviglhes F
than late successional states (0.2NYBoM& BARTISH2000). This is again contrary to the marsh
gladiola, as it actually falls in the category of late successional plants.

SCHMIDT& ENSEN2000) yielded a high genetic differentiation between most pairs of fadjfmns of
Pedicularis palustristheir values ranged from 0.27 t089. and there was no significant correlation
between the pairwise genetic distances and pairwise geographic distances. They obtained an amount
of variance among the populations of 44%, thedian distance between pairs of populations was
40.75km §HMIDT& JENSEN2000). They conclude that because of the high amount of genetic
differentiation among the populations much of the overall genetic variation of the species would be
lost if managerent of the residual populations only focused on large populations and if small
populations decline or become extincoHMIDT& ENSEN2000). However, the Ervalues | obtained

for Gladiolus palustrisannot be applied on¢o-one.

According to the formul&s=(H-Hg)/H+, the high Ervalues are a result of the low gene diversities in
the subpopulationsWEIsINGet al., 2003. This coincides, as most populations with the lowest gene
diversities are having the highegbpulation pairwise & values, like poplations FrR, OLW, Pid, Pla
and USXThe high genetic differentiation among populations and weak Isolation by Distance (see
later) might be a result of high genetic drift in subpopulations, assuming a low genetic exchange, or
gene flow, respectively, betvem the populations. In some rare species, there has been found
genetic differentiation among populations as a result of low levels of gene flow among the isolated
populations RalIJMANNet al, 1994 SCHMIDT& JENSEN2000). RalJMANNet al. (1994) suggest hat the
limited gene flow of the rare plant specigsentiana pneumnanthe is probably related to the
behavior of its main pollinator, the bumblebdzombus pascuorumThe maximum distance (about
250m) this bumblebees travel each day in search for pollefarisbelow the distance (>800m)

between most gentian populationsyAak et al, 1991, RalJMANNet al, 1994). The mean distance
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between theGladiolus palustripopulations in Salzburg is 2.238 kilometers (mean derived from the
geographical distance matrixfhe marsh gladiolés mainly pollinated by the bumblebe®ombus
hortorum (KNUTH 1899 HERRMANN 2000). HAGENet al. (2011)examined the space use behavior of
bumblebees by raditracking and found thaBombus hortorunilies distances up to 2.5 kilometers

in a rather short time of one to four days. So, theoretically, gladiola populations of Salzburg are
within the bounds of possibility to reach for the pollinators. However, some populations are farther
gl &% Fa F2NJ SEF YL S & wl sfrict LéopoldsRrdideriVBos Ihave/grebtgf R G Y y
distances and are therefore expected to have fewer exchanges with the other populations.

The Isolation by Distance (IBD) for all populations was signifjpargtiue < 0.05)n all settings. The
correlation coefficiat ranged from 0.2717 to 0.3709. This indicates a moderately high isolation,
meaning that nearby populations tend to be more similar to each otret genetic differentiation
increases with rising geographical distanddere, the populations of Vorarlbeage included, which

are more than 250 kilometers apart of the other populations. As already mentioned, they were
forming a separate cluster in STRUCTURE, have very low gene diversities and fewest rare alleles;
probably they have just a few alleles lesarithe other populations and thefere contribute to the
isolation by distanceOn a regional scale with Salzburg populations and nearby populations including
Haw, Hiw, HSW, Mon and Pid, only the correlations of kilometers with the population average
pairwise differences were significant. The trend of the regression line was flatter and the correlation
coefficient was 0.299, and 0.287, respectively. Considering only the populations of Salzburg, there is
no significant isolation by distance, whereby the wesf the regression line would have been further
sagging, in one setting even negativaliiie nonexistence of IBffectsfits to the previous results
Salzburg populations do not show aspecific diversity pattern amongst the populaticersd are not
grouped into defined clusters. Similar genotypes are occurring in different populations. This can
indicate gene flow and exchange between the populations, at least in earlier times, when the habitat
of Gladiolus palustrisvas still intact and interconnecteddabitat destruction led to isolation and
strong genetic drift in subpopulations and can reduce plant fithess due to pollinator limitation and

increased inbreedingdSCHER. MATTHIESL997).
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4.2 Discussion of the color variation

The occurrence of twaolor morphs atd 5 NNNB 2 A S-8i&eénheiiniyf a Polighlya 50:50
proportion was described bilowoTNY2012). The meadow is located in the middle of a commercial
F2NBaGT GKS ySIFENBad ySEG LkLMzA FGA2Yy A& LILIzA | G
populations are more than 1.8 kilometers awdipwoTNY2012) describes the meadow as centre of
biodiversity with typical plant species of fens with a management of a bedding meadow. In the year
2008, the population was at its highest level with 1834 #awg individualsNowoTNy2012). Then,

a new landowner mowed the meadow during summer, which led on to a dramatic decline in the
population size In the year 2011 only 53 individuals were flowering but the landowner was
enlightened about the FFbtatus d the species and ever since the population is able to recover
(NowoTNyY2012). The average population size of the species from 2010 to 2016 is 287 flowering
individuals (Nowotny, personal communicatiof)K S O2f 2 NJ Y2 NLIK & |jdzA O] f & | NE
as, to my knowledge, this phenomenon only occurs in Salzmaghe cause of it is uncleaklso, in
literature, the color is mostly described beaght pink (carmine red, purple red}cHMALL(2015 also
mentioned the occurrence of lilagpurple) plants but refers to the same population d@do0wWOTNY
(2012)

The flower color is very diverse throughout flowering plants but color variation within species is
rather uncommon(WANG et al, 2013) WEISS(1995 reported about a floral color change, where
plants were changing the colors of the flowers during the flowering procéssexamplelLobularia
maritima. This may increase the pollination success by increasing the interactions of plant and
pollinator (WEISs1995). However, this concept is not negotiableth@ color morphs ofGladiolus
palustris because the color of the individuals figed and maintained throughout the flowering
period.

On further reflection, we perused different approaches for an explanation of the appearance of two
color morphs. Firsthit could be possible that the difference within the color is refleciegatterns

of genetic variation|If this would be the case, gene flow between color morphs maly present
within the color morphs and low among therithe secondapproach was thapollinators might
switch between bright pink and purple individuals. Consequently, gene flow among the two color
morphs would be strongly present, leading to a genetic resemblance. This is often a strategy of
deceptive plants, which do not offer nectarhere areonly few species which show a genetically
based polymorphism@GoRDet al, 2001). GiGoORDet al. (2001) showed for arewardless orchid
Dactylorhiza sambucinawvith color polymorphismthat they are mostly pollinated by naive
bumblebees.According tobehavioral experiments the insects sample different color morphs in
alternation, because after visiting a rewardless flower they tend to switch to the different color

morph (GIGORDet al, 2001). Flower color polymorphism is also occurringliis lutescas, which
72



appears in purple and yellow color morphs and does not produce any nectar reward for pollinators
(WANGet al, 2013).WANGet al. (2013 say that different selection pressures like precipitation, soil,
temperature, herbivores and pathogens casalndirectly influence color traits:urthermore, many

floral diversifications (concerning morphology, color, patterning and scent) can occur when plants
undergo an adaptive shift between pollinator classes, also called the pollishibrmodel by Verne

Grant and Ledyard StebbinEL(Is& JOHNSON2009).However, according t&RCHNERL al. (1934),

Gladiolus palustrigs not only attractive to insects because of the conspicuous flower color and the
YySOGIFN) 3dzA RS odzi |t a2 octulprodaatibn. SoFpollhataisQre Aobfgoedl 2 dza 3
by the plant species and should have no reason to switch to another plant with a different color.

My results of the AFLPs and scoring of the 32 sampled individuals (16 bright pink [DWp] and 16
purple [DWI] ilRA A RdzZl f a0 @ASft RSR mMumM YIFINJSNER® ¢KS aLlsS
proportion of polymorphic markers and also more haplotypes than the regular color mbrghe

Principal Coordiate Analysis, the first two coordinates (axes) had an explanatomepof 65.393%

Although some purple individuals wegpatrtially separated from the bright pink ones by the first

(vertical) axisthere were also many genetically identical individuals, even if they were of different

colors. The result of the performed nehierarchical AMOVA was significant. The percentage of
variation among populations was 11.79%; thevalue was 0.117950 some variation is explained

among the morphsOn the other hand, regarding the results of STRUCTURE at K=7 (see Figure 13 and
15),the two populations both had big amounts of the separated orange cluster, suggesting that they

are rather more similar to each other than to the other populations. This would fit the theory that

they make pollinator switch between them, probably to incregmllination success in the case of

pollinator limitation. To some extent, the color morphs are explained dgnetic differentiation

among the populationsbut certainly, other factors are involved as well.

The difference in the two colorsis not sonspcuoug. & € S ad F2N) 0KS KdzYl yQa
about pollinator behavior regarding the color are solely speculatidinsiould be interesting to

measure the reflectance spectra of the colors and to examine, if the difference in the colors is more
distinct and perceived differently kyichromatic speciessuch as bumblebees. Additionally, a further

genetic analysis including more individuals of both color morphs would be interesting to get a better
resolution of the results. Also, examination ofilsparameters and a study of present pollinators

might be interesting.
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4.3 Discussion of the pollination biology

According to literature KNUTH 1899 HERRMANN 2000), Gladiolus palustriscan forestall seff

pollination by protandry HERRMANN200Q) descibes that during anthesis the anthers of the three

stamens are located below the still closed stigma. After draining of the pollen, the stamens start
shrinking and the stigma starts opening and lowering itself through the level of the stamens. During

this last stage, the tepals are already starting to decomp&#ERRMANN2000). Alternatively, further

literature also describes the protandry but states that glflination seems to be a frequent
phenomenon in the genuSladiolus also inGladiolus palustrigKiRCHNERt al, 1934).KIRCHNER al.

(1934 described an experiment, whef®. palustrisvas grown in a greenhouse, excluding pollinators

YR &aK2gSR Iy aSljdz ff & NoveouxROOyandScHMAN@ROFIindEakeO G A 2 v ¢
that selfpollination is possible.

Within my pollination experiment | wanted to confirm the statements about-pelfination and to

analyze if there were differences in sahd crossollination regarding the size of the fruit set. My

results support the literature, a&. palustrisvas sefcompatible and also spontaneously selfing in

my experimental settings. However, not all gladiola species arecemipatible, OHRI& KHOSHOO

(1981) report about many seificompatible species in the gen@adiolus Plants of all thee groups
GalLkRyidlyS2dza aStFAyIér GF2NOSR aStFAy3IéE |yR a4zl
percentage of fruit set and the mean number of fertile seeds per capsule were lowest for the flowers

2F (0KS GalLkRyllyS2dza adfstrprigiméas @ deladandtniofpliologtB & dzf G
indicate pollination via insects and selfllination may be rather the stopgap and therefore just
AdzZFFAOASY G G2 LINBPQGARS fAGGHES 2FFALINAYID ¢KS LISNI
flowers, indicating that insect pollinated flowers used the most opportunities to build a capsule. The
F2tf2gAy3 NBadzZ G A& Fad2yAaKAy3a a A0 AYyRAOIGSa
number of fertile seeds per capsule than flowers of thd 2 NOSR &St FAy 3¢ 3IANE dzLI®
0KS LINBOAZ2dza NBadzZ & 2F I KAIKSNI LISNDSydalr3Is 27 7
flowers. This would imply that in the presence of pollinators, the fruit set is better and more capsules

are developed, but fewer seeds are in the capsules. Perhaps this is a hint that there is a pollinator
limitation in Salzburg, at least during the period of the experiment in 2015, indicating that more
pollinators would be required to efficiently pollinate tfilewers.

The pollination mechanism and the breeding system were also examined in garden gladieiRi&y
KHosHO1981). They authors point out that the flower morphology indicates out breeding. In an
experiment with hanepollinated, natural crospollinated and bagged flowers they found that

natural crosspollinated showed a lower capsule formation and attributed it to an absent of insects.
Handself and crosspollinated flowers had a higher pod developme@HRI& KHOSHOP1981). YALEK

(2016) examinedhe floral biology and hybridization in cultivated gladiola and also found a higher
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seed set in forced crogmllinated plants compared to open pollinated plants. In contrast to my
results, the author did not obtain seeds under controlled selfing conditio

A further interpretation of my data was difficult, as | often applied more than one treatment on a
single plant, meaning tliasome flowers of an individuabtere treated with the forced selfing, the
others belonged to the spontaneous selfing group. Tas due to irregular flowering of the flowers

of every plant and was not able to get hold of every flower at its flowering time. In the fields | did
not consider this to be of importance, but statistical analyses with the data are controversial. So are
the results of the nested ANOVA with the linear meedfibcts model. Here, a statistical evaluation
was performed; individuals were included as a random factor, as some individuals occurred more
than once in the dataset. Greater weight was given to lagmnple sizes. Considering all values,
there was a highly significant difference in the number of capsules per flower depending on the
treatment, but no significant difference concerning the fertile seeds per capsule. Calculating with the
mean values, bothcapsules per flower and fertile seeds per capsule differed according to the
treatment. However, the validity of this result is to doubt as a Gaussian distribution would be the
foundation for the ANOVA, but is not the case. Discussions with academicstd&hddo a distinct
opinion how to statistically interpret my results. Also, the experimentatlugeis lacking a fourth
ONBIF GYSyYyd INPAzZLIZ yUIRXSHE RY HKS2 yaeF @ NOENRL IONBMANS = A
conduct a seed germination tesiith seeds of the different treatments. A further study on this topic
would be interesting to help developing a management plan for the best reproductive success of

Gladiolus palustrisalso in respect of progeny and cultivation for reintroduction.
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4.4  Habitat fragmentation potential consequences and conservation

4.4.1 Habitat fragmentation and decline oGladiolus palustrisn Salzburg

Many natural areas havéeen transformed into anthropogenic landscapes during the last two
centuries due to the dewepment of human civilizationAGUILARet al, 2008). Habitat fragmentation

comes along with loss of habitats,reduction of the size of habitats and amcreased isolation of
remaining habitats and also populations, respectivé ANDREN 1994 HONNAY& JACQUEMYN2007:
AGUILARet al,, 2008).

It is possible that thiswuge loss of potential habitats contributed or even ledth@ low genetic
diversity of the marsh gladioldue to genetic drift in isolated populationfor Salzburg, the only

recent occurrene of Jadioluspalustrisis the foothills of the UntersbergMiTTMANNet al, 1987). A
historical map of the 18 century shows that the region between the city in the nofith the left of

the map; see Figure®l y R G KS & ! y i SNA 0 S Nfbsed df MrgelfetSandisvampK ¢ | a
cultivation and agricultural usage were already recognizable, but extremely slight. In all probability,
these areas were once mown wet meadqwshich depicted a great habitat for today rare species

like G. palustris The pik dots represent the current occurrences @f palustrisin this region, in
Kneisslmoor, Ziegler Wiese and in the meadows of the Esterer tavern. The other recent occurrences
are not in this map excerpt. For that reason, another map has been prepared, thgng
GCNY yOAal NA alah&sBrveyregistermitiaedEy Emperor Franz | in 1830, now provided

by SAGIS (Salzburger Geographisches Informationssystem). In this Figure 30, all recent populations of

Gladiolus palustri; Salzburg are depictezh the historical map

Kne

Esterer

ZW

Fig 29: Historical map excerpt dhe Northern base of the UntersbergANGLECHNERWEISL7981803).This

map is oriented to the east.
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