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“We must make no mistake, we are seeing one of the great historical convulsions in the world’s

fauna and flora”.

Charles Elton — The ecology of invasions by animals and plants
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Abstract

Invasive species are a threat to biodiversity and economy, and extremely challenging to
eradicate once established. Much research in invasion ecology had focused on understanding
the factors behind invaders’ success in new environments relative to the native range, formulate
invasion theories, predict species abundance and occurrence, and provide management
solutions. Nowadays, the new advancements in genomic tools and sequencing technologies
make possible to disentangle some of the underlying evolutionary processes of trait divergence
and rapid adaptation characterizing species introduction and invasion in new habitats.

The aim of this thesis was to explore the ecological and genomic basis of rapid adaptation
and evolution in the invasive annual forb Centaurea solstitialis (yellow star-thistle), across its
worldwide distribution, including sites in the native range (Turkey and Spain) and introduced
range (Argentina, Chile, USA and Australia). The thesis focuses on four main directions: i)
assessing the role of polyploidy and genome size on species success; ii) testing the allelopathic
potential of leaf leachates iii) screening for reproductive isolation in allopatric populations, and
iv) evaluating the adaptive phenotypic and genomic potential of introduced populations.

In the introduction, | developed a brief systematic review by compiling information on the
studies published in Centaurea solstitialis and indexed in the Web of Science during the past 70
years, to assess the current state of knowledge in this species. | identified a number of 365
relevant papers mostly with an ecological focus and having USA as the geographical region of the
study.

In the first chapter, | used flow cytometry to test the hypothesis that variation in genome
size and changes in ploidy levels promote C. solstitialis invasion in the introduced range. | found
no shifts in cytotype and similar genome size across native and non-native ranges, excluding the
contribution of these factors to species invasiveness.

Chapter Il explored biogeographical variation in leaf allelochemical production and its
effects on phytometer species between the two ranges, using three different leaf extract
concentrations (0.25%, 0.5% and 0.75%) and germination bioassays tests. | found that C.
solstitialis leaf leachates can have alellopathic potential, exhibiting substantial variation in

chemical composition and inhibitory effects across regions. Results suggest that different

Xiii



selection pressures can act on the biochemical profiles in different regions.

Chapter Il utilized a novel approach in this study system by experimentally producing F1
hybrids of within-region and inter-region crosses to test for reproductive isolation. Results
revealed a global mosaic of reproductive incompatibilities and fertilities with asymmetrical
responses to inter-continental gene flow. Most negative and strong fitness interactions occurred
in the Americas suggesting local adaptation and reinforcement against foreign pollen. In
contrast, native Spain showed a preference for non-native pollen resulting in boosts in fertility.
Results from this study show that reproductive isolation can emerge relatively fast in allopatry.

The final chapter of my thesis explored the role of natural selection in species evolution
in the introduced range by measuring neutral genetic differentiation (Fsr) at thousands of
genome wide single nucleotide polymorphisms (SNPs) markers and comparing it with phenotypic
differentiation (Pst), in a common garden experiment. | also screened for SNPs under selection
and performed gene annotation. Based on these data, introduced populations in California, USA
had significantly higher Pstfor seed mass than Fst, compared to the two native regions as well as
non-native Chile, suggesting that increased seed size had evolved post-introduction in California.
Moreover, phenotypic divergence in flowering time and spine length exceeded neutral
expectation in the comparison between California and Australia. My research also shed light on
the genes likely to be involved in invasiveness, revealing genes associated to regulatory processes
and response to environmental stressors. This suggests local adaptation in introduced
populations, and reveals the importance of traits related to reproduction and possibly of
epigenetic factors in shaping C. solstitialis evolution.

Taken together, the results of my PhD thesis have demonstrated the crucial aspect of
incorporating biogeography in studying biological invasions, in order to capture variability in
factors and processes important for species success in different regions, and pioneers the use of
experimental inter-regional crosses to illustrate how gene flow and local adaptation interact

across large geographical scales.

Keywords: invasive species, polyploidization, allelopathy, reproductive isolation,

speciation, population genetics, divergent selection
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Resumo

As espécies invasoras sao uma ameacga para a biodiversidade e a economia, sendo
extremamente complicado erradica-las uma vez estabelecidas. A maioria da investigacdo em
ecologia da invasao focou-se em perceber os fatores inerentes ao sucesso das espécies invasoras
em novos habitats em compara¢do com a area nativa, em formular teorias sobre a invasdo, em
prever a abundancia e ocorréncia de espécies, e em providenciar solu¢des de gestdo. Hoje em
dia, os avangos em ferramentas de gendmica e em tecnologias de sequencia¢do tornam possivel
desvendar alguns dos processos evolutivos inerentes a divergéncia de caracteristicas assim como
perceber a adaptacdo rapida que caracteriza a introducdo de espécies e a invasdo de novos
habitats.

Os objetivos desta tese foram explorar a base ecoldgica e gendmica da adaptacgao rapida
e evolucdo na espécie invasora anual Centaurea solstitialis (cardo-estrelado amarelo), ao longo
da sua distribuicdo a escala global, incluindo populagées das dreas nativa (Turquia e Espanha) e
invadidas (Argentina, Chile, EUA e Australia). A tese foca-se em quatro dire¢des principais: i)
avaliacdo do papel da poliploidia e tamanho de genoma no sucesso da espécie; ii) teste do
potencial alelopatico de lixiviados foliares; iii) avaliagdo do isolamento reprodutivo em
populacdes alopatricas; e iv) avaliacdo da potencial adaptativo fenotipico e gendmico das
populagdes introduzidas.

Na introducdo, desenvolvi uma breve revisdo sistemdatica através da compilacdo de
informacao sobre os estudos publicados em Centaurea solstitialis e indexados na “Web of
Science” durante os ultimos 70 anos, para avaliar o estado atual do conhecimento nesta espécie.
Identifiquei 365 artigos relevantes com um foco ecoldégico e tendo os EUA como area geografica
de estudo.

No primeiro capitulo, utilizei a citometria de fluxo para testar a hipdtese que a variagao
no tamanho do genoma e altera¢des nos niveis de ploidia promovem a invasdo de C. solstitialis
na area onde foi introduzida. N&o foram encontradas altera¢des no citotipo, enquanto que o
tamanho do genoma foi semelhante ao longo das dreas nativas e ndo nativas, excluindo a
possibilidade destes fatores contribuirem para a invasdo da espécie.

No capitulo Il explorei a variagdo biogeografica na producado aleloquimica das folhas e os
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seus efeitos nas espécies fitométricas entre as duas areas, usando trés concentragdes diferente
de extrato foliar (0,25%, 0,5% e 0,75%) e testes de bioensaios de germinacdo. Descobri que
lixiviados foliares de C. solstitialis podem ter potencial alelopatico, exibindo variagdo substancial
na composi¢ao quimica e efeitos inibitérios em todas as regides. Os resultados sugerem que
diferentes pressdes seletivas podem atuar nos perfis bioquimicos nas diferentes regioes.

No capitulo Il utilizei uma nova abordagem neste sistema de estudo, produzindo
experimentalmente hibridos F1 de cruzamentos dentro e entre regides para testar o isolamento
reprodutivo. Os resultados revelaram um mosaico global de incompatibilidades e fertilidades
reprodutivas com respostas assimétricas ao fluxo génico intercontinental. A maioria das
interacdes de fitness negativas ocorreram nas Américas, sugerindo adaptacdo local e reforco
contra pdlen estrangeiro. Por outro lado, a area nativa de Espanha mostrou preferéncia pelo
pdlen ndo nativo, resultando num aumento da fertilidade. Os resultados deste estudo mostram
gue o isolamento reprodutivo pode emergir relativamente rapido em alopatria.

O capitulo final da minha tese explorou o papel da selecdo natural na evolucdo das
espécies na darea invadida medindo a diferenciacdo genética neutra (Fst) em milhares de
marcadores de polimorfismos de nucleotideo Unico (SNPs) ao longo de todo o genoma e sua
comparac¢ao com a diferenciagcdo fenotipica (Pst), numa experiéncia de estufa. Também examinei
SNPs sob selecdo e realizei anotacdo de genes. Com base nestes dados, as populacdes
introduzidas na Califérnia, nos EUA, apresentaram Pst significativamente maior para o peso das
sementes do que o Fst, em comparacdo com as duas regides nativas e o Chile ndo nativo,
sugerindo que o aumento do tamanho das sementes evoluiu apds a introdugdo na Califérnia.
Além disso, a divergéncia fenotipica no tempo de floracdo e comprimento dos espinhos excedeu
a expectativa neutra na comparacao entre a Califérnia e a Austrdlia. A minha investigacao
também lan¢ou novos dados sobre os genes que estdo provavelmente envolvidos na invasao,
revelando genes associados a processos regulatorios e com a resposta a estressores ambientais.
Isto sugere adaptacao local em populagdes introduzidas e revela a importancia de caracteristicas
relacionadas com reproducdo e, possivelmente, fatores epigenéticos relacionados com a
evolucdo de C. solstitialis.

Em suma, os resultados da minha tese de doutoramento demonstraram que é crucial a
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incorporacao da biogeografia no estudo de invasdes bioldgicas, a fim de capturar a variabilidade
em fatores e processos importantes para o sucesso de espécies em diferentes regides, e é
pioneira no uso de cruzamentos inter-regionais experimentais para ilustrar como o fluxo génico

e a adaptacdo local interagem ao longo de grandes escalas geograficas.

Palavras chave: espécies invasoras, poliploidizacdo, alelopatia, isolamento reprodutivo,

especiacdo, genética populacional, selecdo divergente

XVii






General Introduction






General introduction

Invasive species and evolution

Invasive species can cause significant damage to the environment by changing the
structure and composition of communities and altering ecosystem processes and services (Vila
et al. 2011). They can also act as strong filters affecting resource availability which can lead to
biotic homogenization (i.e. community simplification) with unknown consequences for future
ecosystem stability and function (Stotz et al. 2019). Worldwide global estimates of the costs
associated to the impact of invasive species are sporadic and incomplete, but see Bradshaw et
al. 2016 who estimated a global cost of $70 billion per year, for invasive insects only. Human
dimension of biological invasions has become an important component in the way invasions are
perceived and managed especially nowadays when trade and globalisation have made alien
species to cross biogeographic barriers that could not have been possible by natural colonization
(Wilson et al. 2016). Understanding the processes and mechanisms of invasions for different
species is crucial in taking management and policy actions.

Biological invasions stimulate a multitude of research questions related to evolutionary
changes of the invader and of the recipient community, and should consider biogeography as a
variable in order to understand patterns of species distribution and abundance and the processes
behind it (Hierro et al. 2005). Introduced species are present in areas to which they might be
poorly adapted and encounter diverse selection pressures to which they must respond quickly in
order to establish and increase in abundance (Hanfling and Kollmann 2002). The success of the
introduced species in recipient communities depends on their traits interaction with local filters,
relative to natives and can translate into different range of outcomes such as failure to establish,
naturalization or invasion (Pearson et al. 2018). Studying these factors and interactions can
provide useful insights into the drivers of increased performance of invasive populations
compared to their native conspecifics, the rate of adaptation and phenotypic change as well as
genetic changes underlying it. Still, determinants of plant establishment and invasions remain a
key question in ecology as they are likely dependent on the environment and can change over
time (Kempel et al. 2013).

For the past 200 years, there has been an increase in species introductions globally, for

all taxonomic groups, with no signs of saturation (Seebens et al. 2017). Asia and Europe have
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been the major donors of alien species to all other continents (van Kleunen et al. 2015) and
species with broad native habitat ranges were able to naturalize and invade new areas more
easily (Kalusova et al. 2017). A global dataset of natural area plant invaders showed that most of
them belong to the Poaceae, Fabaceae and Hydrocharitaceae families. The Asteraceae were not
significantly over-represented, although a large number of Asteraceae were found among
agricultural weeds and natural area invaders, probably as a function of the large number of
species in this family (Daehler 1998). The genus Centaurea in the Asteraceae has been identified
as having a propensity for invasiveness (Schmidt and Drake, 2011), and has attracted much
research interest in invasion science with different species used as study systems to understand
coevolution patterns in plant communities, climate niche shifts during invasion, belowground
plant-plant allelopathic interactions (Kueffer et al. 2013) or test for incipient speciation in
allopatry (Montesinos et al. 2012). Species in the Centaurea genus occur mainly in the
Mediterranean and Irano-Turanian region and are commonly known as thistles, being associated
with livestock farming and crop cultivation (Garcia-Jacas et al. 2006). Many of the Centaurea
species were introduced throughout the world, and some became highly invasive, particularly in
the North America (Skinner et al. 2000; Lejeune et al. 2002), South America (Busso et al. 2013;
Montenegro et al. 1991) but also in Australia and South Africa where several species are listed as
prohibited, noxious or as sleeper weeds (NEMBA 2016; Grice 2005).

This PhD thesis focuses on Centaurea solstitialis, an invasive aster forb and aims to gain a
more comprehensive understanding of the ecological and genetic factors contributing to species
invasive success. It combines data from a literature survey, a worldwide sampling of C. solstitialis
natural populations in most representative native and introduced areas, pollination experiments
under common garden conditions, phenotypic data and genomic tools. The thesis is structured
in four chapters corresponding to four original papers (referred in the text by their Roman
numerals I-IV), a general introduction and a general discussion section. Chapter | explores the
putative role of genome size and changes in ploidy levels in the species success; Chapter Il
characterizes the leaf surface chemistry and its allelopathic potential, Chapter Ill tests for
reproductive isolation between native and neo-allopatric populations of C. solstitialis and

Chapter IV evaluates plant adaptive genetic and phenotypic potential.
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Study system

Centaurea solstitialis (yellow star-thistle) is a diploid annual forb (Irimia et al. 2017) and
an obligate out-crosser, with dimorphic seeds, pollinated predominantly by the European honey
bee, Apis mellifera (Maddox et al. 1996). It forms dense monoculture infestations which affect
the value of grasslands, displace native plant species by altering soil water availability and is also
poisonous to horses (Pitcairn et al. 2006). The plant is a rich source of high quality pollen and
nectar, and therefore is well valued by the bee industry (Pellet 1976), which has led some authors
to hypothesize that honey bee could promote C. solstitialis invasion in the western USA (Barthell
et al 2001). It is suggested that C. solstitialis originated in the Eastern Mediterranean and the
Caucasus and is naturalized in the southern and central Europe (Maddox et al. 1985). The species
was introduced to South America (central Argentina and Chile), California, South Africa and
Australia around 1800, most likely as a contaminant of alfalfa seeds and due to its short presence
there, these regions are regarded as non-native (Hierro et al. 2009). Centaurea solstitialis has
become invasive in central Argentina and California, two regions with contrasting climates and
plant functional communities. Central Argentina has a continental climate and its vegetation is
dominated by perennial bunchgrasses whereas California has a more Mediterranean-like climate
characterized by summer drought and winter rain and Eurasian annual grasslands (Hierro et al.
2006). C. solstitialis has also been catalogued as a serious weed of agricultural crops and native
shrublands (mattoral) in central Chile (Gomez-Gonzalez et al. 2009). In Australia, the species has
a sparse and localized distribution (particularly in the New South Wales) and is not regarded as
highly invasive (Hay et al. 2006).

Recent genomic data indicate that C. solstitialis was introduced to Chile and California
from a single seed source of Spanish origin (Barker et al. 2017). In contrast, several introductions
from different sources (such as Asia, Eastern Europe and Western Europe) were detected in the
Pacific Northwest (i.e. Oregon, ldaho and Washington). This study also found clear population
genetic structure in the native and introduced ranges but similar levels of genetic diversity in
terms of allelic richness and heterozygosity between native and non-native ranges suggesting

that C. solstitialis has not suffered from severe genetic bottlenecks post introduction in the
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Americas (Barker et al. 2017). Hybridization with other Centaurea species has been documented
for C. solstitialis in Turkey (Wagenitz 1955) and Oregon (Roché and Susanna, 2011), but Barker et
al. 2017 did not find compelling evidence that hybridization has contributed to the species
invasive success.

Many invasion hypothesis were tested in C. solstitialis, some with inconsistent results.
Most research focused on traits associated with invasiveness or phenotypic shifts in invasive
plants and showed that non-native genotypes frequently had superior fitness values compared
to natives for germination, growth rates, total biomass, seed size, abundance and fecundity
(Montesinos et al. 2018, Graebner et al. 2012; Hierro et al. 2006; 2013; Garcia et al. 2013). Other
studies found evidence of increased competitive ability (Montesinos et al. 2019; Montesinos and
Callaway 2017), escape from natural enemies (Hierro et al. 2006; Andonian et al. 2012; Waller et
al. 2016), and exploitation of an empty niche, where the species is able to take advantage of deep
water layers (Young et al. 2011; Dlugosch et al. 2015). Trade-offs between seed dormancy and
dispersal have been observed in common garden experiments for Argentinean genotypes of C.
solstitialis experiencing variation in winter precipitation and can be viewed as a “"bet-hedging””
strategy, contributing to species survival in heterogeneous environments (Hierro et al. 2009).
Another study of the same species demonstrated no competition-colonization trade-offs in seed
morph, which is likely to play a role in C. solstitialis abundance and distribution (Miguel et al.
2017). In addition to the dormancy dispersal trade-offs detected in Argentinean populations,
Kaczowka et al. 2017, also found support for growth defense trade-offs in Californian genotypes
of C. solstitialis which exhibited increased plant size and lower resistance to pathogen infection
compared to native (Kaczowka et al. 2017).

On the other hand, Hierro et al. 2017, showed that factors limiting C. solstitialis
performance can be encountered both abroad and at home, questioning the assumption that
invasive species benefit from better conditions in the introduced areas. They also highlighted
that disturbance and plant community resilience may play an important role in C. solstitialis
abundance (Hierro et al. 2017). Moreover, C. solstitialis appears to have retained similar
ecological requirements and climatic niche across different geographical ranges, although

invading populations in California seem to occupy the warmest and seasonally dry habitats
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available, which in the native area are only found marginally (Dlugosch et al. 2015).

It is clear that factors determining naturalization and invasion success differ between
different C. solstitialis geographical areas. The species has been the focus of hundreds of studies,
but lacks coherent systematic data to encompass global information across its native and non-
native ranges in a biogeographical context. Therefore, as an addition and alternative to a classical
introduction, we performed a systematic review on the available C. solstitialis scientific literature
to categorize the studies published, identify major information gaps, link it to our own work on

this study system and outline future research directions in the discussion section.

Centaurea solstitialis — a literature database

We performed a literature search in ISI Web of Science All Databases (i.e. Web of Science
Core Collection, BIOSIS Citation Index, Current Contents Connect, Data Citation Index, Derwent
Innovations Index, KCI-Korean Journal Database, MEDLINE, Russian Science Citation Index, SciELO
Citation Index and Zoological Record) using the keywords “Centaurea solstitialis” OR “yellow star-
thistle” for the period 1864 — 8 August 2019 and retrieved a total of 698 studies. We reviewed
abstracts of each article and excluded studies whose species of interest was not C. solstitialis, the
conference abstracts, and the papers published in languages other than English. The final
database comprised 365 relevant studies. For each study, we recorded the following variables:
i) the country of origin of the plant genotype used in the experiment; ii) the geographical location
where the study was conducted; iii) duration of the experiment; iv) Centaurea solstitialis life stage
used; v) type of research (whether theoretical or experimental); vi) type of habitat where the
experiment was conducted; vii) main hypothesis; vii) whether it measured any fitness
components and vii) whether it provided information about causal factors involved in the
invasion success. Our main goal was to assess the current state of knowledge in C. solstitialis by
identifying what has been published in the literature on this topic, and compile a list of ecological
and evolutionary factors involved in its invasion success. We also build a database in excel
comprinsing all this information, for more complex systematic research and future meta-analysis.
We designed the systematic review following guidelines by Lowry et al. 2013. Until the date of

this thesis submission to the University, we managed to retrieve complete information on 262
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(out of 365) papers published during the past 23.5 years (1995 — 8 August 2019) (see Appendix
1).

Numbers of studies published

The first study identified in the ISI Web of Science (WoS) All Databases was published in
1948. Prior to the 1990 publication numbers were low (i.e. 43 papers) (Fig 1). Studies nearly
doubled in the 90" (79 papers, average of 7.9 papers per year) and continued to increase
throughout the 2000s (129 papers, average of 12.9 papers per year) and in the following decade
2010 — 8 August 2019 (114 papers) (Fig 1).
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Figure 1. Number of studies (N = 365) returned from the ISI Web of Science (WoS) All Databases,
all years (1864-2019), search topic “Centaurea solstitialis” OR “yellow star-thistle”, after filtering
for irrelevant articles. For 2019, only papers indexed in WoS prior to August 8 were included in

the database. Height of the bars refers to the number of studies

Study focus

A large number of studies were concerned with methods for controlling invasive species such as:
¢ identification of biological control agents;

e interactions among biocontrol agents;
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e chemical control;
e mechanical control;
e combined management practices;
¢ herbicide resistance and natural herbicides products;
» Centaurea solstitialis demographic models;
» weed detection methods and weed survey;
* weed management in general and economic impact.
Further categorization included studies trying to determine the causes of invasion such as:
* enemy release hypothesis;
* novel weapon hypothesis (NWH);
¢ evolution of increased competitive ability (EICA);
 evolution in general;
e invasive traits and phenotypic plasticity;
» plant soil feedback and plant-microbe interactions or plant-plant interactions;
e invasion facilitation;
e disturbance;
 hybridization;
¢ ploidy levels;
e others.
Another category addressed the phytochemical and medicinal applications of C. solstitialis i.e.
e detection and identification of phytochemical compounds;
e toxicological studies in horses;
e biological effects in ulcerogenic animal models;
e scavenging potential;
e anticancer activity;

e antibacterial effects.

The remaining papers included studies on the biology, phenology and genetics of C.

solstitialis, community resistance to invasion, restoration ecology and impact on wildlife.
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Study type

Collectively, experimental studies conducted in controlled or semi-controlled
environments (greenhouse, growth chamber, lab or outdoor microcosms) were the most
common type of research, followed by field manipulative and field observational studies.
Reciprocal transplant experiments were highly underrepresented (only 1 study). A number of 43
studies out of 262 were conducted in more than one environment (16%). Very few studies

involved theoretical modelling or reviews (0.06% respectively 0.02%) (Fig 2).
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Figure 2. The type of research method used in the studies included in the database

Plant genotype origin and geographic location of study

Most studies were focused on a single genotype of C. solstitialis which was predominately
of North American origin (mainly from California, some from Ildaho and Washington and a few
from Oregon and Nevada) followed by genotypes from Turkey, Argentina and France. By

comparison, a number of 60 studies out of 262 included more than one C. solstitialis genotype

10
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(22%), spanning species distribution in the native range (i.e. Armenia, Bulgaria, Croatia, Crete,
Greece, Hungary, Italy, Republic of Georgia, Romania, Russia, Sardinia, Sicily, Spain, Uzbekistan,
Ukraine and Turkey) as well as the introduced range (i.e. Argentina, Chile, USA and Australia).
Globally, studies were clustered in North America followed by native Turkey, with very few
studies elsewhere (Fig 3). Only 12 studies out of 262 (0.05%) were conducted in more than one
geographical location (commonly 2 locations, rarely 4 or 5), including sites in the native species

range in Eurasia and introduced range (represented by Argentina, Chile, USA and Canada) (Fig 3).

USA
Turkey
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Russia
Republic of Georgia
Portugal
Italy

Iran
Greece
France
Croatiaf
Chileq
Canada

Bulgaria

Armenia
Argentina
0 50 100 150 200
Number of studies

Figure 3. Geographical locations of the studies included in the database

Duration of the study and plant life stage tested

Information about the experiment duration could be retrieved for 174 (out of 262) studies
only. In general, studies conducted in the field took longer to complete with most of them

spanning across a period of 2 to 4 years, rarely 7 to 11 years in the case of studies that aimed to
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assess the impact of restoration programmes or the success of different weed control methods.
In contrast, studies conducted in controlled or semi-controlled environments (i.e lab,
greenhouse, microcosms) lasted for a few months, a growing season and seldom for 1 or 2 years.
The most studied C. solstitialis life stages were bloom, rosette and seeds, with a very limited

numbers of studies investigating all the plant life stages.

Habitat

Field experiments were conducted in several types of C. solstitialis invaded habitats,
predominately in grasslands (dominated by annual or exotic species, serpentine and non-
serpentine grasslands, canyon grasslands), but also in man-made habitats (urban, roadsides, field
margins, highly disturbed sites, abandoned sites and fallow lands, farmland, pasture, orchards,
agricultural and botanical gardens) or in naturals sites such as prairies, savannah, rangelands,
woodlands, foothills, dry interior valleys and watersheds. Additionally, some studies were
conducted in coastal wet habitats, mountain / intermountain areas, island habitats or semi-
desert and semi-arid open forests. A few studies were also conducted in stressful environments

characterized by different light, shading and temperature regimes, drought or elevated CO;.

Hypothesis

The largest number of studies were concerned with selecting natural enemies (mostly
insects) in their native range and releasing them in the field to control C. solstitialis infestation in
the western USA, and included host specificity testing, risk assessment and effectiveness (Fig. 4).
Many studies also examined the effects of various management practices (herbicide application,
mowing, fire, grazing) in relation to reducing the emergence, plant cover and C. solstitialis
biomass. Another large category of studies tested diferent invasion hypothesis. The most well
represented invasion hypothesis were Evolution of Increased Competitive Ability (EICA);
Evolution in general; Enemy Release, Ecosystem Engineers and Disturbance. Other studies aimed
to test the pharmacological and biological properties of different C. solstitialis extracts and
individual compounds or gain a better understanding of the species reproductive biology and

phenology. Lastly, some hypothesis were difficult to categorize and were placed under the
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"’Others”” section (Fig 4).
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Figure 4. Hypothesis evaluated in the C. solstitials studies included in the database

Fitness components measured

A number of 193 studies out of 262 (73%) quantified plant fitness. Most studies
incorporated multiple measurements of fitness and biomass was the most frequent estimate.
Other trait categories were related to plant physiology (leaf chlorophyll and nitrogen content,
water potential, leaf epinasty, chlorosis, photosynthesis, transpiration and stomatal
conductance, net assimilation rates, necrosis, Ca tissue content and seeds nitrogen content), leaf
area allocation (leaf area ratio, leaf area index), shoot allocation (leaf stem ratio, root shoot
ratio), growth rate (radicle elongation, relative growth rates, root growth), size (plant height,
height of the tallest leaf tip, spine length, style filament length, heights of bolting shoots,

capitulum diameter, rosette diameter, leaf length and width, stem diameter and length,
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involucre diameter, apical meristem height, bud diameter, seed size, root size), fecundity
(capitula, ovule and seed number), pathogen and herbivory resistance, and very few studies

measured offspring recruitment (seed and seedling).

Ecological and evolutionary explanations for Centaurea solstitialis invasive success

A number of 80 studies out of 262 (30%) were concerned with identifying causal factors
behind C. solstitialis invasive success. Rapid adaptation, evolution and invasive traits in general
were the most common explanatory variables for species establishment and survival in the
introduced ranges (Fig 5). Two other factors (disturbance and empty niche) were also assumed

to play an important role in the ecological success of the invader.
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Figure 5. Major ecological and evolutionary explanations in C. solstitialis invasion

Other factors included evolution of increased competitive ability (EICA); compensatory
responses to herbivory and mechanical control, mutualism and invasion facilitation by honey

bee, release from enemies (i.e. soil microbes and pathogens), ecosystem engineering (i.e.
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modifying soil aggregate stability, soil engineering to obtain sufficient nutrients for optimal
growth and modifying soil microbiota in the detriment of competing species) and increased

growth and genetic diversity (Fig 5).

Objectives and structure of the PhD thesis

The vast literature published in C. solstitialis based on the review we performed above
suggests the emergence of this species as an optimum study system in invasion science. Owing
to its successful establishment and colonization of multiple allopatric geographical locations, it
offers an opportunity to assess the importance of cytological, biochemical and genomic factors
in explaining its invasion success. Perhaps the most obvious pattern emerging from the review
of the existent literature on C. solstitialis was the scarcity of biogeographical studies. In general,
papers were focused mainly on a particular geographic area and a single plant genotype, e.g.
western USA, a region where C. solstitialis is highly invasive, and showed poor representation in
other introduced and native species areas. As advocated by Hierro et al. (2005), a biogeographic
approach comparing native and introduced populations is key to understand plant invasions. Our
sampling design for all the experiments presented in this thesis included several populations in
the species’ native area (Turkey and Spain) as well as important historical introductions in South
America (Argentina and Chile), North America (California) and Australia, thus, ensuring a good
representation at a broad biogeographical scale.

Some of the hypothesis tested in C. solstitialis showed inconclusive support and where
not able to distinguish whther the importance of factors tested varied across native and non-
native ranges. For example, there were conflicting reports of chromosome numbers and ploidy
levels in the literature (Kuzmanov et al. 1990; Widmer et al. 2007; Inceer et. al. 2007) and only
one estimate of genome size for one C. solstitialis population in the introduced range. Chapter |
of my PhD thesis addresses this issue, by performing a large flow-cytometry screen on 52 C.
solstitialis natural populations in the native and introduced range, to calculate genome size and
unequivocally assess ploidy levels.

Allelopathy has been assumed to play a role in the invasive success of C. solstitialis in

western USA but only two previous studies explored this possibility and focused exclusively on
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root exudates with no evidence of any toxic compounds released (Carpenter 2007; Qin et al.
2007). However, all aerial parts of C. solstitialis contain potent sesquiterpene lactones, with well
-known biological inhibitory activity (Alvarez 2008; Sotes et al. 2015), that could leak into the soil
and act as phytotoxic agents on neighbor plants germination. In Chapter Il, | tested for
biogeographical differences in leaf surface chemistry and allelochemical production by high
performance liquid chromatography coupled with mass spectrometry (HPLC-MS) and assessed
the effects of leaf-extracts on a phytometer species by performing phytotoxicity tests and
germination bioassays.

Populations of C. solstitialis occur allopatrically, and approximate introduction dates are
known for most of the introduced regions, allowing to explore the emergence of divergent
characters within known timeframes. A previous study detected an incipient degree of
reproductive isolation between one native and one non-native C. solstitialis region, suggesting a
role for reinforcement in maintaining local adaptation (Montesinos et al. 2012). In Chapter I, |
tested the effects of admixture among geographically isolated ranges on reproductive outputs in
C. solstitialis by performing experimental crosses and calculating region pair-wise fertility indices
based on seed:ovule ratio.

The literature review also revealed a poor representation of evolutionary genetic studies
(0.04%), although the past 7 years showed a positive trend for this type of research. Molecular
tools such as allozymes, isozymes, microsatellites and recently SNPs (single nucleotide
polymorphisms) markers were used to compare genetic diversity of native and introduced
populations, elucidate population genetic structure and reconstruct invasion routes, assess
effective population size in range expanding populations in the western USA and test for
evolution and adaptation in native and non-native populations. Only one study explicitly tested
for the role of selection in the invasion success of C. solstitialis in California and Argentina (Eriksen
et al. 2012). Expanding on this information, Chapter IV, focuses on genetic signals of divergent
selection between native and introduced C. solstitialis populations by performing a comparison
between phenotypic trait differentiation (Pst) and neutral genetic differentiation (Fst) in a
common garden experiment, using reduced representation DNA sequencing (ddRADSeq). It also

investigates the genetic bases of adaptation by identifying and annotating outlier SNPs and
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generates genomic data for C. solstitialis populations in Australia, which were never included in

molecular studies before.
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ABSTRACT

Centaurea solstitialis L. (yellow starthistle, Asteraceae) is a Eurasian native plant introduced as
an exotic into North and South America, and Australia, where it is regarded as a noxious invasive.
Changes in ploidy level have been found to be responsible for numerous plant biological
invasions, as they are involved in trait shifts critical to invasive success, like increased growth rate
and biomass, longer life-span, or polycarpy. C. solstitialis had been reported to be diploid (2n =
2x = 16 chromosomes), however, actual data are scarce and sometimes contradictory. We
determined for the first time the absolute nuclear DNA content by flow cytometry and estimated
ploidy level in 52 natural populations of C. solstitialis across its native and non-native ranges,
around the world. All the C. solstitialis populations screened were found to be homogeneously
diploid (average 2C value of 1.72 pg, SD = + 0.06 pg), with no significant variation in DNA content
between invasive and non-invasive genotypes. We did not find any meaningful difference among
the extensive number of native and non-native C. solstitialis populations sampled around the
globe, indicating that the species invasive success is not due to changes in genome size or ploidy

level.

Keywords: flow cytometry; genome size; hybridization; invasiveness; ploidy level; yellow

starthistle
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INTRODUCTION

Changes in ploidy level have been reported to be important for the invasive success of
some plants species (Te Beest et al. 2011), by altering morphological, physiological and ecological
parameters which can confer hybrid vigor, stress resistance, competitive advantages, or
increased phenotypic plasticity, like in the case of the North American tetraploids of Centaurea
stoebe L. (Hahn et al. 2012). Additionally, there are a series of associated “genome size
constrained traits”, related mostly to reproduction and dispersal, which dictate the ecological
niche a species can access (Te Beest et al. 2011). In contrast, several studies support the
hypothesis that a smaller genome can contribute to some species invasive potential by boosting
early plant growth and enhancing competitive ability (Bennett et al. 1998; Grotkopp et al. 2004;
Beaulieu et al. 2007; Lavergne et al. 2010; Suda et al. 2015). For instance, Phalaris arundinacea
L. (reed canary grass, Poaceae) in the USA underwent a quick and significant reduction in genome
size compared to the native European genotype, which was correlated with some advantageous
phenotypic effects and enhanced aggressiveness (Lavergne et al. 2010). A list comparing the
ploidy level of 128 worst invasive plant species worldwide, was recently made available by Te
Beest et al. (2011), indicating that a quarter of them possess at least two different ploidy levels.
An interesting example is C. stoebe (spotted knapweed) which occurs both as a diploid and
tetraploid, with only the latter cytotype becoming invasive in the Western parts of the USA (Mraz
et al. 2011). However, for many invasive species, ploidy levels and genome size are unknown or
have not been thoroughly investigated.

Centaurea L. is one of the most species rich genera in the Asteraceae (Bremer, 1994).
Numerous Centaurea species have been introduced into new non-native regions, where many of
them have become invasive. For instance, the US Federal Noxious Weeds list (USDA, NRCS, The
PLANTS Database, 2017), includes no fewer than 13 taxa, but ploidy level for many of these is
unknown or uncertain. In particular, C. solstitialis is a Eurasian native annual herb which was
introduced into the Americas and Australia during the last two centuries (Barker et al. 2017) and
became an impactful invader in the former case. In the invaded ranges, C. solstitialis forms dense
stands that displace native plants species and reduce considerably livestock grazing capacity and

forage value (Eagle et al. 2007).
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It alters ecosystem functions by depleting soil water and nutrients through an extensive root
system (DiTomaso, 2000), and can cause a neurological disorder in horses similar to human
Parkinson (Chang et al. 2011). The species causes significant economic damage in the western
USA and has been the subject of intensive research, and significant differentiation between
native and non-native ranges have been reported for plant size (Eriksen et al. 2012; Graebner et
al. 2012; Garcia et al. 2013; Dlugosch et al. 2015), growth rates (Graebner et al. 2012),
germination (Hierro et al. 2009), competitive ability (Montesinos and Callaway, 2017), and
reproduction (Montesinos et al. 2012), among others. Such changes suggest diverging local
adaptation occurring among native and non-native ranges, and hypothetical changes in genome
size and ploidy level could be potentially responsible for at least some of the observed trait-shifts.

Until now, only three genome size estimates were available in the literature for C.
solstitialis: two from the native range (Bulgaria: 1.74 pg/2C, one accession, in Bancheva and
Greilhuber, 2006; and Croatia: 1.95 pg/2C, five accessions, in Carev et al. 2017) and another from
an invasive population in western USA: 1.66 pg/2C, thirty accessions (Miskella, 2014). Based on
these few studies, C. solstitialis had been reported to be diploid (Dlugosch et al. 2013; Rice et al.
2015) with 2n = 2x = 16 chromosomes. However, records of 2n = 2x = 18 chromosomes were
published more than 30 years ago from the native range of Bulgaria (Jasiewicz and Mizianty,
1975; Kuzmanov et al. 1990) and recently from one accession from Sicily and the other one from
Sardinia (Widmer et al. 2007). Furthermore, Inceer et al. 2007, reported tetraploids in seeds
(single accession) sampled in northern Turkey, but none of those observations, made in only a
handful of individuals, have been confirmed since then. Consequently, it was still unclear
whether ploidy could have played a role in at least some of the C. solstitialis invaded ranges. To
fill this knowledge gap for such an important species, we aimed to thoroughly sample and assess
C. solstitialis ploidy level and genome size in a representative number of populations from around
the world, including native Turkey, the ancestral origin of the species; native Spain, the main
source of American populations; and all the known non-native regions represented by Argentina,

Chile, USA and Australia.
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MATERIALS AND METHODS

Seed collection

A total of 477 accessions from 52 natural populations (Appendix 2) of C. solstitialis were
investigated in this study, for genome size and ploidy level assessment. Within the native area,
we sampled ten populations from Turkey, near the Caucasus region, where high genetic diversity
has been detected, and is regarded as the site of origin of the species (Wagenitz, 1955; Gerlach,
1997a; Uygur et al. 2004; Dlugosch et al. 2013; Eriksen et al. 2014), and ten populations from
Spain, considered as the primary source of seeds to have colonized Chile and Argentina (Hijano
and Basigalup, 1995; Eriksen et al. 2012; Eriksen et al. 2014; Dlugosch et al. 2013; Barker et al.
2017) in the nineteenth century (Gerlach, 1997b). For the non-native regions, we included ten
populations from Argentina and California, eight from Australia and four from Chile. Seeds were
extracted from mature flower heads collected in the wild from ten individuals per population
between 2009 and 2014. Ten seeds from each individual were germinated in plant growing trays,
under common greenhouse conditions, in early spring 2016 at the Botanical Garden of the

University of Coimbra, Portugal.

Flow cytometry

Young and intact leaves of 4—6 weeks-old plants were sampled and screened by flow
cytometry. Since analyses were based on leaves of small plants, which were destroyed by leaf
sampling, no voucher specimens could be collected. Nuclei were isolated following the chopping
method of Galbraith et al. (1983). Briefly, about 1 cm? of leaf tissue was co-chopped with a razor
blade together with the same amount of reference standard (Raphanus sativus L. ‘Saxa’, 2C =
1.11 pg, Dolezel et al. 1992) in 1 mL of woody plant buffer (WPB): 0.2 M TrisxHCIl, 4 mM
MgCl,x6H,0, 2 mM EDTA Naxx2H,O, 86 mM NaCl, 10 mM sodium metabisulfite, 1%
polyvinylpyrrolidone (PVP-10) (w/v) and 1% Triton X-100 (v/v), with pH of the buffer adjusted to
7.5 (Loureiro et al. 2007). The resulting homogenate was filtered through a 50 um nylon filter
into a sample tube to remove large debris. Nuclei were stained with 50 mg/mL propidium iodide
(P1; Fluka, Buchs, Switzerland), and 50 mg/ml of RNAse (Fluka, Buchs, Switzerland) was added to

prevent the staining of double stranded RNA.
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Samples were kept at room temperature and analyzed immediately on a Partec CyFlow Space
flow cytometer (Partec GmbH, Gorlitz, Germany) equipped with a 532 nm green solid-state laser,

operating at 30 mWw.

Data collection and analysis

Results were acquired using Partec FloMax software (v2.4d) (Partec GmbH, Minster,
Germany) in the form of six graphics: fluorescence pulse integral in linear scale (FL); forward light
scatter (FS) vs. side light scatter (SS), both in logarithmic (log) scale; FL vs. time; FLvs. fluorescence
pulse height; FL vs. FS in log scale and FL vs. SS in log scale. Mean fluorescence values and
coefficient of variation (CV value) of the fluorescence of both sample and standard were obtained
for at least 1,300 nuclei in each G1 peak, whenever possible. Samples with CV values above 5%
were discarded, prepared and ran again. At least three individuals from every population were
used to estimate genome size (Appendix 3), in different days, to account for the variation
generated by the flow cytometer. The remaining individuals were analyzed in pool (three or four
individuals) to determine ploidy level (Appendix 4), only. The absolute DNA content of a sample
was calculated based on the following formula: 2C nuclear DNA content of the sample = (sample
G; peak mean) / (standard Gi1 peak mean) x 2C DNA content of standard. Descriptive statistics
were calculated for genome size data (mean, standard deviation of the mean, standard error,
coefficient of variation and minimum and maximum values) using Microsoft Excel 2016.
Differences in average genome size values among regions were assessed by means of Linear
Mixed-Effect Models with the formulation of Laird and Ware (1982), with a region as fixed factor
and population within region as a random nested factor, in R-3.2.0 (R Development Core Team,

2010). Data was plotted in BoxPlotR (Spitzer et al. 2014).

RESULTS

Analysis of fresh leaf tissue sampled from seedlings germinated from wild seeds of
individuals from 52 populations from Turkey, Spain, Argentina, Chile, USA and Australia
(Appendix 2), showed no significant differences in genome size (Fs, 44 = 0.58; p = 0.716) among

regions (Fig. 6). All individuals (N = 477) were found to be diploid, presumably with 2n =16

25



Chapter |

chromosomes. Average genome size ranged from 1.70 pg/2C (SD = 0.06 pg) in Australia and Spain
(SD = 0.06 pg) to 1.71 pg/2C (SD = 0.06 pg) in Chile, 1.72 pg/2C (SD = 0.06 pg) in Argentina and
California (SD = 0.07 pg) and 1.73 pg/2C (SD = 0.07 pg) in Turkey (Table 1).
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Figure 6. Comparison of genome size among native and non-native genotypes of Centaurea
solstitialis. Black center lines represent the medians, crosses indicate sample means, box limits
indicate the 25th and 75th percentiles, whiskers extend 1.5 times the interquartile range from
the 25th and 75th percentiles, bars show 95% confidence intervals of the means and outliers are
represented by empty dots. Width of the boxes is proportional to the square root of sample size,

n =26, 28, 29, 12, 30, 24 sample points
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Table 1. Genome size estimations in Centaurea solstitialis, across the six regions

Genome size (2C, pg)
Region N
Mean SD SE Min Max
Argentina | 1.727 0.067 0.012 1.53 1.84 29
Australia 1.705 0.061 0.012 1.59 1.83 24
California 1.727 0.074 0.013 1.59 1.85 30
Chile 1.717 0.065 0.018 1.59 1.81 12
Spain 1.709 0.069 0.013 1.57 1.83 28
Turkey 1.737 0.070 0.013 1.60 1.88 26
Total 1.72 0.068 0.014 1.57 1.84 149

Note: Values are given as mean, standard deviation and standard error of the mean. The
minimum and maximum values and the number of analyzed individuals (N) for genome size

estimations are also provided

Genome size variation among populations within regions (see Appendix 3) was also not
significantly different, as indicated by very small standard deviations for the intercept and the

residual obtained for the random effects (SDintercept = 0.024; SDresiduai=0.063).

DISCUSSION

We found no traces of polyploidization events in the C. solstitialis populations
investigated and geographic differences in genome size were negligible. A previous record of
isolated tetraploids (one accession) in Northern Turkey (Inceer et al. 2007) is intriguing, since
further genomic sampling in the area (e.g., less than 40 km from the initial site, Barker et al. 2017)
did not validate the findings. Further investigation is also required to clarify the reported putative
hybridization (Barker et al. 2017) with Centaurea nicaeensis L. (2n = 20 chromosomes, Guinochet
and Foissac, 1962) since inter-specific hybridization does not seem to have played a significant

role in the past invasion history of C. solstitialis (Barker et al. 2017). Formerly, a single natural
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hybrid of Centaurea x moncktonii CE Britton and C. solstitialis was described from Oregon, USA
(Roché and Susanna, 2010) and found to be a sterile triploid (Miskella, 2014). The genome size
value we obtained for California (1.72 pg/2C, SD = 0.07 pg) was similar to the one previously
reported for Southwestern Oregon (1.66 pg/2C, SD = 0.07 pg), by Miskella (2014) and, overall,

genome sizes were similar among the six world regions.

CONCLUSIONS

In conclusion, our thorough sampling of the most representative native and non-native
populations across the world’s distribution of C. solstitialis indicates that its invasive success is
not due to changes in genome size or ploidy level. We cannot discard that some individuals in
some unsampled populations could present some degree of polyploidy, but their role in invasive

success, to date, would have been of minor importance.
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ABSTRACT

Allelopathy, the release of chemicals by plants that inhibit the germination and growth of
competing species, can be an important trait for invasive success. However, little is known about
potential biogeographical differences in allelopathy due to divergent regional eco-evolutionary
histories. To test this, we examined the allelochemical potential of the highly invasive species
Centaurea solstitialis from six world regions including native (Spain, Turkey) and non-native
ranges (Argentina, Chile, California and Australia). Seeds from several populations in each region
were collected and grown under common garden conditions. Allelopathic potential and chemical
composition of three leaf extract concentrations of C. solstitialis from each region: 0.25%, 0.5%
0.75% (w/v-1) were assessed on the phytometer Lactuca sativa. The main allelochemicals
present in the leaf-surface extract were sesquiterpene lactones that varied in major constitutive
compounds across regions. These leaf extracts had strong inhibitory effects on L. sativa seed
germination and net growth. Summed across regions, the 0.25% concentration suppressed
germination by 72% and radicle elongation by 66%, relative to the controls. At the 0.5%
concentration, no seeds germinated when exposed to extracts from the non-native ranges of
Argentina and Chile, whereas germination and radicle growth were reduced by 98% and 89%,
respectively, in the remaining regions, relative to controls. Germination and seedling growth
were completely inhibited at the 0.75% concentration extract for all regions. Some non-native
regions were characterized by relatively lower concentrations of allelochemicals, suggesting that
there is biogeographical variation in allelopathic expression. These findings imply that rapid
selection on the biochemical signatures of an exotic invasive plant species can be highly region-

specific across the world.

Keywords: biogeographical contrasts, biotic resistance, leaf-surface chemicals, phytotoxicity,

sesquiterpene lactones, yellow star-thistle
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INTRODUCTION

The release of compounds in leaf leachates, root exudates, volatiles, and from decaying
plant material (Weir et al. 2004) can contribute to competitive interactions and plant defense
(Muller-Scharer et al. 2004; Aschehoug et al. 2016). Allelopathic compounds can defend against
pathogens (Meepagala et al. 2006; Zhang et al. 2013), inhibit germination (Chon and Nelson
2010), suppress other plant species (Ridenour and Callaway 2001; Lankau 2012), deter herbivores
(Thelen et al. 2005), enhance nutrient acquisition (Tharayil et al. 2009), and ameliorate abiotic
stressors such as high light intensity (Izhaki 2002). Additionally, some of these compounds, like
emodine, appear to have multiple functions at a time, such as insect anti-feeding agent, seed
dispersal facilitator and plant growth inhibitor (Hasan 1998; Inoue et al. 1992; I1zhaki 2002).

Allelopathy has been linked to successful exotic invasion by non-native species (Callaway
and Ridenour 2004). For example, the root extracts of the invasive Centaurea diffusa suppress
A. thaliana seedlings (Quintana et al. 2009), whereas its shoot extracts inhibit the germination
and growth of several Lolium species (Muir and Majak 1983). In some cases, phytotoxic
compounds, such as polyacetylenes have been isolated from the roots of exotic invaders
(Acroptilon repens, Quintana et al. 2008) and from soils occupied by exotics (Dayan et al. 2010).
Collectively, this evidence suggests that plant compounds are powerful agents that can influence
the outcome of interactions with other plant competitors and with consumers, and play an
important role in at least some invasion processes such as interference or competitive
interactions with other resident species.

Invasive species can rapidly develop different sets of adaptations to the different non-
native regions they colonize (Maron et al. 2004; Callaway and Ridenour 2004; Graebner et al.
2012). If trait adaptation to local conditions is common, allelopathy should also experience
selective forces both directly and indirectly via trade-offs and, in fact, the few studies that have
compared allelopathy in native and non-native ranges have found significant differences (Yuan
et al. 2012; Gruntman et al. 2015). However, previous studies tended to include one or two
regional sites within the native or introduced ranges and found either increased allelopathy in
the non-native range, or no differences (Gruntman et al. 2015). There is no reason to expect that

all non-native regions will present similar levels of allelopathic effects, since diverging selective
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forces and trade-offs could result in biogeographical changes in the relative importance of
allelopathy in each range and region. Additionally, there may be variation in metabolic profiles
and allelochemical production due to biogeographic history (Callaway and Aschehoug 2000;
Schemske 2010; Rosche et al. 2018) or variation in soil nutrients, drought or thermal stress
(Sampaio et al. 2016), potentially resulting in different trait shifts specific to ecologically unique
regions. Therefore, it is crucial to conduct biogeographical experiments that compare
allelochemical production and allelochemical effects for both native and introduced populations
of invasive species.

Centaurea solstitialis (yellow starthistle, Asteraceae) is an ideal study system to
investigate local adaptation rates and subsequent trait divergences. It is a Eurasian winter annual
forb introduced throughout the world and highly invasive in the Americas. During its colonization
history, the species had evolved many trait differences in its introduced areas, relative to the
native range, such as increased seed size, germination timing and adult plant size (Graebner et
al. 2012; Hierro et al. 2013; Barker et al. 2017), and increased competitive ability (Montesinos
and Callaway 2017), among others. Other species in the genus were found to be allelopathic
(Callaway and Aschehoug 2000; Ni et al. 2010; Chen et al. 2013; Aschehoug et al. 2014), but
previous experiments did not find evidence of root mediated allelopathy in C. solstitialis
(Carpenter 2007; Qin et al. 2007); however, some studies suggest that leaf leachates may be
allelopathic (Zamora 1984; Gémez-Gonzalez et al. 2009; Filipe et al. 2016). All aerial parts of C.
solstitialis possess several sesquiterpene lactones (Stevens and Merrill 1985; Alvarez 2008; Sotes
et al. 2015) which have well known pharmacological and biological inhibitory activity (Cheng et
al. 1992; Ozcelik et al. 2009), and that can act as an inducible chemical defense against herbivory
(Beck et al. 2008; Smith and Beck 2013; Oster et al. 2015) or mediate competitive interactions
with neighboring plants. In the Asteraceae, sequiterpenes are usually secreted and stored in
glandular trichomes of the leaves or in epidermic folds or cavities due to their high toxicity
(Gopfert et al. 2005) but they may also occur in secretory ducts inside the leaf mesophyll (Bartoli
et al. 2011). Nevertheless, this aspect remains poorly studied in C. solstitialis. Stevens and Merrill
(1985) tested the individual effects of several sesquiterpene lactones isolated from fresh leaves

of C. solstitialis from California on lettuce seeds germination and seedling growth and found the
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to possess growth regulatory activity, with low concentrations having stimulatory effects and
higher concentrations displaying inhibitory effects. Hence, the chemicals present on the leaf
surfaces of C. solstitialis, especially terpenoids, are potentially biologically relevant. They may
present allelopathic activity, particularly as some of them have hydrophilic properties and can
accumulate in the soil through rain or litter decomposition (Sotes et al. 2015). However, it is
unknown whether C. solstitialis leaf surface chemicals are involved in allelopathic inhibition of
other plants, or if there is any biogeographical variation in the composition and activity of leaf
surface chemicals.

We addressed knowledge gaps relative to the biogeography of the allelochemical
composition and allelopathic activity of invasive species by assessing (1) C. solstitialis leaf-surface
chemistry for plants from six different native and non-native regions across the world, to
determine whether there are biogeographical differences in allelochemical production, and (2)
effects of leaf-extracts from these plants on seed germination and root growth of Lactuca sativa,
a “phytometer” commonly used in allelopathic experiments, to test whether C. solstitialis leaf

chemicals are effectively allelopathic.

MATERIALS AND METHODS
Plant material

Mature seeds of Centaurea solstitialis were collected in the field from several different
maternal individuals from five natural populations in each of six different world regions, in the
species’ native range (Turkey and Spain) and non-native ranges (California, Argentina, Chile and
Australia) (Fig. 7; Table 2). Turkey is regarded as the geographic center of the species origin
(Uygur et al. 2004), and Spain the primary source of seeds that colonized South America (Eriksen
et al. 2014; Barker et al. 2017), while the remaining four regions represent important
introductions, where the species is considered invasive. Populations in each region were situated
at least 30 km apart. Thus, our sampling was broad and considered the invasion pathways and
historical relationships among different geographic regions. Seeds from ten individuals from
each of the 30 populations selected were germinated in a glasshouse at the Botanical Garden of

the University of Coimbra, Portugal, in 50 cell plug trays containing standard potting soil
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(Substratos Profissionais, Leal and Soares S.A., Portugal).

Figure 7. World distribution of C. solstitialis according to GBIF (yellow—orange dots), and sampled

regions (red dots). Map adapted from GBIF (2017)

After 3 weeks, plants were transplanted into larger 2 L square plastic pots (1lindividual per pot),
filled with standard potting soil and kept in the glasshouse on top of flow benches for the
remainder of the experiment. Plants experienced natural sunlight and Mediterranean warm
climate in Coimbra and were watered three times per week to guarantee no water shortage.
Chemical fertilizer was supplied once during the experiment (Fertiberia Jardin, Spain, NPK: 8-4-6
plus microelements) by applying 25 ml of solution to each pot. We noticed no sign of nutrient
deficiency, drought, or herbivory, that could have potentially altered the production of chemical
compounds in the leaves. Commercial seeds of Lactuca sativa (lettuce; Bionda Degli Ortolani,
Vilmorin, France) were used as model species for testing the effects of leaf extracts on seed
germination and radicle growth. This species is recommended for the assessment of ecological
effects of toxic compounds by several agencies and protocols, including the US Environmental
Protection Agency (US EPA), the Organisation for Economic Co-operation and Development
(OECD), and International Organisation for Standardization (I1SO) (US EPA 1996; I1SO 1995; OECD
2003).
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Leaf-surface extracts

Three months after germination of C. solstitialis, the five largest fresh and healthy-looking
rosette leaves (typically 120-150 mm long by 35-40 mm wide), were harvested from each of ten
individuals per population, from 5 populations in each region. Leaves from all ten individuals
within each population were pooled and their surface chemicals solvent-extracted by soaking
leaves in 500 mL of CHCl, (dichloromethane) at room temperature for 30 s, enough time to
extract surface chemical compounds, but not enough to destroy tissues that would release
internal leaf components (Sotes et al. 2015). Consequently, our leaf-surface extracts targeted
those chemicals that are more likely to interact with other organisms. In contrast, crushed leaf
extracts tend to include other constituent chemical compounds which could be less important
for allelopathic interactions (Inderjit and Dakshini 1995).

Extracts from each of the 30 world populations were then filtered through 598 Whatman
filter paper to remove debris. A final leaf-surface extract per region, n = 1 pooled sample for each
of the six regions, was obtained by mixing together the extracts of the five populations within
that region and concentrated using a vacuum rotary evaporator (IKA RV 8, Wilmington, USA).
Plants and populations were pooled in order to obtain enough homogeneous extract from each
region to conduct bioassays. Note that replication at the population level would have been
desirable, because this would provide the opportunity to account for within-region variation
(e.g., among and within populations). However, despite a design that accounted for within-
region variation, the quantity of leaves obtained from individuals did not provide sufficient
extract concentrations to accurately test for this, therefore we pooled extracts from populations
within each region in order to develop the phytotoxicity bioassays.

Between 2 and 4 mg of each of the six pooled extracts were analyzed by gas
chromatography coupled with mass spectrometry (GC—MS) on an Agilent Technologies 7820A
System gas chromatograph linked to an Agilent Technologies 5975 Series MSD mass
spectrometric detector as described by Sotes et al. (2015). The dried extract was stored in sterile
glass vials at 4°C and used within one week in bioassays. Three different concentrations: 0.25%,

0.5% and 0.75% were obtained by re-suspending the dried extract in dichloromethane.
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Table 2. GPS coordinates of the C. solstitialis populations sampled in this study (WGS84 datum)

Pop | Region Range Province Locality Latitude Longitude
1 | Turkey native Denizli Pinarkent 37.802833 29.19525
2 | Turkey native Burdur Burdur 37.616083 30.146167
3 | Turkey native Denizli Serinhisar 37.531556 29.300861
4 | Turkey native Izmir Beydag 38.085861 28.215472
5 | Turkey native Izmir Bozdag 38.301361 28.049861
1 Spain native Cuenca Moncalvillo de Huete 40.24159 -2.687453
2 Spain native Lleida L"Espluga-Calba 41.50499 1.005857
3 Spain native Burgos La Horra 41.728801 -3.834349
4 | Spain native Valladolid Castronuio 41.392459 -5.276957
5 Spain native Zaragoza Séstago 41.408225 -0.289773
1 Argentina | non-native | La Pampa Paraje El Tropezén, R14 -36.709 -64.831055
2 | Argentina | non-native | La Pampa El Durazno, R14 km 189 -36.700077 -65.391416
3 | Argentina | non-native | La Pampa Rucanelo, R11y R10 -36.708944 -64.830833
4 | Argentina | non-native | La Pampa Quehué, R35yR18 -37.121611 | -64.286611
5 Argentina | non-native | La Pampa Unanue, R35 km 215 -37.559666 -64.2915
1 | Chile non-native | Talagante Padre Hurtado -33.570833 -70.855277
2 | Chile non-native | Talagante El Monte -33.689444 | -71.055277
3 | Chile non-native | Santiago Maipu -33.524722 -70.751666
4 | Chile non-native | Santiago Lo Barnechea -33.37 -70.429722
1 | California | non-native | Sacramento | Folsom 38.64215 -121.17596
2 California | non-native | Solano Green Valley 38.20954 -122.14631
3 | California | non-native | Napa Napa 38.339041 -122.15467
4 | California | non-native | Solano Vacaville 38.41059 -121.934338
5 | California | non-native | Napa Napa 38.45353 -122.152875
1 Australia non-native | NSW Hume, 5km N of Holbrook -36.677787 147.369684
2 Australia non-native | NSW Gundagai -35.067197 148.108528
3 | Australia | non-native | NSW 18 km N of Cudal -33.22193 148.90875
4 | Australia | non-native | NSW Koorawatha -34.016784 148.56897
5 | Australia non-native | NSW Murringo -34.319168 148.493212
6 | Australia | non-native | NSW Yass -34.873953 | 148.908326

37




Chapter Il

Lactuca sativa seed germination and radicle growth

Our experiment involved 18 treatments (6 regions x 3 different concentrations) and two
controls (positive and negative controls). Each treatment had three replicates and each control
had five replicates. Although extracts from each population were used only for three replicates
each, the number of populations (N = 30), and the number of treatments resulted in a total
number of experimental units of 64 (18 x 3 + 2 x 5). Thirty-six L. sativa seeds were placed on a
Petri dish lined with one 90 mm Whatman filter paper (GE Healthcare) and moistened with 4 mL
of plant extract, re-suspended in dichloromethane. We used distilled water as a negative control
and dichloromethane as a positive control, with 4 mL of each applied to the filter paper, in order
to control for potential effects of the extracting solvent in the germination tests. For all
treatments, but the negative control, the organic solvent was evaporated in the fume hood
followed by re-moistening of the filter paper with 3.5 mL of distilled water, following the standard
protocol for germination bioassays (Vrchotova et al. 2011). Plates were sealed with parafilm to
keep moisture in and stored at room temperature (25°C) in a completely randomized design.
Germination was recorded daily for 14 days. A seed was categorized as germinated when a
radicle of 1 mm was present. At the end of the experiment, we measured the length of the radicle

of the germinated seeds to the nearest mm.

Data analysis

To quantify variation in chemical compounds among regions, we did a principal
component analysis (standardized and centered PCA) on the chemical compounds that we found
in our GC—MS analyses using the vegan 2.5-1 package (Oksanen et al. 2018) in R.3.5.1 (R Core
Team 2018), employing the prcomp function to compute principal component scores. We then
plotted our PCA with the ggbiplot 0.55 package (Vu 2011) and colored the regions in the PCA plot
according to their assignment to the native and nonnative ranges. Further, we used the psych
and stats packages in R (Revelle 2018) together with the panel.cor, cor.test and panel.hist
functions to test for collinearity in the chemical dataset, generate pairwise scatter plots of all the
variables and compute the Pearson correlation. Variables exhibiting significantly high correlation

coefficients (P value < 0.01) were dropped from the model and a PCA was performed on the
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remaining variables to assess the levels of variance explained by the two axes and the
phytochemical profiles of each region.

We calculated two germination indices: percent germination and days to germination
using spreadsheets and commands developed by Ranal et al. (2009). Data were checked for
heteroscedasticity and normality by Levene’s and Shapiro—Wilk tests (Levene 1960; Shapiro and
Wilk 1965). Data on seed germination (binomial) were analyzed with generalized linear models
(GzLM), whereas data on untransformed radicle length (Gaussian) and days to germination
(Poisson) were analyzed with linear models. To test for differences in the three response
variables among regions, we ran models for each concentration with region as the fixed factor.
If the models indicated significant differences among regions, we applied Tukey HSD post hoc
tests with P-values < 0.05 to infer which regions differed. To test for differences in the response
variables between native versus non-native ranges, we generated generalized linear mixed-
effects models (one for each concentration) with range as fixed factor and region as a random

factor.

RESULTS

Chemical compounds in leaf-surface extracts

GC-MS phytochemical analysis of C. solstitialis leaf surface extracts identified three major
classes of chemical compounds: alkanes, sesquiterpene lactones and pentacyclic triterpenoids
(Table 3). The biologically important sesquiterpene lactones were the main class of substances.
In total, we detected 24 compounds, including thirteen sesquiterpene lactones, there pentacyclic
triterpenoids, and eight alkanes. The total unidentified fraction of the extracts ranged between
3.0-11% and the mass spectra of these extracts were similar to that of lactones. The
sesquiterpene lactone fraction represented more than 64% of the final extract for all regions,
except California where it was 56%. Centaurea solstitialis from California exhibited the largest
diversity of sesquiterpene lactones of all regions (12 out of a total of 13 sesquiterpene lactones
detected; Table 4). In contrast, 11 sesquiterpene lactones were identified in the Spanish extract,

nine in Turkey, Argentina and Chile, and eight in Australia (Table 4).
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Table 3. Major classes of chemical compounds (%), identified in the C. solstitialis final leaf-

surface extract by GC-MS analysis

Compound (%) Turkey | Spain Argentina | Chile California | Australia
Alkanes 18.34 18.13 14.54 10.18 28.66 14.69
Sesquiterpene lactones 70.95 64.61 76.71 78.26 55.85 78.32
Pentacyclic triterpenoids 3.51 5.39 4.54 4.96 5.64 2.4
Total identified 92.8 88.13 95.79 93.4 90.15 95.41
Total unidentified 6.7 10.89 4.16 5.74 6.75 331
Grand total 99.5 99.02 99.95 99.14 96.9 98.72

Repin was the major compound of the sesquiterpene lactone fraction in extracts from
plants from Argentina (32%) and Spain (26%) followed by the repin’s isomer subluteolide, in
extracts from Australia (31%) and Turkey (27%). Conversely, epoxyrepdiolide (19%), janerin
(19%), subluteolide (15%) and repin (12%) were the major compounds in the Chilean extract,
respectively repin (13%) and epoxyrepdiolide (12%) of the Californian extract. Likewise,
solstitialin A-13 acetate concentrations displayed higher values in extracts of native plants from
Turkey and Spain (8% and 10%) than in non-native plants from the remaining four regions (1-
2%), whereas solstitialin A-3 acetate was found only in the Turkish and Spanish extracts, but in
much smaller amounts (under 1%). Cynaropicrin derivatives were found exclusively in leaf
extracts from non-native regions. Overall, desacylcynaropicrin, aguerin B, cebellin F, cynaropicrin
3, 4-diacetate and cynaropicrin 4-acetate were present in very small amounts (under 1% of the

final extract composition) across all regions (Table 4).

Table 4. Sesquiterpene lactones identified in the C. solstitialis final leaf-surface extract (%) by GC-
MS analysis. The only compounds that appear to have clear biogeographical differences are
shown in bold. Regions are abbreviated by two letters country code or three letters country code

(Chile)
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Compound (%) TR SP AR CHI CA AU
C15H1804 desacylcynaropicrin 0.32 | 0.37 0.79 0.94 0.82 0
C17H2206 solstitialin A-3 acetate 0.94 | 0.32 0 0 0 0
C17H220s solstitialin A-13 acetate 10.3 | 7.73 2.02 1.12 0.85 | 1.62
C19H23ClO7 acroptilin 2.33 | 3.09 3.28 5.75 3.77 | 2.46
C19H2205 aguerin B 0 0.14 0 0.7 0.47 0
C19H2206 epoxyrepdiolide 9.57 | 8.16 7.51 19.07 | 11.59 | 11.46
C19H2207 repin 12.22 | 26.04 | 31.58 12 12.88 | 9.31
C19H2207 subluteolide 26.5 | 8.28 9.01 14.57 6.4 | 30.55
C19H2207 janerin 894 | 9.25 | 14.11 | 18.87 | 8.38 | 19.85
C20H2406 cebellin F 0.12 | 0.14 0 0 0.22 0.1
C21H2407 cynaropicrin 3-acetate 0 0 7.51 5.94 8.83 | 2.97
C21H2407 cynaropicrin 4’-acetate 0 0 0 0 0.16 0
C23H260s cynaropicrin 3,4 -diacetate 0 0.1 0.26 0 0.21 0

To our knowledge, this is the first evidence of cebellin F presence in C. solstitialis, although
cebellin C had been previously reported (Bruno et al. 2013). The concentrations of pentacyclic
triterpenoids (waxes) were similar among regions (Table 5). Californian plants had high
concentrations of alkanes (29%), whereas Chilean plants had lower concentrations (10%)
comprising just three alkanes (all linear) out of a total of eight identified in this study (Tables 6).

Pentacosan (CasHsz) was identified only in the Californian extract. Dotriacontane (Cs2Hes) and

tritriacontane (CssHes) are reported for the first time in C. solstitialis (Table 6).

Table 5. Pentacyclic triterpenoids (%) identified in the C. solstitialis final leaf-surface extract per

region, by GC-MS analysis

Compound (%) Turkey | Spain Argentina | Chile California | Australia
C30Hs00 B-Amyrin 1.29 1.86 1.57 1.46 1.83 0.81
C3oHs00 a-Amyrin 1.01 2.55 1.80 2.27 2.56 1.19
C3oHs00 taraxasterol 1.21 0.98 1.17 1.23 1.25 0.40
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Table 6. Alkanes identified in the C. solstitialis final leaf-surface extract per region (%) by GC-MS

analysis
Compound (%) Turkey | Spain | Argentina | Chile California | Australia
CasHs; (Linear) 0.00 0.00 0.00 0.00 0.32 0.00
Ca7Hs6 (Linear) 2.10 2.53 1.34 1.63 3.44 1.42
CaoHeo (Linear) 6.77 4.14 2.48 5.30 8.41 2.17
Ca9Heo (Branched) | 0.00 4.26 3.92 0.00 6.12 3.34
Cs1Hes (Linear) 2.14 1.60 1.41 3.25 2.12 2.02
Cs1Heas (Branched) 4.74 4.17 3.91 0.00 5.88 4.57
Cs2Hee (Branched) 1.45 0.45 0.39 0.00 0.80 0.00
Cs3Hes (Branched) | 0.60 0.98 1.09 0.00 1.67 1.17

The first and second axes of the PCA explained 66% of the inertia variance (Fig. 8). The
first axis was mainly correlated with the compounds janerin, epoxyrepdiolide, and cebellin F, and
therefore represents gradients in sesquiterpene lactones. The second axis was mainly correlated
with desacylcynaropicrin. The PCA revealed a clustering of the two native regions in the lower
right quarter, corresponding to high contents of solstitialin A3-acetate, solstitialin A13-acetate,
and hentriacontane (C31Hea). In contrast, the non-native regions were distributed widely across
the other three quarters of the PCA plot. The collinearity test showed a significant positive
relationship between solstitialin A3-acetate and solstitialin A13-acetate (r = 0.939), acroptilin and
aguerin B (r = 0.922), cynaropycrin 3-acetate and nanocosan (branched CasHeo) (r = 0.963) and
cynaropicrin 4-acetate and pentacosan (CysHsy) (r = 1) (Appendix 5). After dropping out
solstitialin A3-acetate, aguerin B, nanocosan and cynaropicrin 4-acetate from the model, the PCA
explained 66% variance in the two axes, similar to the initial PCA on all the variables, but revealed

a slightly different region clustering based on chemical compounds (see Appendix 6).
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Figure 8. Plot of Principal Component Analysis scores (centered and standardized PCA)
representing the multivariate space in chemical compounds found in six C. solstitialis world

regions. Blue dots represent native regions, and red dots non-native region

Effects of leaf-extracts on Lactuca sativa germination

Lactuca sativa control seeds germinated at an overall rate of 99% + 0.2% (mean * SE),
thus neither deionized water nor dichloromethane affected germination. Overall, the average
germination rate for L. sativa seeds exposed to the lowest leaf-extract concentration (0.25%)
was 28%, followed by an overall germination rate of 2.0% for the 0.5% extract, and 0%
germination for seeds exposed to an extract concentration of 0.75% (Fig. 9). The lowest
concentration of leaf extract (0.25%), drove differences in germination probability among regions

(X?1)=122.9, P = 0.001; AIC null model = 102.3 vs. AIC full model = 215.2). However, there were

no differences between the native and non-native ranges in germination probability (x?1)=0.167,
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P = 0.682; AIC null model = 120.3 vs. AIC full model = 118.5). Post-hoc tests revealed that
germination in Australia and California extracts was higher than in extracts from the other regions
(60%, and 45%, respectively; see Appendix 7, Fig. 9). Leaf-extracts of plants from Turkey (21%),
Argentina (19%), and Spain (17%) resulted in stronger germination inhibition; and plants from
Chile resulte resulted in the highest germination inhibition (4.0% germination). Germination of
seeds exposed to an intermediate concentration of leaf extract (0.5%) was different among
regions overall (x?1) = 19.14, P = 0.001; AIC null model = 38.65 vs. AIC full model = 47.79) and
there were differences between the native and non-native ranges too (x?a) = 4.569, P = 0.032;

AIC null model = 40.71 vs. AIC full model = 43.28).

30 30 -

25 —_— 25 -

20 20

Germination rates at 0.25% extract
=
1

Germination rates at 0.5% extract
>
|

0 . 0 - —

T T T T T T T T T T T
Turkey Spain Argentina Chile California  Australia Turkey Spain Argentina Chile California  Australia

Figure 9. Effect of two different concentrations of C. solstitialis leaf extract on lettuce seed
germination. Different letters indicate statistically significant differences among groups (p <

0.05). Both positive and negative control had a germination rate close to 100%
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Leaf-extracts from Spain resulted in the highest germination (7.4%), which was still lower
than any of the germination rates in the 0.25% concentration. Leaf-extracts from all other
regions suppressed germination to < 2% with no seeds germinating when exposed to extracts
from plants from Chile and Argentina. However, post hoc tests showed no significant difference
among the groups tested (P-value > 0.05), (see Appendix 8, Fig. 9). At this concentration, non-
native populations suppressed germination more than natives (0.7% vs. 4.62%), and this was
generally determined by populations from Argentina and Chile which had zero germination.
Exposure of seeds to the highest leaf-extract concentration (0.75%) completely suppressed seed
germination for C. solstitialis from all population sources.

Lettuce seeds in both control groups took an average of 2.2 days to germinate after being
sown, reaching a peak in the third day (Appendix 9). Seeds exposed to leaf-extract
concentrations took longer times to germinate. The number of days to germination for seeds
exposed to 0.25% leaf extract was different among regions (F = 3.091, df =5, 171; P = 0.010, AIC
null model = 192.3 vs. AIC full model = 197.7), with seeds treated with the Australian extract
emerging first (4.7 days £ 0.21) followed by seeds exposed to Californian, Spanish, Chilean and
Turkish extracts (all longer than 5 days) whereas seeds treated with Argentinean extract took the
longest to germinate (6.0 days + 0.47), (Appendix 9, Appendix 10, Fig. 10).

However, no differences were found between the native and non-native ranges (x%) =
2.332, P =0.126, AIC null model = 723.8 vs. AIC full model = 724.2). Seeds exposed to the 0.5%
extract showed no differences in days to germination neither among regions (F =0.397; df =3, 9;
P =0.757, AIC null model = 13.84 vs. AIC full model = 9.460), nor between ranges (x?u) = 0.226, P
=0.634, AIC null model = 57.66 vs. AIC full model = 55.88) (Appendix 11, Appendix 12, Fig. 10).
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Figure 10. Effect of two different concentrations of C. solstitialis leaf extract on days to
germination. Both positive and negative control took 2.2 days to germinate. No seeds from

Chile and Argentina germinated at 0.5% extract
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Effects of leaf-extracts on Lactuca sativa radicle length

Control seedlings achieved an average root length of 12.0 + 0.06 mm (mean # SE) for
positive control and 9.3 + 0.04 mm for negative control. Radicle lengths of germinants exposed
to 0.25% leaf extracts were much shorter than in the controls, and significantly differed among
regions overall (F region =4.091, df =5, 171; P = 0.001; AIC null model =-421.9 vs. AIC full model
=-411.9). No significant differences were found between the native and non-native ranges (x%u)
= 0.321, P = 0.570; AIC null model = 89.08 vs. AIC full model = 87.40). Lactuca sativa seeds
exposed to 0.25% Australian, Californian and Spanish leaf extracts produced roots that were 60%
shorter than those of the controls; and seeds exposed to extracts from Chile, Turkey and
Argentina produced roots that were about 80% shorter than the controls (Appendix 13, Fig. 11).

The average radicle length of the seeds in the 0.25% extract was 3.6 £ 0.02 mm.
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Figure 11. Impact of two different concentrations of C. solstitialis leaf extract on lettuce seedling

radicle length (mm). Different letters indicate statistically significant groups (p<0.05)
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Seeds exposed to 0.5% treatment also showed significant differences among regions
overall (F region=8.117,df =5, 13; P =0.001, AIC null model = - 115.0 vs. AIC full model = - 98.09),
but there were no differences between the native and non-native ranges (x2(1) = 1.625, P =
0.202; AIC null model = - 49.41 vs. AIC full model = - 49.79). No seeds exposed to extracts from
Argentina or Chile germinated, but root length decreased more than 85% in response to extracts
from Australia and Spain, and more than 90% in response to extracts from Turkey and California,
compared to the controls (Appendix 14, Fig. 11). Average radicle length was 1.3 + 0.01 mm for

this treatment.

DISCUSSION

Our findings supported the potential allelopathic effects of C. solstitialis leaf leachates,
and showed substantial variation in leaf-surface chemical composition and inhibitory effects
among world regions. Allelopathic effects were strikingly weaker in the non-native regions of
California and Australia than in any of the other four studied regions worldwide. Extracts from
introduced populations in Chile and Argentina showed strong inhibitory effects, similar to those
from native populations in Spain and Turkey. This suggests that C. solstitialis may have developed
different leaf chemical profiles in different parts of the world where it has been introduced.

To the best of our knowledge, this is one of the first studies to report lower allelopathic
effects in introduced regions of an invasive compared to native regions (but see Lankau et al.
2009). This suggests that chemical defenses might not be as important for invasive success in
these regions as they are in other non-native regions and in the native range, potentially due to
shifting selection pressures such as biogeographical differences in the relative importance of
competition or herbivore release (Gruntman et al. 2017). However, confirming such a conclusion
would require expanding the target species to include those that are dominant in each particular
non-native region.

Geographically, leaf-surface extracts of C. solstitialis were highly variable in the
composition of alkanes, sesquiterpene lactones, and pentacyclic triterpenoids; but with a clear
predominance in all regions (> 64%) of the biologically important sesquiterpene lactones. Leaf-

surface composition of sesquiterpene lactones as a group was similar between regions, but
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sesquiterpene lactone sub-types differed among regions. Most of the sesquiterpene lactones
identified in this study have been shown to possess a wide spectrum of biological activities and
to be active at very low concentrations which makes them good candidates as allelopathic
compounds. The mode of action of sesquiterpene lactones is not well understood, but we know
that they can interfere with cell membrane functions and protein synthesis, and cause oxidative
stress (Bachelier et al. 2006). For example, acroptilin and repin from C. solstitialis were found to
promote lettuce root elongation at 10 ppm, but inhibit elongation at 80 ppm (Stevens and Merrill
1985). Both repin and subluteolide, the major sesquiterpene lactones identified in our study are
highly reactive epoxides (Burrows and Tyrl 2013), with repin surpassing the toxicity of
subluteolide > janerin > cynaropicrin > acroptilin > solstitialin in an in vitro cytotoxicity bioassay
(Riopelle and Stevens 1993). Repin was also found to inhibit the growth of plants in vitro (Stevens
et al. 1990) and interfere with insect larval growth and deter insect herbivory (Rosinski et al.
1988).  Another class of compounds, cynaropicrin derivatives have well-documented
antimicrobial and anti-insect activities (Bachelier et al. 2006; Bhattacharyya et al. 1996; Cis et al.
2006) and in this study were found exclusively in non-native regions. Similarly, solstitialin, a
chemical specific to C. solstitialis (Heywood et al. 1977) could potentially represent a novel toxin
in the non-native areas, particularly because of its high toxicity against eukaryotic and prokaryotic
cells (Cheng et al. 1992). Although both solstitialin A 3-acetate and solstitialin A 13-acetate were
present in the leaf extracts, only the latter is known to exhibit biological activity (Ozcelik et al.
2009), but its concentrations where higher in natives plants relative to non-natives. Lastly,
janerin, a compound displaying promising insect antifeedant activity (Cis et al. 2006), also
exhibited levels similarly high across all regions. Our PCA analysis indicated that each region had
somewhat unique concentrations of many of the major potential allelochemicals, such as
solstitialin A3-acetate and solstitialin A13-acetate in Spain and Turkey, janerin and subluteolide
in Australia, repin and cebellin F in Argentina and California or a unique ““cocktail”’ of different
chemicals such as epoxyrepdiolide, acroptilin, aguerin B, and desacylcynaropicrin in Chile. Note
that our PCA analysis was based on 24 variables (representing all the chemical compounds
identified in the extract), and explained 66% of the inertia variance in the first two axes (PC1 and

PCA2). For this type of chemical compound analysis it is well known that the more variables, the
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less explanation in the multivariate ordination. Other studies on plant phytochemical profiles
reported similar or lower values of variance for constituents of essential oil of Dracocephalum
kotschyi (PC1 + PC2 = 68%) (Jalaei et al. 2015) and Citharexylum spinosum (PC1 + PC2 = 60%) (El
Ayeb-Zakhama et al. 2017), and for chemical compounds of Alliaria petiolata leaves (PC1 + PC2 =
58%) (Barto et al. 2010). Sotes et al. (2015) also profiled the leaf chemistry of C. solstitialis from
four of the six world regions included in our study, but they did not test for allelopathic effects.
That previous study found a similar sesquiterpene lactone fraction as described in this study, with
the exception of California, where sesquiterpene lactones concentration as a group was higher.
We found fewer different alkanes than Sotes et al. (2015), and for the total amount of alkanes
we found 74% more in Spain and California, 44% more in Turkey, and 23% more in Chile. These
differences could be due to phenological changes in the chemical content of leaves (see Alvarez
2008; Locken 1985; Geppert et al. 1983), since we sampled rosette leaves in pre-reproductive
adult plants, whereas Sotes et al. (2015) sampled flowering plants.

We found substantial geographical variation in chemical profiles, but we could not
unequivocally connect specific chemical compound concentrations and the effects of extracts on
germination and radicle growth rates. This may be because many different chemical compounds
have similar phytotoxic effects or that interactions between different chemicals create effects
that are not explained by the individual chemical concentrations. For example, triterpenes can
also disrupt cell membranes (Almeida et al. 2002). Moreover, some of the chemical compounds
present in the extracts could not be identified (3—11%), although their absorption spectra
indicated similarity to lactones, and these may have enhanced or diminished the biological
potency of the different extracts. A recent study has found reduced diversity in leaf microbiome
in invading C. solstitialis plants compared to natives (Lu-lrving et al. 2019). Our plants were
subjected to uniform growing conditions and it is unlikely that some extracts were potentiated
by the presence of co-extracted bacterial metabolites.

Our study targeted all chemical compounds on the leaf surfaces, but under natural
conditions different compounds may have different rates of release and accumulation into the
soil and may not act simultaneously. Additionally, we used a target species which is known to be

sensitive to phytochemicals at low concentrations, but the response might have varied with other
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bioassay species. For instance, a 0.5% w/v aqueous extracts of intact green, senesced leaves and
combined ground leaves of C. solstitialis from Idaho did not affect the germination of Bromus
tectorum, Agropyron spicatum, Agropyron intermedium, Festuca idahoensis and C. solstitialis
itself under greenhouse conditions but negatively impacted radicle elongation for all species
(Zamora 1984). An important point to consider in allelopathy is the concentration and
persistence of the terpenoids in soil. This can be transient and influenced by the chemico-
physical properties of the substrate and the microbial communities (Kokalis-Burelle and
Rodriguez-Kabana 2006). For instance, Picman (1987) found that the compound isoalantolactone
disappeared completely from soil after 3 months. Another study showed that parthenin can be
rapidly degraded in the soil, in the course of a few days, depending on the dose and the
experimental conditions (Belz et al. 2009). Similarly, very small quantities of cnicin were found
in soil infested with C. maculosa (Locken and Kelsey 1987).

The allelochemical concentrations detected in our study may only partially reflect the real
field situation where different biotic and abiotic factors come into play. Certain sesquiterpene
lactones in C. solstitialis were found to vary seasonally in their concentration in plants from
California, with an increase in these compounds as the plants matured (bolting and flowering
stage), compared to the rosette stage (Alvarez 2008). However, they found no difference in
chemical composition and concentration between different plant parts tested (e.g., leaves, stems
and flowers) suggesting that they may all contribute to a potential phytotoxicity during plant life
and after plant decomposition; and given the high biomass production in this species it may also
result in residual allelopathy (Alvarez 2008). In California, C. solstitialis has an extended
reproductive season, and flowers after the early season native annuals have set seeds (Roche et
al. 1994). The plant starts to lose its leaves by early fall and seeds begin to germinate with the
arrival of the fall rains (Sheley et al. 1999). This corresponds with the emergence of native and
other exotic species, which makes forms of interference possible. In naturally occurring C.
solstitialis infestations, averaging a density of 240 plants/m2, decaying shoot tissue represents
1.38% w/w of the soil sample (Zamora 1984). Soil mixed with ground C. solstitialis shoots and
roots and supplemented with nutrients showed increasing inhibition of several plant species with

increasing residue concentration in the soil (Zamora 1984). Likewise, soil from field plots with
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natural vegetation, C. solstitialis alone and no vegetation showed that litter removal from soil
significantly increased the root length of B. tectorum and C. solstitialis (Zamora 1984) but it was
not clear whether this was due to nutrient deficiency or allelopathic compounds present in the

soil.

CONCLUSIONS
Our bioassays showed that C. solstitialis leaf leachates can have allelopathic effects, but

those effects present substantial biogeographical differences. These differences suggest that
there can be lower allelopathic investments in some non-native regions where C. solstitialis is
nonetheless highly invasive, compared to the native regions. We found differences in allelopathic
effects among C. solstitialis regions, with plants from some of the non-native regions having
weaker effects on lettuce germination, days to germination, and radicle elongation than plants
from the native regions. The negative effects of leaf extracts from C. solstitialis from non-native
California and Australia were far lower than for plants from the other regions, with extracts from
Chile having stronger negative effects than plants from the other regions. Collectively, this
suggests that rapid selection on the biochemical signatures of an exotic invasive plant species
can be highly region-specific in different regions globally. Alternatively, founding effects due to
introductions from different source populations in different world regions might have resulted in
inherently different chemical signatures among regions. Our study is among the first to focus on
biogeographic differences in the chemistry composition of allelochemicals and allelopathic
effects, thereby providing fundamental insights into plant—plant chemical interactions in an
invasion context. The difficulties intrinsic to international sampling and the high amounts of leaf
tissue needed for chemical extraction are likely the reason why, to our knowledge, no other study
has been able to assess biogeographic variations of allelopathy in more than 2—-3 world regions
previously. Further studies are now needed to lay emphasis on within region-variation, i.e.,

within and among populations of each distinct biogeographical region.
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ABSTRACT

Invasive species can rapidly adapt to new introduced regions. Classic evolutionary theory
predicts that the accumulation of genetic differences over time in allopatric isolation can lead to
reproductive incompatibilities resulting in decreases in reproductive success and, eventually, to
speciation. However, the evidence for this theoretical prediction in the context of invasive
species is anecdotal. We tested the hypothesis that allopatry influences reproductive output in
geographically isolated and divergent genotypes of invasive species, when regional backcrossing
occurs. We conducted a greenhouse experiment outcrossing Centaurea solstitialis individuals
originating from 20 source populations in the native range and 30 source populations in four
different non-native ranges and evaluated reproductive success as seed set. This invasive weed
has shown some incipient degree of reproductive isolation between populations in California and
Spain previously, and represents a good candidate to test for early signs of speciation. We found
mixed fitness effects, ranging from increases to decreases to no net difference in fertility. Non-
native populations in the Americas experienced a pattern of reduced fertility ranging between
18% to 42% when crossed with paternal genotypes from the native regions. Moreover, these
populations also displayed up to 50% decrease in fertility when mixed with other non-native
populations in the Americas suggesting population divergence there. By contrast, native
maternal plants from Spain benefited the most from crosses with all the non-native regions,
displaying increases in fertility from 44% to 70%, compared with crosses within region. Our
results indicate an asymmetrical response to inter-regional gene flow, with non-native regions
displaying mostly detrimental fitness effects indicative of reproductive incompatibilities while
certain native regions displayed a considerable increase in fertility suggesting heterosis. The
sensitivity and specificity of each region to admixture varied extensively, and it was not predicted
by geographic distance. Our results provide a uniquely comprehensive view of the effects of
geographical isolation on reproduction, and suggest that potential introductions of new

genotypes into different non-native ranges could show unpredictable reproductive output.

Keywords: biological invasions, admixture, reproductive isolation, gene flow, allopatry, fertility,

yellow starthistle
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INTRODUCTION

Invasive species provide insights into evolutionary processes because they often show
remarkable adaptive potential (Maron 2004, Callaway and Maron 2006; Lavergne and Molofsky
2007; HilleRisLambers et al. 2013; Rosche et al. 2019). Invasive plants prove that local adaptation
could occur much faster than initially postulated (Oduor et al. 2016). The ability to adapt to new
environments depends on sufficient genetic variability, which is why many successful invaders
appear to experience multiple introductions before they successfully establish and expand
(Ellstrand and Schierenbeck 2000; Marrs et al. 2008). In the initial colonization stage, low genetic
variability is common, and the introduction of new genotypes can increase reproductive outputs
and fitness by reducing post-colonization inbreeding depression, i.e. heterosis (Dlugosch and
Parker 2008; van Kleunen et al. 2015). However, once a species becomes invasive, accumulation
of habitat specific adaptations over time can lead to increasing degrees of reproductive isolation
(Lowry et al 2008; Montesinos et al. 2012). This isolation can be reinforced by selecting against
immigrant genotypes if local genotypes have higher fitness in local habitats (Hopkins 2013).

Experimental crosses within and between geographically isolated lineages or populations
of the same species can provide insight into the effects of gene flow on fitness and the rates at
which reproductive isolation develops (Waser and Prince, 1989). Some authors have regarded
cross-population reproductive success as roughly equivalent to the degree of reproductive
isolation between populations (Verrell and Arnold, 1989; Sapir and Mazzucco, 2015). But, only a
few studies have addressed the mating success and potential consequences of admixture
between native and introduced populations of invasive species (Wolfe et al. 2007; Montesinos
et al. 2012; van Kleunen et al. 2015, Dlugosch et al. 2015, Dlugosch et al. 2018; Shi et al. 2018,
Filipe and Montesinos 2016). Admixture is regarded as intraspecific hybridization between
different source populations and can either enhance progeny performance across multiple
generations or lead to reduced fitness benefits when highly divergent populations are mixed
(Verhoeven et al. 2011). For example, crosses between populations from one native and two
non-native regions of Mimulus guttatus led to an increase in biomass and seed production in the
first generation progeny (van Kleunen et al. 2015). Another study found a 50% reduction in seed-

sets of intercontinental crosses between populations from one native and one non-native range
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of Centaurea solstitialis, compared to seed-sets of crosses within regions (Montesinos et al.
2012). Additionally, F1 progenies of C. solstitialis derived from crosses among geographically
distinct populations in the native range, exhibited mainly positive fitness interactions in plant
growth rates, consistent with heterosis (Barker et al. 2019).

Centaurea solstitialis is native to Eurasia, and was introduced to Australia and the
Americas, where it is an aggressive invader (DiTomaso et al. 2006). Genomic data and historical
records indicate that C. solstitialis populations from Western Europe were the primary source of
introductions to Chile, and from Chile the species was introduced to California and Argentina.
Several introduced populations in western North America appear to be the result of admixture
with native populations, as a consequence of past multiple introduction events (Barker et al.
2017). In less than 200 years since its introduction, the species had evolved strong phenotypic
divergence for numerous traits between native and introduced areas including divergence in
seed size, germination, and plant size (Hierro et al. 2009; Graebner et al. 2012, Hierro et al. 2013),
higher seed starch content (Widmer et al. 2007), and early flowering phenology (Dlugosch et al
2015). Moreover, there is evidence for incipient reproductive isolation between one native and
one non-native range (Montesinos et al. 2012).

Allopatric evolution predicts that accumulation of adaptive differences among
geographically isolated populations should lead to reproductive incompatibilities, resulting in
decreases in reproductive success, a path to speciation (Via 2009). Invasive species provide an
optimal opportunity to test this prediction, since approximate introduction times are known and
their distributions are typically composed of geographically isolated ranges in different parts of
the world. Here, we test the hypothesis that newly developed allopatry can result in relatively
fast divergence in reproductive success for crosses between different ranges of invasive plant
species. We predict that admixture between newly allopatric populations can result in
differences in seed set due to either heterosis or incipient reproductive isolation. We collected
seeds of the invasive weed C. solstitialis from numerous individuals from each of 50 populations
from six native and non-native regions around the world, and germinated and grew them to
maturity under common garden conditions in a greenhouse. Crosses within and between regions

were used to assess the effect of admixture among geographically isolated ranges on
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reproductive outputs.

MATERIALS AND METHODS
Study species

Centaurea solstitialis is a globally distributed annual herbaceous plant species found in
disturbed habitats, meadows and fields. Centaurea solstitialis has composite flowers (capitulum)
consisting of 20—80 single florets (Leong et al. 2014) and is predominantly self-incompatible
(Maddox et al. 1996) relying on outcrossing to set seeds, although sporadic self-fertilization may
sometimes occur too (Petanidou et al. 2012; Sun and Ritland, 1998). Irimia et al. (2017) found
that C. solstitialis is diploid across its native and non-native ranges, ruling out polyploidy as a
contributing factor for invasive success or reproductive incompatibilities. The flower heads
produce two types of seeds: one that have a short plume (pappus) and the other lacking that
plume (Maddox et al. 1996; Hierro et al. 2009). Populations of C. solstitialis occur allopatrically
and are distinguished by a number of features including density of individuals in the field, seed
size, germination timing, growth rate, adult plant size and competitive ability (Graebner et al.
2012, Hierro et al. 2013, Montesinos and Callaway 2017). In spite of such phenotypic differences,
populations do not differ notably in genomic diversity and successful crosses between some
geographically separated populations have been previously generated (Montesinos et al. 2012,

Barker et al. 2019).

Pollination experiment

Mature seeds of C. solstitialis were collected in the field between 2009-2014, from 50
natural populations spanning localities in the native Turkey and Spain and in the non-native
ranges of Argentina, Chile, California and Australia. Seeds originating from up to ten different
maternal individuals per population (N = 339, see Appendix 15) were germinated in spring 2017
and grown to senescence in 2L pots filled with commerecial soil (Substratos Profissionais, Leal and
Soares S.A., Portugal), in a pollinator-excluded glasshouse at the Botanical Garden of the
University of Coimbra, Portugal. Plants were watered daily and chemical fertilizer was supplied
three times during the experiment, before the flowering onset (Fertiberia Jardin, Spain, NPK: 8-

4-6 plus microelements). We sprayed the plants twice to stop fungal infection, each before the
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onset of the anthesis, with Tebuconazol (Luna Experience, Bayer, containing 200g/L or 17.7% p/p
fluopyram and 200 g/L or 17.7% p/p tebuconazol).

Controlled manual cross-pollinations were made by rubbing mature capitula (flower
heads) to each other. Maturity was assessed based on the presence and abundance of pollen
and on the receptiveness of stigmas, and preliminary tests across the flower anthesis period
developed during previous years were used to determine the optimal phenological stage for
manual cross-pollination. Only one pollen donor was used on each individual capitula. Treated
capitula were grown until ripe and harvested for ovule and seed counting. Experimental crosses
were conducted between the end of May to the end of September 2017.

Five different pollination treatments were applied to each individual plant: 1)
spontaneous self-pollination; 2) manual self-pollination); 3) manual within-population pollination
(crosses between two different individuals of the same population); 4) manual between-
population within-region pollination (crosses between two individuals from different populations
within the same region) and 5) manual between-region pollination (crosses between two
individuals from two different randomly selected populations in two different world regions). All
individual plants (339) used in this experiment acted as both pollen donors and pollen recipients.
Since all treatments were replicated on each maternal plant, we eliminated possible confounding
maternal effects and cross effects. In total, we performed 30 different between-region crosses
combinations and six within-region crosses (Table 7), totaling 3922 yellow star-thistle capitula

pollinated (excluding spontaneous and forced selfing) from 339 different plants.

Table 7. Matrix indicating the different types of manual crosses. The origin of the pollen donor is

shown by columns, and the origin of the pollen receptor by lines. Grey indicates crosses within

region
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o g Turkey | Spain | Argentina | Chile California | Australia
Turkey TRXTR | TRXSP | TRXAR TRXCHI | TRxCA TRxAU
Spain SPXTR | SPxSP [ SPxAR SPxCHI [ SPxCA SPxAU
Argentina | ARXTR | ARXSP | ARXAR ARXCHI | ARxCA ARxAU
Chile CHIXTR [ CHIXSP | CHIXAR CHIXCHI | CHIxCA CHIXAU
California | CAXTR | CAxSP | CAXAR CAxCHI | CAxCA CAxAU
Australia | AUXTR | AUXSP | AUXAR AUxCHI | AUxCA AUxAU
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Fruit harvesting and seed counting

Individual capitula were collected when ripe, approximately two weeks after pollination.
Flower heads were tagged, stored in paper bags, and dissected in the laboratory to count the
total number of ovules with pappus and ovules without pappus in a capitulum, and the number
of viable and non-viable seeds present in each capitula. Seed viability was established visually,
under a light microscope by gently pressing with tweezers on the seed to test for toughness and
resistance to pressure. Preliminary tests involving seed dissection and germination of seeds
collected in the wild allowed us to easily determine seed viability based on these attributes. We
counted total ovule numbers of 1944 capitula from 339 plants, including: 225 spontaneous self-
pollination, 313 manual self-pollination, 265 within population, 263 between populations within

region, and 878 between region crosses.

Data analysis

All analysis were conducted in R v3.5.2. Data on ovule numbers and proportion of viable
seeds vs. total number of ovules per capitula (seed:ovule ratio) were analyzed with generalized
linear mixed models (GzLMMs) as implemented in the gimer function of the Ime4 package in R,
assuming Poisson distribution for ovule counts and binomial distribution for proportion of viable
seeds vs. number of ovules, with region as fixed factor and population as a random factor. If the
model indicated significant differences among regions, we applied Tukey HSD post- hoc tests with

p-values < 0.05 to infer which regions differed, using the multcomp package. To test for
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differences in ovule numbers between native vs. non-native ranges, we generated GzLMMs with
range as fixed factor and region as a random factor. Data on manual selfing rates were grouped
per individual plant and included the seeds produced after selfing and the seeds produced after
outcrossing. We then calculated the self-compatibility index (SCI) (Lloyd and Schoen, 1992) for
every region and each individual plant after the manual selfing treatment based on the formula
below:

Formula 1: SCI = seed-set after selfing / seed-set after outcrossing

SCI ranges from 0 to 1, with 0.75 as the threshold for a plant to be considered self-compatible

and 1 showing full self-compatibility (Lloyd and Schoen, 1992).

We also calculated an index of fertility adapted after Ramsey et al. (2003), by dividing the mean
seed:ovule ratio (S:0) value of the between-region cross to the mean S:0 value of the within-

population within-region cross based on the formula below:

Formula 2: Fl = (Sbetween/Obetween) / (Swithin/owithin)

where Spetween and Opetween indicate the number of viable seeds and total ovules per capitulum for
the between-region crosses, and Swithin and Owithin indicate the number of viable seeds and total
ovules for the within-region crosses, respectively. Index values on or around 1 indicate no
differences in fertility between within-and between-range crosses; values below 1 indicate lower
fertility for crosses between regions relative to crosses within region, and values above 1 indicate

higher fertility for between- than within-region crosses.

RESULTS

Ovule counts

We found differences in total ovule production among the six regions of the maternal genotype
(x2(1) = 18.931, P = 0.001; AIC null model =18969 vs AIC fuil model =18978) (Fig 12 A), but no distinction
between native and non-native ranges (x?(1) = 0.0158, P = 0.899, AIC nul model =19957 v AIC full model
=19956) (Fig 12 B). Argentina produced significantly higher number of ovules incomparison to

Turkey (post hoc test, p = 0.001), Chile (p = 0.001) and California (p = 0.01) (see Fig 12A).
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Figure 12. Ovule production per capitulum (Mean + SE) in C. solstitialis: A) comparison among

the six regions; and B) comparison between the native vs non-natives ranges

Selfing rate

We counted total ovule numbersin 313 capitula from 169 individuals subjected to manual
self-pollinations. Overall, the reproductive success for manual self-pollinations was 10%, with
just 17 individuals (Turkey: 1, Spain: 4, Argentina: 6, California: 3, and Australia: 3) producing at
least one viable seed (global mean of 1.94 + 0.34 SE viable seeds, with a maximum of 5 viable
seeds per capitulum) after manual self-fertilization. The SCl index was consistently low across all
six regions (under 0.01), indicating strong self-incompatibility. At the individual level, only four
plants (2 from Spain and 2 from Australia) displayed full self-compatibility, with a SCI > 0.75. In
the case of the negative control group (spontaneous self-fertilization), we analyzed 225 capitula
from a total of 189 individuals and found only three capitula in three individuals from different
geographic regions that set at least one viable seed (Turkey, California and Australia: 1 capitula

with one viable seed each), with a reproductive success of 2%.
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Fertility rates for crosses within region

We found that the interaction between treatment and range of the maternal genotype
was significant and that it affected fertility rates (x?a) = 3.93, P = 0.047, AIC nuli model = 7291.7 vs
AIC full model = 7293.6). In the non-native range, crosses within population displayed increased
fertility compared to crosses between populations (P = 0.016). There were also differences in
reproductive success among regions of the maternal genotype (Appendix 16). In Argentina and
Chile, crosses between distant populations were disadvantageous relative to crosses within
populations, resulting in 26% and 59% decrease in fertility, respectively. Conversely, crosses
between distinct populations in Turkey and Australia showed 22% and 47% increase in fertility

compared to crosses within population (Fig. 13).
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Figure 13. Seed to ovule ratio for treatments within regions (within population vs between
populations). Seed to ovule ratio is given as the percentage of ovules that developed into viable
seeds from the total number of ovules available in the capitula treated. Mean and standard error
of the mean are also shown. Different letters indicate significant difference between the two

treatments within each region at p < 0.05
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Fertility rates for crosses between regions

Globally, we found differences in fertility rates for crosses between ranges (x%@1) = 31.068,
P < 0.001, AIC full model = 12666 vs AIC null model = 12691). Crosses involving native maternal plants
and non-native paternal plants were more fertile than all other treatment combinations (i.e.
native @ + native d; non-native @ + non-native &, and non-native ? + native &). Additionally,
among the 30 region pair-wise cross combinations tested, 15 differed significantly in terms of
fertility rates (Appendix 17). Spain demonstrated the highest number of positive fitness
interactions with significant increase in fertility whenever pollen from any other non-native
region was used (Table 8, Figs 14 and 15). In several non-native regions, fertility was significantly
affected by pollen source, particularly in the Americas, but the direction of the interaction was
idiosyncratic to each pair of regions (Table 8, Fig. 15). Australia was the only non-native region
that exhibited positive fitness interactions when crossed to other non-native regions. The indices
of fertility for crosses between regions ranged between 1.18 and 1.68 (increased fertility) and

0.51 and 0.85 (decreased fertility) (Table 8).

Table 8. Fertility indices indicating higher (above 1) or lower (below 1) fertility for between-
region than for within-region crosses, for each pair of regions. Bold numbers indicate statistically
significant differences (p < 0.05). Columns indicate the region of origin of the paternal genotypes,

and lines indicate the origin of the maternal genotypes

o ’ Turkey Spain Argentina Chile California Australia
Turkey 0.98 1.26 0.57 1 0.96
Spain 1.16 1.52 1.48 1.43 1.68
Argentina 0.92 0.58 0.89 0.66 0.78
Chile 0.82 1 0.85 0.69 0.74
California 0.88 0.77 0.87 0.51 1.18
Australia 1.04 0.98 1.43 1.02 1.29
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Figure 14. Seed to ovule ratio (S:0) for treatments between regions, and comparison to within

populations within regions values (control), for each of the six maternal regions and their pair-

wise combinations expressed as means and SEs of the means
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Figure 15. The global mosaic of fertility based on the fertility indices shown in Table 8. Fertility
indices indicate higher (above 1) or lower (below 1) fertility for between-region than for within-
region crosses, for each pair of regions. Red lines indicate a decrease in fertility and green lines
show an increase in fertility. Lines with arrowheads at both ends indicate a bidirectional effect
on fertility whereas gradient lines (half red half green) show that the cross generated negative
effects in one direction and positive effects in the other direction. For clarity, only significantly
different interactions are shown. Black dots indicate the seed sources of the C. solstitialis

populations included in this study

DISCUSSION

Allopatry is an important process in ecology and evolution, and it is highly relevant to the
study of invasive biology because invasive species have repeatedly shown to rapidly develop
adaptations to newly colonized allopatric regions. Experimental crosses among C. solstitialis
populations from six different native and non-native regions of the world demonstrated different
reproductive success depending on the biogeographic origin of pollen donors and receivers. A

previous study detected an incipient degree of reproductive isolation between Californian
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maternal genotypes and Spanish paternal genotypes (Montesinos et al. 2012). The present study
confirms that pattern with a much larger sample size and expands the methodology to
encompass most known world regions where C. solstitialis occurs. In our experiment, viable
seeds were obtained in both crossing directions and for all the outcross treatment combinations
but exhibited a high degree of variation across regions, ranges and treatments, depending on the
direction of the backcross. Centaurea solstitialis is an obligate outcrosser, as confirmed by our
manual selfing treatments, indicating that the contribution of selfing to seed set is negligible and
should not constitute a source of bias in interpreting the results of the outcross treatments
conducted.

We found no differences in reproductive investment between native and non-native
ranges in terms of total number of ovules produced. At the global level, crosses within and
between the native and non-native ranges tended to yield similar fertility rates except for when
crossing native maternal plants with non-native fathers which resulted in significant increase in
fertility. However, this may have been driven by results from Spain alone, which exhibited large
reproductive success when crossed with all other non-native regions. We found pronounced
changes in fertility rates in 50% of our pair-wise controlled crosses between native and non-
native C. solstitialis world regions, of which seven interactions were positive (heterosis: increased
fertility) and eight were negative (decreased fertility for inter-regional seed-sets when compared
to within region seed-sets). All but one negative fitness interactions (i.e. seven), occurred in the
Americas, when maternal plants from these regions received native pollen or pollen from
another non-native region in the Americas. This supports the idea that populations in the
Americas are undergoing rapid evolutionary changes and starting to develop incipient
reproductive barriers. In contrast, very strong heterotic effects (increases in seed-set) were
observed for Spanish mother plants each time they were crossed with each non-native region.

According to evolutionary theory, reproductive isolation between populations of the
same species are expected to arise when geographically isolated populations start to accumulate
divergent local adaptations (Widmer et al. 2009). When these populations are brought back into
contact, their potential to interbreed may be hampered by incipient reproductive barriers, and

selection against maladapted individuals from a different population can favour the
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reinforcement of that process. Admixture between these isolated populations may result in
different outcomes depending on whether population differentiation is driven by genetic drift or
by local adaptation. Under the first scenario, gene flow between populations is expected to be
beneficial by masking deleterious alleles, increasing the standing genetic variation, and releasing
the inbreeding load, thus, playing a significant role in the establishment phase of the invaders
(Ellstrand and Schierenbeck, 2000). However, in a population that is locally adapted, admixture
may be selected against because it could disrupt the co-adapted gene complexes leading to
genetic incompatibilities (Verhoeven et al. 2011). Thus, selection against non-local genotypes
may act as a barrier to gene flow and lead to a decline in the reproductive compatibility. Here,
we observed mixed performance for the admixed crosses and also noticed that the identitiy of
the maternal plant seemed to have played a major role in the cross outcome. There is compelling
body of evidence that populations in the Americas have evolved adaptively which lead to the
accumulation of different ecological fitness benefits compared to native genotypes (e.g. Eriksen
et al. 2012, Graebner et al. 2012, Garcia et al. 2013, Barker et al. 2016, Filipe et al. 2016, Irimia et
al. 2019, Montesinos et al. 2019, Montesinos et al. 2018, Montesinos et al. 2017). Although we
lack molecular data relative to the degree of divergence (e.g. Fst index) for these specific
populations we sampled in this study, another paper showed clear differentiation between
populations in Asia (Turkey) and those in Western Europe (Spain), but instead found little
divergence between Western Europe and populations in the two Americas (Barker et al. 2017).
So, genetic divergence alone does not seem to offer a satisfactory explanation for all our results.
The strong negative fitness interactions detected in the non-native range of the Americas
seem to suggest that intraspecific hybridization here may disrupt locally co-adapted allele
combinations via negative epistasis (interaction of alleles at different loci (Barker et al. 2019).
Historical records indicate that C. solstitialis was introduced to South America from Spain first
into Chile around 1600 and from there to California at about 1850 (Gerlach 1997, Pitcairn et al.
2006) from a single genepool (Barker et al. 2016) and ultimately to Argentina approximately 1870
(Hijano and Basigalup 1995). Perhaps similarity in introduction times could contribute to the
extent of the fitness effects observed here. So far, only cross-fertility barriers were reported in C.

solstitialis (Montesinos et al. 2012) with no indication of negative pistil-pollen interactions or
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structural modification in floral morphology that could influence seed output (Montesinos,
personal communication). The fertility rates for crosses between regions for American
populations were frequently asymmetric. Argentina, California and Chile experienced moderate
fertility reduction when treated with native pollen from Spain (the first two regions) and Turkey
(the latter). Some of these results are consistent with the findings of Montesinos et al. 2012,
who detected a reduction in fertility for Californian mothers treated with Spanish pollen,
although in our case the percentage decrease was half of the value reported there. The
dissimilarity might be attributed to a methodological difference as here we analyzed the
seed:ovule ratio, whereas in the original experiment only the number of viable seeds was
measured. However, populations here demonstrated among the strongest fertility reductions
compared to control when treated with other non-native populations in the America. Both
Argentina and Chile showed reduced fertility when treated with Californian pollen and same was
true for Californian mothers receiving Chilean pollen. According to Barker et al. 2017, California
and Chile belong to different genetic clusters, so the genetic distance may be a potential
explanation for the reciprocal incompatibilities observed between these two regions.
Additionally, a weak but significant negative interaction was also detected between populations
in South America when Chilean mothers received pollen from Argentina. Centaurea solstitialis
populations in these two regions appear to be part of the same genetic cluster (Barker et al.
2017), but more sequencing effort of individuals from Argentina is required to tell whether there
is any fine population sub-structure in South-America where the Andes may act as a natural
barrier to gene flow. On the whole, these results seem to suggest that populations in the America
were more prone to develop negative fitness interaction than any other region when backcrossed
to native populations as well as with other non-native populations. In contrast, we found only
one negative interaction in the native area —the cross between Turkish maternal genotypes and
Chilean paternal genotypes. These two regions are characterized by low levels of genetic
divergence between them, based on structure analysis of hundreds of SNPs (Barker et al. 2017)
which suggests that other mechanisms should be responsible for the reciprocal decrease in
fertility. For instance, the effects of admixture on the first generation of hybrids between

different source populations of C. solstitialis from the native area concluded that both the
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identity of the maternal parent and the genetic diversity present within the maternal population
were important for the performance of the hybrid (Barker et al. 2019). They hypothesized that
some of the negative fitness effects might have been due to cyto-nuclear incompatibilities, as a
consequence of a rapidly evolving plastid genome (Barker et al. 2019).

The large increase in reproductive success when Spanish populations served as the
maternal parent in crosses with all other non-native regions might be explained by the fact that
populations in this region where the primary contributors of seeds that colonized the Americas,
potentially serving as a “bridgehead” (Barker et al. 2017, Barker et al. 2019). The invasive
bridgehead effect refers to a particular population that serves as the proximate origin of
successful introductions into several other areas (Lombaert et al. 2010). Barker et al. (2019) also
found very strong positive fitness interactions in F1 progenies derived from maternal genotypes
from Western Europe plants, as was the case in this study. Centaurea solstitialis populations in
Western Europe are the result of a recent admixture event between Asian and eastern European
populations (Barker et al 2017), but experimental crosses in this region seem to provide
additional fitness benefits. Among non-natives, California and Australia were the only two
regions involved in positive fitness interactions, with a bidirectional seed increase between
California and Australia and unidirectional seed increase between Australia (?) and Argentina (&).
The population structure and colonization history of C. solstitialis in Australia, which is believed
to have been introduced there around 1892 (Kloot 1983), has not been yet resolved with
molecular data. Our results suggest that populations in the Americas might have been

contributing sources to the colonization of Australia.

CONCLUSIONS

Our experiment revealed a biogeographic mosaic of fertility among half of the pair-wise
experimental crosses between allopatric regions of C. solstitialis, showing evidence of both
heterosis and reproductive incompatibilities. Fitness interactions appeared to be asymmetrical
and mostly unidirectional although some crosses generated bidirectional interactions too, with a
fertility index exhibiting large variation. These results expand current evidence of rapid evolution

in this invasive weed after relatively short time since introduction in non-native areas.
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Additionally, our results also support the idea that, at this stage of invasion, potential admixture
in some C. solstitialis non-native ranges could have detrimental effects on local populations, but

that in some others (Australia) could result in increased fertility.
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ABSTRACT

Invasive species often possess a great capacity to evolve rapidly, and to adapt to local conditions
post introduction, while exhibiting a large amount of spatial trait variation. Phenotypic
differentiation in multiple traits can be due to several factors, such as varying selection, genetic
drift, or plastic responses to the environment. We explored the factors driving geographic
differentiation of several phenotypic traits in the highly invasive weed Centaurea solstitialis by
measuring neutral genetic differentiation (Fst) at 1975 genome-wide single nucleotide
polymorphisms (SNPs) and comparing it with phenotypic differentiation (Pst) in a common
garden experiment in individuals across two native (Turkey and Spain) and four introduced
regions (Argentina, Chile, USA, and Australia). Adaptation due to divergent selection is likely to
have occurred where Psr is significantly greater than Fsr. The genetic data was also screened for
SNPs showing significantly elevated Fst relative to the genomic background as these markers
might be linked to genes under selection. We found clear genetic structure between native and
non-native areas, with further evidence of divergence between Argentina and Chile in South
America. Native plants tended to produce more flower heads than non-natives, whereas non-
natives produced larger seeds of the plumed morph. This observation was also reflected in the
global Pst — Fst comparison, which demonstrated that seed mass is putatively an adaptive trait.
In contrast, traits linked to growth (i.e. bolting day) demonstrated lower Pst values compared to
the mean Fsr, suggesting stabilizing selection. Psr values for days to flower and spine length
exceeded neutral Fst in the pair-wise comparison between non-native California and Australia,
indicating divergent selection between these regions. Gene ontology analysis of 19 highly
divergent SNPs mapped to 17 genes revealed their functional involvement in gene modulation
and regulation, suggesting a possible role of epigenetics in shaping adaptive differentiation
between native and invasive genotypes. Our study indicated that rapid adaptive evolution has
contributed to the success of C. solstitialis and provides new insights into traits that can

contribute to fitness advantage in non-native populations.

Keywords: invasive plants, yellow-starthistle, single nucleotide polymorphisms, neutral genetic

variation, biogeography, Psr-Fst
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INTRODUCTION

Different populations of a single species occur in a range of different environments and
can therefore experience different local selection pressures which in turn can lead to intraspecific
variation and local adaptation (Blanquart et al. 2013). Many factors, such as gene flow, genetic
drift, mutations, and standing genetic variation, influence the extent and rate of population
differentiation and local adaptation (North et al. 2011; Lai et al. 2019). For introduced invasive
species, detecting quantitative trait differentiation requires comparing the fitness performance
of different genotypes in their novel environments relative to that of their native environments
(“home vs away” comparison; Pigliucci, 2001; Blanquart et al. 2013).

A powerful approach to identify potentially adapted traits, relative to divergence caused
by other neutral processes, is to compare the genetically-determined quantitative trait
differentiation among populations (termed Qsr, Spitze 1993; Leinonen et al. 2013) with neutral
genetic differentiation (Fst) (Wright 1951) in common garden experiments. However, estimation
of Qst requires prior knowledge about relatedness between sample individuals to account for
within and among-population additive genetic variance, usually achieved by studying the
progeny of controlled crosses, which for some species might not be feasible. An alternative to
Qst is Pst, when species are not suitable for breeding designs that allow the estimation of additive
genetic variance. Pstuses purely phenotypic data to compare the influence of genetic adaptation,
phenotypic plasticity and genetic drift as causes of population differentiation (Leinonen et al.
2006; Leinonen et al. 2013). Under the neutral expectation, Pst equals Fst, with any significant
deviation indicative of an additional influence of selection on Psr. If Pst> Fst, divergent selection
favors different phenotypes in different populations, while if Psr < Fsr, stabilizing selection favors
the same phenotypes in different populations. A disadvantage of Pst compared to Qsr is that it
does not isolate additive genetic variance from environmental variance as effectively so that Pst
estimates tend to be larger than Qs estimates (Pujol et al. 2008). Nonetheless, Pst can still prove
informative as an exploratory tool for assessing selection, provided that highly conservative
approaches are taken in interpreting the results of the Pst-Fst comparison (see Brommer 2011;
O’Hara and Merild 2005; Leinonen et al. 2013).

Invasive species represent interesting study systems to explore different evolutionary
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processes in a contemporary time frame. When exotic species are introduced into new areas,
they need to cope with novel biotic and abiotic pressures and adapt quickly in order to survive
and establish (Bossdorf et al. 2005). Their adaptive potential depends on population genetic
characteristics and phenotypic plasticity responses in climatically diverse areas and successful
invasion can lead to the creation of a mosaic of geographically adapted populations (Matesanz
et al. 2012). Reproductive isolation may also begin to evolve between allopatrically isolated
populations as a byproduct of this genotypic and phenotypic differentiation (see Lowry et al
2008; Montesinos et al. 2012). Many hypothesis have been proposed to explain the factors
contributing to biological invasions (Jeschke et al. 2012) but little research has been done to
investigate the molecular mechanisms underlying rapid adaptation of invasive species. In the
work that has been done in this area, studies have shown that genes associated with
photosynthesis, energy metabolism and stress response to pathogens are likely to be up-
regulated in invasive species and contribute to higher adaptive potential (Prentis et al. 2010; Guo
et al. 2018).

Centaurea solstitialis is a widely distributed invader, native to Eurasia and highly invasive
in the South and North Americas where it has been relatively recently introduced in the last 400
and 200 years, respectively (DiTomaso et al. 2006). Genetic analysis suggest that C. solstitialis
populations in California and Chile originate from a single introduction event derived from
Western Europe (Spain) and that high levels of genetic diversity in California could be due to
increased connectivity and population size during range expansion as well as post-introduction
evolution (Barker et al. 2017). This weed has spread across a wide range of elevations in
California from coastal areas to the interior part of the state and is currently expanding its range
into mid and high elevations of the Sierra Nevada Mountains (Pitcairn et al. 2006; Swope and
Parker 2010). Additionally, its worldwide distribution spans contrasting climates such as
Mediterranean climates with summer drought and winter rain in California and Chile and
continental climates with predominately summer rain in Argentina (Hierro et al. 2009). These
differences in climatic regime could impose divergent selection pressures and lead to the rapid
evolution of variation in phenotypic and physiological characters. Indeed, evidence of rapid

adaptation in the introduced areas has been documented in C. solstitialis (Hierro et al. 2009;
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Graebner et al. 2012; Garcia et al. 2013; Eriksen et al. 2012; Dlugosch et al. 2015; Barker et al.
2017; Montesinos and Callaway 2018)..A Qst-Fst comparison of C. solstitialis populations from
Republic of Georgia, Turkey, Argentina and California based on seven EST-SSR loci found evidence
of selection for increased size related traits (leaf length and plant height) in non-native areas
(Eriksen et al. 2012). Similarly, other studies found support for acceleration of growth, earlier
flowering time and increased reproduction in invasive populations of C. solstitialis from California
compared to native populations (Dlugosch et al. 2015), as well as increased allocation for spine
growth (Garcia et al. 2013) and even incipient reproductive incompatibilities (Montesinos et al.
2012). Meanwhile, a reciprocal home and away common garden experiment showed twofold
increase in seed mass for invasive Argentinean populations compared to native Turkish
populations (Hierro et al 2013). Plant size, density and final establishment were also greater for
plants from Argentina grown in the common garden in Argentina, whereas no differences related
to source population were observed in the common garden in Turkey (Hierro et al 2013). These
results support that invasive Argentinian C. solstitialis exhibits local adaptation rather than
phenotypic plasticity (see also Montesinos and Callaway 2018).

In this study, we search for genetic signals of divergent selection in native and non-native
populations of C. solstitialis by measuring Fst across 1975 single nucleotide polymorphisms (SNPs)
and comparing it with phenotypic differentiation (Pst) for multiple ecologically relevant traits
(plant size, reproductive success and physical defense). We conducted a common glasshouse
experiment with several population accessions from Turkey and Spain (native area) and from
Argentina, Chile, California and Australia (non-native regions) to quantify trait variation among
native and non-native genotypes. We used double digest restriction site associated sequencing
(ddRADseq) to generate genome wide SNP marker genotypes to identify C. solstitialis population
structure, assess genetic diversity across regions and to measure Fst for comparison with Psr.
Notably, we generated molecular data for C. solstitialis in Australia, an invaded region never
sampled before in genomic studies and we further improved population genetic resolution in
South America. We also tested for signals of selection across SNP loci and investigated the

genetic basis of adaptation by identifying outlier SNPs within genes based on the C. solstitialis
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assembled transcriptome and conducting functional annotation of these genes according to

Arabidopsis thaliana gene ontology annotation.

MATERIALS AND METHODS

Study species and sample collection

Centaurea solstitialis is a highly invasive diploid annual plant in the Asteraceae. The
phylogeographic history of C. solstitialis is well understood and is characterized by a series of
human mediated colonization and admixture events (Erikson et al. 2014; Barker et al. 2017). The
geographic origin of the species is considered to be Turkey (Uygur et al. 2004, Garcia-Jacas et al.
2006) from where the species went through a slow stepwise range expansion into Western
Europe, with populations from Spain serving as the main source of native seeds for introductions
in the Americas (Barker et al. 2017). For this study a total of 46 C. solstitialis populations were
sampled in the wild between 2009 and 2014. Ten populations were from Turkey, nine from
Spain, ten from Argentina, four from Chile, seven from California and six from Australia (Appendix
18). Mature seeds were collected from up to ten different maternal individuals in each
population. Populations spanned sites in the native area represented by Asia (eastern Turkey)
and Western Europe (Spain), as well as introductions in South America (Argentina and Chile) and

North America (California) and Australia.

Phenotypic traits

Seeds were germinated in a glasshouse at the Botanical Garden of the University of
Coimbra in 50 cell plug trays containing commercial soil (Substratos Profissionais Leal and Soares
S.A., Portugal) and seedlings were transplanted into 2L square plastic pots (1 plant per pot) filled
with the same type of potting soil about three weeks after germination. Plants were kept in the
glasshouse, where they experienced natural sunlight and Mediterranean climate in Coimbra and
were grown to maturity and senescence (March to November 2017). We scored seven
morphological traits on each individual that reached reproductive stage and survived through
senescence (N = 330) including (1) days to bolting; (2) days from bolting to flower, (3) length of

the largest spine; (4) adult plant height; (5) number of inflorescences; (6) ovule number and
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(7) mass of the plumed seeds (fibrous outgrowths). Plant height and spine length were measured
to the nearest mm using a flexible ruler. A plant was considered to have initiated bolting when
a flowering stem of ~ 5 cm tall started to extend from the basal rosette. At the end of the
reproduction period, we counted all the inflorescence and lateral floral buds on each individual.
Ovule counts in a capitulum included the number of aborted and viable seeds. Seeds were stored
in paper bags at room temperature for 6 months, before weighing on a Kern ALJ analytical

balance (Balingen, Germany) to the nearest mg.

ddRADSeq library preparation

We selected 194 individuals sampled across the six regions for reduced representation
sequencing (ddRADSeq). Genomic DNA was isolated from silica gel dried leaves sampled from 8
weeks old individual plants grown under common glasshouse conditions, using the CTAB protocol
(Doyle and Doyle 1987). Leaf tissue was ground to a fine powder with the Tissue Lyser Il (Qiagen)
for 2 minutes at 25Hz. Following extraction, DNA quality and quantity was assessed on a
Nanodrop 2.0 spectrophotometer (Thermo Fisher) and a Qubit 2.0 fluorometer (Invitrogen Life
Technologies) using the QuantiFlour dsDNA sample kit (Promega, Madison, USA). A starting
qguantity of 500 ng of purified DNA from each individual was digested with the restriction
enzymes, Pst1 (recognized sequence and cut site: CTGCA/G), and Msel (TATAA), followed by the
ligation of unique paired combinations of individual P1 and P2 barcoded adapters (kindly supplied
by K. Dlugosch, Arizona University, see Appendix 19 for adapter and barcode sequences),
following the protocol by Barker et al. 2017. The barcoded individuals were pooled in a single
library that was purified using SpeedBead Magnetic Carboxylate modified particles (GE
Healthcare UK) and size-selected for DNA fragments between 300 and 550 bp on a Pippin Prep
automated size selection system (Sage Science, Beverly, MA, USA) using a 2% agarose gel cassette
(dye free 100-600bp, DNA size range collection with external marker L; Sage Science). The size
selected DNA library was amplified by 11 PCR cycles using Phusion High-Fidelity DNA polymerase
(New England BiolLabs, Massachusetts) on a Prime Thermal Cycler (Midwest Scientific, St. Louis)
(program: initial denaturation: 2 min — 98°C, followed by 11 cycles of denaturation: 98°C — 10s,

annealing: 65°C — 30s, extension: 30s — 72°C and a final extension of 10 min — 72°C), to increase

80



Chapter IV

the concentration of properly ligated DNA fragments, and the resulting product was purified with
SpeedBead modified particles and then eluted in 10 uM TrisHCI-EDTA solution. Library fragment
size distribution was visualized on an Agilent 2200 TapeStation System by testing 1ul of purified
DNA library using the D1000 high sensitivity ScreenTape and D1000 Sample buffer (Agilent
Technologies). Quantitative PCR (qPCR) was done using the NEBNext Library quantification kit
for lllumina (New England Biolabs, Massachusetts) to measure the concentration of the pooled
library on a BioRad CFX connect real time system (BioRad, California). Libraries were sequenced
on five separate lanes of an lllumina HiSeq 2500 (lllumina, Inc, San Diego, CA, USA) at the
University of Durham Genomics Sequencing and Analysis Facility, UK, to generate 125 bp paired-
end reads. In total, we obtained ~ 1.26 billion pair-end lllumina reads across 194 individuals.

Accessions and run information are available in NCBI (data will be submitted by publication).

Data processing

Morphological traits and phenotypic divergence index

Data were checked for heteroscedasticity and normality by Levene’s and Shapiro—Wilk
tests (Levene 1960; Shapiro and Wilk 1965), and log transformed when these assumptions were
not met. To test the differentiation of phenotypic traits between regions we generated
generalized linear mixed-effects models in R 3.5.2 (R Development Core Team 2014) by
employing the Ime4 package (Bates et al. 2015), with region as fixed factor and population as a
random factor. If the models indicated significant differences among regions, we applied Tukey
HSD post hoc tests with P-values < 0.05 to infer which regions differed and graphically
summarized the data using boxplots. We performed a principal component analysis
(standardized and centered PCA) to visualize trait differences between native and non-native
ranges of C. solstitialis by employing the prcomp function to compute principal component scores
and plotted the PCA with the ggbiplot 0.55 package (Vu 2011). Missing data (less than 15% for
ovule number and plumed seed mass and less than 5% for the remaining traits) were
conservatively replaced with mean values for that particular trait. We used the psych and stats

packages in R (Revelle 2018) to test for character correlations, generate pairwise scatter plots
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and compute Pearson correlation coefficients. To compare the level of phenotypic
differentiation with the level of genotypic differentiation at neutral markers we calculated Psr,
an index which assesses for differentiation among populations in phenotypic traits. Pst for
each trait and each paired region combination was calculated using a Bayesian approach
following Leinonen et al. 2006 by fitting a linear model with population as a random effect and
the trait of interest as a covariate using a Gibbs sampler implemented in the software
WinBUGS 1.4.3 (Lunn et al. 2000) and specifying the corresponding mean value of Fsr. All
phenotypic traits met normality assumptions except number of inflorescences, which was log
transformed before fitting it into the model. Posterior distributions were obtained by running
five independent chains (50 000 iterations) after a burn in of 1000 iterations. Bayesian
credibility intervals were estimated for both Pst and Pst— Fst difference. If the credibility
interval of the Pst— Fst difference was higher or lower than zero, we regarded it as an indication
that the trait tested is putatively under divergent or convergent selection, respectively.
Alternatively, when the Pst — Fst credibility interval overlaps zero, the observed degree of

differentiation at quantitative traits could be the outcome of genetic drift solely.

De novo SNP discovery

Sequencing data was demultiplexed or assigned to each sample individual according to
their unique paired barcode sequences and reads were quality filtered using Stacks 2.2 (Catchen
et al. 2011; Catchen et al. 2013) to remove reads containing adapter sequence and low-quality
base scores (a phred score below 10). The average number of reads per individual after
demultiplexing and filtering was 6.5M (range 300K - 44M). All reads were end trimmed to 115
bp to ensure that they were of the same length before running it through the denovo_map
pipeline. We used only the complete paired reads in the mate files 1.fq and 2.fq to perform the
alignment in denovo_map.pl with the following set of parameters: a minimum coverage depth
of five to create a stack (-m =5), a maximum mismatch distance of two nucleotides between loci
when processing a single individual (-M = 2), a maximum of two stacks at a single locus (-X = 2),
and a mismatch distance of two nucleotides between loci (-n = 2), to account for the possibility

of fixed differences at loci in individuals when creating the catalog of loci, according to Barker et.

82



Chapter IV

et al. 2017. The C. solstitialis individuals were grouped into six geographic regions by supplying
the population map into the denovo pipeline. We obtained 526.533 variant sites (unfiltered)
across 194 individuals. Fifty individuals had sequenced very poorly with less than 500,000 reads
each, so we decided to remove them and keep 144 individuals (24 per region x 6 regions) for all
the subsequent analysis. VCFtools were used to filter the genotype data for the highest quality
genotype calls by filtering out indels, including only bi-allelic sites (--min-alleles 2 --max-alleles 2),
including only a minimum genotyping proportion per population of 0.9, and retaining only sites
with a minor allele frequency greater than 0.05 in the whole dataset. These filtering steps

retained high quality genotypes for 2138 variant sites (SNPs) across 144 individuals.

Genomic signatures of selection

We used three methods to conduct global outlier analysis across regions to identify
variant sites that reliably showed signals of selection across multiple methods. First, we used
BAYESCAN v.2.1 (Foll and Gaggiotti, 2008) to run a logistic regression model that decomposes Fsr
into a locus- and population-specific component. The method allows for different migration rates
and effective population sizes among subpopulations thus relaxing the conditions of the island
model applied by other selection detection methods. We conducted 10 pilot runs each consisting
of 5,000 iterations, with a burn-in of 50,000 iterations, a thinning interval of 10 and prior odds
for neutral model set to 10, for a total of 3 replicates runs. Bayescan detected 11 putative outlier
loci (g-value < 0.05). Secondly, we used OutFlank v0.2 package in R (Whitlock and Lotterhos
2015) to calculate a theoretical distribution of Fsr by trimming out loci in the upper and lower
tails of the distribution and using the remaining loci to infer the distribution of Fst for neutral
markers by assigning g-values to each locus to detect outlier loci as candidate for local
adaptation. OutFlank retrieved 36 putative outlier loci with a g-value < 0.05. Lastly, we used the
PCAadapt package 4.0.3 in R (Luu et al. 2017) to compute the covariance matrix on the centered
and scaled genotype matrix (linear combinations of allele counts). PCAadapt assumes that
markers related to population structure are candidates for local adaptation. Test statistics and p-
values were computed based on correlations between SNPs and the first 10 K principal

components by implementing a robust Mahalanobis distance. We used the gvalue package
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(Storey et al. 2019) in R to transform p-values into g-values and retrieved 138 SNPs with g-values
< 0.05 as potential outlier candidates. We compiled a list of 163 putative outlier loci detected by

at least one of these methods out of 2138 total variant sites.

Neutral genetic structure

Genetic diversity of each region was calculated at 1975 neutral loci as Ho, (observed
heterozygosity), He (expected heterozygosity) and Ar (allele richness) using the function divBasic
in the R package diveRsity (Keenan et al. 2013). Global and pairwise population differentiation
and its 95% Cl was calculated using the standardized allelic variance Fstwith the diveRsity package
(Keenan et al. 2013). Effective population size (Ne) was estimated using NeEstimator V2.1 (Do et
al. 2014) using the linkage disequilibrium method assuming random mating and excluding sites
with minor allele frequencies per population less than 0.05. Finally, we assessed neutral
population structure at 1975 loci, in STRUCTURE 2.3.4 (Pritchard et al. 2000) by implementing a
model of correlated allele frequencies (Falush et al. 2003) and admixture, and applying the
default setting for all other parameters. Ten independent runs for all values of K (number of
genetic clusters) between 1 and 8 were run using an MCMC length of 1000000 generations
following a burn-in of 100000 generations. STRUCTURE HARVESTER (Earl and von Holdt 2012)
program was used to carry out downstream processing of STRUCTURE results to calculate
Evanno’s Ak value (Evanno et al. 2005) and prepare an input file for CLUMPAK (Kopelman et al.
2015) to generate bar graphs of population structure. Population structure at 1975 neutral loci
was also visualized using a discriminant analysis of principal components (DAPC) (Jombart et al.
2010) as implemented in the R packages, ADEGENET 2.1.1 (Jombart 2008) and ADE4 (Dray and
Dufour 2007). We performed an initial DAPC cross validation on the 144 PCs using the xvalDapc()
function in adegenet with default parameters and 30 replicates to get an idea of where to focus
more intense cross-validation runs. There was a peak around 40 PC (Root Mean Square Error =

0.09) so the search was narrowed by specifying around 40 PC, and doing 100 replicates each.

Gene ontology

The functional annotation of outlier SNPs based on gene ontology were performed in two
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steps: (i) RAD-tag sequences harboring outlier SNPs were aligned to the assembled transcriptome
of C. solstitialis (Dlugosch et al. 2013; Hodgins et al. 2015) using BLAST tool (Madden 2002) to
determine whether such loci are localized within genes. (ii) Transcript sequences of the gene hits
were functionally annotated with InterProScan (Jones et al. 2014) that performed BLASTX
searches against the NCBI non-redundant protein database and Arabidopsis thaliana protein
sequences on TAIR (https://www.arabidopsis.org/). The top protein hit for each transcript and
associated information about gene ontology was retrieved, including information on biological
process, molecular function, cellular component, growth and developmental stage and plant

structure.

RESULTS

Trait differentiation

Globally, six traits out of seven (except days to bolting) showed significant differences
among regions: (1) days from bolting to flower: (AIC gifference between models = 7.5 ); (2) number of
inflorescences: (AIC gitference between models = 6.5); (3) length of the largest spine: (AIC gitference between
models = 7.05); (4) ovules number : (AIC gifference between models = 3.4); (5) mass of plumed seeds: (AIC
difference between models = 9.76); and (6) final plant height: (AIC gifference between models = 2.8) (Fig 16).
Detailed global statistics are provided in Appendix 20. Plants from Chile and California flowered
7.5 and 10.5 days earlier than those from Spain and Australia (p < 0.05), respectively, whereas
plants from Australia took on average 8 days longer to initiate flowering compared to plants from
Turkey and Argentina (p < 0.001) (Fig 16, Appendix 21). Centaurea solstitialis plants from the two
native regions, Turkey and Spain, produced 37% more inflorescences per plant compared to
Argentina, Chile and Australia (p < 0.05) (Fig 16, Appendix 21). By contrast, plants from Turkey
produced 24% less ovules and 35% lighter seeds than plants in Argentina, California and Australia
(p < 0.05). Similarly, plants in Spain and Chile also demonstrated a reduction of 31% and 43% in
plumed seed mass compared to Argentina and California (p < 0.05). Australia presented spines
that were 25% shorter compared to plants from all other regions except Spain (p < 0.05). Lastly,
Chilean plants were 23% shorter than Turkish, Spanish and Argentinean plants (p < 0.05) (Fig 16,
Appendix 21).

85



Chapter IV

b=
3
. 8 ab be ab a a c = ° b b a a ab a
2 s 8 4 °
é’ E_ «© —_—
i g2 g4
:’E’ o 8 N { RN
o 2 - L4 g o i | °
;) ° o 8 g =] | ! =—
£ ¢ o 1 | |
3 — ° =2 2 8 4 : H i i
Qo 1 g o H £ iz \ —— | ]
E g 4 ' ! I —— — 5 o | | !
s ©  m——| 8 | 1
$ — s S S i —— > 8 ]
3 T e el O g}
ES —_ —t = € o |
a - . E i i I I 7
° 1 o —_ |
© o - — s
T T T T T T T T T T T T
Turkey Spain Argentina Chile California  Australia Turkey Spain Argentina Chile California  Australia
o
<+ S
s b ab b b b a ~ a ab b ab b b
§ 5
% =
2 o : 8-
% 1 _:_ —_ | 8
® /] | ' —r— 5
& i ! —— ! & o °
§ o : 5 89 —(— . —_
r e S ) £ . T .
£ | ! i ! = 1 r . , L
he] 1 | ; — : 5) & L T J | |
£ < ! 1 L i i ! 9 B i ! — i i
2 1 3 1 — . T e
(0] 1 (o] R —
- 1
—_
o - o -
T T T T T T T T T T T T
Turkey Spain Argentina Chile California  Australia Turkey Spain Argentina Chile California  Australia
o
< - S
- a ab c ab c be b b b a ab ab
j=)
£ —_ - —
3 ¥ : ~ B9 1
H T ' g . - = el
5 L — N | | -
£ ] - 1
E) ~N : I ° . % .8_ = :
= == I = ! ] L1
= — ! — | —= & ‘ i !
5 — == — o | i i i '
2 ~ | : 2 | —— ! ' .
] - ° = -
=
o o
T T T T T T T T T T T T
Turkey Spain Argentina Chile California  Australia Turkey Spain Argentina Chile California  Australia

Figure 16. Boxplot showing summary data for phenotypic traits (mean * SE). Turkey and Spain

are the native regions and Argentina, Chile, California and Australia, the non-native regions

Principal component analysis of native vs. hon-natives ranges

Principal component analysis revealed a tendency towards distinct clustering of C.
solstitialis trait variation between the native and introduced ranges, particularly in terms of the

second principle component (Fig. 17). Native plants were characterized by higher number of
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of inflorescences whereas non-native plants distinguished themselves by higher numbers of
ovules and heavier plumed seeds. PCA; and PCA; together explained 46.8% of the inertia

variance in the two axes.

2.59

0.04 0 o~ native

~— non-native

PC2 (21.6% explained var.)

-2.54

-5.04

5.0 25 0.0 25 5.0
PC1 (25.2% explained var.)

Figure 17. Principal component analysis of the phenotypic traits measured in C. solstitialis. A

comparison between native and non-native regions

We found a moderate positive correlation between ovule number and mass of plumed
seeds (r = 0.367, p = 0.001) and plant height and number of inflorescence (r = 0.33, p = 0.001).

The remaining traits did not showed significant correlations (see Appendix 22).

PST divergence index

Pst exceeded neutral Fst for one trait associated with reproductive success, namely mass
of the plumed seeds. Traits related to growth such as day to bolting displayed Psrvalues lower

than the mean Fstsuggesting convergent selection (a single phenotype favored across several
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regions). Two traits: days to flower and spine length demonstrated slightly higher Psr values than
Fst, indicating that there is variation in these traits among regions, however their credibility
intervals did not have enough statistical power to indicate strong evidence of divergent selection

(Table 9, Figure 18).

Table 9. Global phenotypic and neutral genetic differentiation (Pst-Fst comparison) at seven

morphological traits in C. solstitialis. Traits putatively under selection are highlighted in bold

Pst - Fst Bayesian

Trait Mean Pst (95% Cl)

Mean Fst

credibility interval (95% Cl)

Days to bolting

0.00 (0.00-0.03)

0.04 (0.03 -0.05)

-0.04 (-0.05 - (-0.01)

Days to flower

0.05 (0.02 - 0.10)

0.04 (0.03 -0.05)

0.01 (-0.03 - 0.06)

Final plant height

0.01 (0.00-0.05)

0.04 (0.03 -0.05)

-0.03 (-0.05-0.01)

Number of inflorescence

0.03 (0.01-0.07)

0.04 (0.03 -0.05)

-0.01 (-0.04 - 0.02)

Number of ovules

0.05 (0.01—0.11)

0.04 (0.03 -0.05)

0.00 (-0.04 — 0.07)

Mass of plumed seeds

0.19 (0.09 - 0.29)

0.04 (0.03 -0.05)

0.14 (0.05 - 0.25)

Spine length

0.06 (0.01 -0.10)

0.04 (0.03 -0.05)

0.01 (-0.02 - 0.05)

In the pair-wise Pst - Fst comparisons, no differences were observed between regions in
terms of bolting days, plant height, inflorescence and ovule numbers. Differences in flowering
time and spine length were evident between California and Australia (with plants from California
demonstrating significantly earlier flowering time and larger spines) as also shown by the
significantly higher Pst values for these traits compared to Fst (Pst days to flowering = 0.16 (Cl: 0.041-
0.29); Pst spine length = 0.13 (Cl: 0.03 — 0.27). Furthermore, Pst values for plummed seed mass
exceeded Fst values between California and the two native regions (Turkey and Spain) and
California and Chile, with California presenting considerably larger seeds. These Psr values for

plumed seed mass were all above 0.30 (see Appendix 23 for Bayesian credibility intervals).
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Figure 18. Global phenotypic trait divergence (Pst) and neutral genetic differentiation (Fst) based
on 1975 neutral SNP loci. The vertical solid line represents mean global Fst value and its lower
and upper 95% CI (vertical dash lines). Horizontal bars indicate mean Psr values (black dots) and

its lower and upper Cl

Population neutral genomic differentiation

In general, genomic diversity was similar across native and introduced ranges in terms of
allelic richness, observed heterozygosity and expected heterozygosity. In the non-native range,
populations from Argentina displayed the highest value for effective population size. By

comparison, populations from Chile exhibited the lowest value across all regions while the two
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native regions had similar values for this index. Moreover, Australia, California and Spain

demonstrated higher inbreeding coefficients compared to the rest of the regions (Table 10).

Table 10. Summary statistics calculated based on 1975 neutral single nucleotide polymorphism
loci of C. solstitialis in the native (Turkey and Spain) and non-native ranges (Argentina, Chile,

California and Australia)

Region Range N A Ho He Ne Fis
Turkey native 24 1.76 0.17 0.18 54.8 0.07
Spain native 24 1.83 0.17 0.19 53.0 0.10
Argentina non-native 24 1.86 0.18 0.19 177.5 0.05
Chile non-native 24 1.8 0.18 0.19 16.8 0.03
California | non-native 24 1.85 0.17 0.19 33.7 0.11
Australia non-native 24 1.81 0.15 0.18 34.8 0.13

Table legend: N, number of individuals analysed, A — allelic richness, Ho — observed
heterozygosity for polymorphic loci, He— expected heterozygosity, Ne — effective population size,

Fis— inbreeding coefficient for a population

Pairwise region comparison of Fsr calculated from 1975 genome wide SNPs markers
revealed low to moderate genetic differentiation between different C. solstitialis regions ranging
from 0.02 to 0.09 (Cl: 0.009 —0.11). Pairwise comparisons between Turkey and all other regions

demonstrated the highest values of Fsr(Table 11).

Table 11. Pairwise comparisons of Fst values based on 1975 neutral SNP loci
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Region
Turkey Spain Argentina Chile California Australia

Turkey 0.087 (0.06-0.11) | 0.078 (0.05-0.10) | 0.089 (0.06-0.11) | 0.064 (0.04-0.08) | 0.087 (0.06-0.11)
Spain 0.029 (0.01-0.04) | 0.042 (0.02-0.06) | 0.036 (0.02-0.05) | 0.037 (0.02-0.05)
Argentina 0.027 (0.01-0.04) | 0.022 (0.01-0.03) | 0.021 (0.00-0.03)
Chile 0.035 (0.02-0.05) | 0.033 (0.02-0.05)
California 0.025 (0.01-0.04)
Australia

Population structure

Discriminant analysis of principal components revealed population structuring in the

native and non-native ranges and offered support for the presence of three genetic groups (Fig.

19). Individuals from native Turkey and non-native Chile were separated from all other regions,

and each was forming an independent group, whereas individuals from the remaining geographic

areas were less distinct and showed overlap. One point to consider is that DAPC offers a low-

dimensional way of visualizing the data and may be limited in capturing fine population

structuring.

'S:,Sr:am @Z--—

Figure 19. Discriminant analysis of principal components (DAPC) based on single nucleotide

polymorphisms and using regions as prior clusters. Ovals are 95% inertia ellipses. Lines connect

each individual to the regional mean value
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STRUCTURE analysis identified K = two as the most probable number of genetic clusters (see
Appendix 24 for AK values). In general, results of STRUCTURE were consistent with those of
DAPC, except for Chile, which in this case appeared to be part of a single genetic cluster grouping
populations from Spain and the introduced range (Fig. 20). In the native area, individuals from
Turkey were clearly distinct from those in Spain, although some individuals in Turkey were not
assigned with such high certainty. An additional genetic group defined Spain and individuals from
the rest of the invasive range. In the introduced range, individuals from California showed slightly

higher residual assignment to Turkey than Argentina and Australia.

Turkey Spain Argentina Chile California Australia

Figure 20. Individual assignments from STRUCTURE analysis based on 1975 neutral SNP loci of
144 individuals of C. solstitialis. STRUCTURE bar plots of assignment probabilities for the best
estimate of K (2), for k = 1 to 4, where K is the number of genetic groups. Each vertical bar shows

the proportional representation of the estimated group membership for a single individual

Outlier loci detection

Out of 2138 SNP markers, 163 were identified as putative outliers. Three outlier loci were
identified by all three methods. Another three outliers were identified both by BayeScan and

OutFLANK and one outlier both by BayeScan and PCAdapt. Lastly, twelve outliers were identified
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both by OutFlank and PCAdapt. Consequently, 19 loci in total were identified by more than one
method. The remaining 144 loci were identified by one method only as following: BayeScan: 4

loci, OutFLANK: 18 and PCAdapt: 122 (Fig. 21, Appendix 25).

BayeScan OutFLANK

PCAdapt

Figure 21. Venn diagram of putatively outlier loci identified by BayeScan, OutFLANK and PCAdapt

Gene ontology

For the gene ontology analysis, we only selected those outlier loci that were identified by
more than one method (19 in total). All these loci where successfully annotated as coding for
genes after subjecting their sequences to BLASTx. Outlier gene annotation were grouped into
several categories of the Biological Process GO including: response to stimuli (i.e. response to
heat, response to oxidative stress and response to light), regulation (rRNA and tRNA methylation,
transcription regulation, chaperon cofactor protein refolding, rRNA processing), reproduction
(mega-gametogenesis) and physiology and development (proteolysis, catabolism, oxidation
reduction processes, heme biosynthesis, ubiquitin dependent protein catabolic process) (Fig. 22,
Appendix 26). Genes were localized by cellular component to either cell or organelle as shown
in Fig. 22. Out of these, 5 genes were assigned to the nucleus, 1 to Golgi complex, 6 to
chloroplast, 3 to mitochondrion, 6 to cytoplasm, 4 to cytosol and 9 to membrane category. In
most of the cases, genes showed multiple localizations. As for molecular function, the annotation
of the three outlier loci detected by all three methods identified Transducin/WD40 repeat-like

superfamily protein, SMAD/FHA domain-containing protein and putative S-adenosyl-L-
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methionine-dependent methyltransferase genes (Appendix 26). The first two genes are involved
in protein binding while the later possess protein methyl-transferase activity. Similarly, the rest
of the outlier genes identified by two outlier methods were found to be involved in DNA binding,
ATP binding, mRNA binding, chaperone binding, metal ion binding, ion sulfur cluster binding,
protein binding, or to possess methyl-transferase activity, peptidase-, transferase-, phosphatase-

, oxidoreductase- activities as well as protein dimerization activity (Fig. 22, Appendix 26).

Molecular function Biological process

serine-type
peptidase activity mega-
protein catabolysm _ is

response to
oxidative stress

protein
dimerization
unknown activity
responseto light

oxidoreductase o
activity D)ﬂdatl-()n—
iquiti reduction

ublqult.ln— process

protein

iron-sulfur
clusterbinding

metal ion binding

mRNA binding protein binding

dase activity regulation of

N Inti
ATP binding ranscription

[protein
phosphatase
inhibitory activity

DNA binding

Cellular component

vacuole

Golgi
apparatus

integral
mel

mitochondrion

plasma membrane

nucleolus

Figure 22. Outlier gene ontology annotation of 19 outlier genes identified in Centaurea solstitialis
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DISCUSSION

In this study we used multiple plant traits linked to growth, reproduction and defense;
and genome wide SNP markers to search for signatures of natural selection at phenotypic and
genomic levels in the highly invasive C. solstitialis. We found little genetic differentiation
between C. solstitialis regions and detected several loci putatively under selection associated
with stress responses and regulation of physiological processes or other genes (i.e methylation
and transcription regulation, rRNA processing and protein refolding). Additionally, we detected
strong evidence of selection for increased seed mass in non-native regions compared to natives
as well as shifts in flowering time and spine defense between two non-native regions. Taken
together this suggests that rapid local adaptation via both genetic and epigenetic mechanisms
are shaping the observed differentiation between invasive C. solstitialis populations in different
regions.

We found evidence of significant differentiation in morphological traits between C.
solstitialis regions for six out of seven traits measured, with individuals from the native areas
tending to produce greater number of inflorescences whereas non-native individuals tended to
produce more ovules and heavier plumed seeds. These results support previous findings of
increased seed mass in C. solstitialis non-native range compared to native (Graebner et al. 2012;
Hierro et al. 2013) but do not comply with the hypothesis that C. solstitialis had evolved towards
larger plant size in the introduced area (Widmer et al. 2007; Eriksen et al 2012; Garcia et al. 2013;
Barker et al. 2017). Genetic differentiation between regions was low to moderate, but with clear
population structure between native and non-native regions, resulting in the discrimination of
four genetic groups. Two genetic groups were present in the native area differentiating C.
solstitialis individuals in Turkey from those in Spain. A second genetic group comprised
individuals from Spain, Argentina, Chile, California and Australia. In general, our results were
consistent with those reported before in the literature for this species (Eriksen et al. 2014; Barker
et al. 2017). However, contrary to those two previous studies which detected a single genetic
group in South America, our DAPC analysis (but not structure) found evidence of two distinct
groups distinguishing Chile from Argentina. These differences may be partially accounted for by

the use of different molecular markers across studies (EST-SSR in Eriksen et al. 2014) or by
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previous very low sampling in Argentina (Barker et al. 2017).

Pst estimates overlapped Fst for most of the phenotypic traits investigated, except
plummed seed mass, which demonstrated greater Psr than neutral genetic differentiation,
suggesting a role of divergent natural selection in shaping the morphological variation in this trait.
In contrast, days to bolting exhibited significantly lower Psr than Fsr, indicating convergent
selection. Interestingly, a previous Qst-Fst comparison of C. solstitialis genotypes from Republic
of Georgia, Turkey, Argentina and California found evidence for selection of increased plant size
in the non-native regions as well as large variation in days to bolting across all regions (Eriksen et
al. 2012). Evidence from literature is mixed, with some studies reporting no differences in plant
size between native and non-native ranges (Hierro et al. 2006, Andonian et al. 2011) while others
showed increased growth and higher biomass in C. solstitialis introduced range (Graebner et al.
2012; Garcia et al. 2013; Dlugosch et al. 2015; Montesinos and Callaway 2018). These contrasting
patterns might be due to natural variability present within different populations of C. solstitialis
or reflect variable trait expression (phenotypic plasticity) under different environmental
conditions used by the different studies. Nonetheless, our results support previous observations
that seed mass is putatively an adaptive trait in some of the species introduced ranges (Hierro et
al. 2011; Hierro et al. 2013). The specific selective agent(s) behind increased seed mass in C.
solstitialis introduced ranges remains unknown, but several explanations could account for this
trait variation. Seed mass can be related to climatic conditions as it was found in the invasive
Echium plantagineum, where populations sourced from hot, arid sites produced heavier seeds
than populations from wetter sites, as a strategy to ensure reproductive success in arid
environments (Konarzewski et al. 2012). Larger seeds usually produce larger seedlings, which is
positively associated with survival, increased competitive ability and the capacity to withstand
different hazards (i.e. herbivory, low nutrients, pathogen attack) (Coomes and Grubb, 2003;
Hierro et al. 2013). Additionally, larger seeds might have been preferentially introduced during
colonization of new ranges (Buckley et al. 2003). Levels of genetic diversity were similar between
regions, lending support to the recent colonization and admixture scenario, as shown before by
previous molecular studies on C. solstitialis (Eriksen et al. 2014; Barker et al. 2017). By

comparison, other successful invaders such as Impatiens glandulifera and Acacia saligna were
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found to possess limited genetic diversity in their introduced areas compared to the native
ranges, despite several introductions (Hagenblad et al. 2015; Le Roux et al. 2011). Estimates of
effective population size tended to be somewhat lower in Chile, consistent with a founder effect
population bottleneck following introductions from Spain (Barker et al. 2017). In this study,
individuals from Chile exhibited significantly lower fitness in terms of growth and reproduction
compared to natives but also relative to other non- native populations in the Americas (i.e.
Argentina and California), possibly as a consequence of the bottleneck and low effective
population size. The rest of the N. estimates were in the range previously reported for this
species (Braasch et al. 2018), except for Argentina, which demonstrated higher effective
population size, that could be regarded as a signal of admixture of different source populations
associated with introductions. Historical records show that C. solstitialis introduction in the
Americas had been linked to the alfalfa farming. An increase in demand for this crop during the
first two decades of the twentieth century lead to extensive international trade and massive
imports of cheap alfalfa seeds from various sources in Eurasia, which was contaminated with
different weed seeds, including those of C. solstitialis (Gerlach 1997). The presence of increased
levels of genetic diversity within these regions (Sun 1997; Dlugosch et al. 2013; Eriksen et al.
2014) as well as no trends in inbreeding coefficients moving from native to introduced regions
argue that C. solstitialis invasion in this part of the Americas did not involve strong founder effect
population bottlenecks (Barker et al. 2017, see also Zhu et al. 2019). Additionally, our
observation of no increase in inbreeding in invasive regions confirms that no shifts in
reproductive system from outcrossing towards selfing have occurred across the introduced range
of C. solstitialis.

The pairwise Fsr comparisons showed relatively low genetic differentiation throughout
the C. solstitialis introduced range, indicating recent colonization. STRUCTURE and DAPC results
suggested the presence of some genetic substructure in South America, with Chilean and
Argentinean populations belonging to two distinct genetic groups. Low Ne in Chile individuals,
coupled with the distinctive phenotype and an incipient degree of reproductive incompatibilities
detected between these two regions (Irimia et al. unpublished), as well as the presence of

geographic barriers (the Andes mountains), seem to support that they are evolving
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independently. Similarly, Psr-Fst analysis at the regional level indicated divergent selection for
increased plumed seed mass in California compared to the two native regions (Turkey and Spain)
as well as to non-native Chile. Additionally, Pst for days to flower and spine length were
significantly different between California and Australia, with fewer days spent in the vegetative
state and larger spine length for Californian individuals relative to Australian ones. Earlier
flowering phenology is an adaptive trait and could offer an advantage in the Mediterranean dry
climate of California where summer rainfall is uncertain (see also Dlugosch et al. 2015). Adaptive
phenotypic divergence in genes underlying photoperiodic flowering phenology was
demonstrated in Sisymbrium austriacum during the establishment phase, in response to seasonal
differences between native and invasive ranges (Vandepitte et al. 2014). Likewise, increased
spine length in California may have evolved as a response against mammalian herbivores (Garcia
et al. 2013) or to deter illegitimate flower insects i.e. nectar robbing lepidopterans (Agrawal et
al. 2000). Since our plants were grown under common greenhouse conditions, we can exclude
major environmental effects on the traits we measured. Additionally, maternal effects are
probably minor in C. solstitialis as in other common garden studies that tested for maternal
effects in C. solstitialis, no differences in seed attributes and germination rates were found
between the progeny of wild sampled plants or the progeny of cultivated plants (Widmer et al.
2007; Hierro et al. 2009). No estimation of trait heritability has been published to date in C.
solstitialis. Nonetheless, despite all these challenges, our Pst estimates were highly conservative
and informative about the traits under divergent selection.

This study is the first to generate molecular markers data for non-native Australia.
Centaurea solstitialis was first reported in Australia around 1856, although the circumstance of
its introduction there remains unknown (Parsons and Cuthbertson 2001). Our genetic structuring
analyses showed that Australia clustered with two other non-native regions: California and
Argentina while DAPC also showed genetic overlap with Spain. Our results indicate that Australia
has been colonized from elsewhere in the invasive range, but the lack of genetic differentiation
between most of the invasive regions, limits resolving the source population further. Individuals
from this region exhibited similarly larger plumed seeds compared to those from Argentina and

California. Future Bayesian simulation modelling of genetic data might be able to shed further
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light on the invasive spread of C. solstitialis to Australia.

Our study also made progress identifying the genetic targets of selection underlying some
of the evolutionary changes that have been detected in invasive C. solstitialis. None of the
putatively divergently selected gene functions has an obvious link with the measured traits, but
instead point to more subtle traits related to regulation of gene expression to modulate
developmental processes or stress tolerance responses through DNA binding, ATP binding,
methyltransferase activity or regulation of transcription. For example, S-adenosyl-L-methionine
dependent methyltransferases catalyzes protein methylation and the post-translational
modification can serve diverse functions in plant growth and development (Yuan et al. 2015).
Transducin/WD40 repeat proteins mediate diverse protein—protein interactions and act as key
regulators of several plant developmental events (Gachomo et al. 2014). SMAD/FHA domain
containing protein is known to be involved in DNA damage repair and signal transduction (Yu et
al. 2008). HBP5 is a hem binding protein involved in defense against oxidative stress (Lee et al.
2012). This protein has been observed to enable weak chloroplast movement under blue light
and is thought to be involved in chloroplast photo-relocation movement and positioning,
protecting against photo-oxidative stress (Kodama et al. 2011). Similarly, FtsH proteases are
involved in protein quality control during photosynthesis and avoidance of photo-inhibition (Kato
and Sakamoto 2018).

Further studies of these candidate genes may aid in the understanding of their ecological
roles in C. solstitialis invasion success. For example, stress induced gene expression (i.e. heat,
drought) could lead to differences in transcriptional regulation and molecular physiology
between native and introduced plant genotypes. Under drought conditions, invasive populations
of Centaurea diffusa in USA showed higher levels of gene expression related to energy
production, compared to native populations, suggesting greater ability to modulate fitness
homeostasis (Turner et al. 2017). Genome scans in combination with quantitative trait loci
mapping (QTL) can lead to the identification of genomic regions associated with ecologically
important traits involved in successful invasions but currently there is a paucity of these studies

in invasion science (Prentis et al. 2008).
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CONCLUSIONS

In summary, our findings show that genetic drift is probably not the sole force causing the
observed phenotypic variation between C. solstitialis ranges, indicating also a role of divergent
selection. Additionally, this study also provides support for rapid evolution in the introduced
range and highlights the presence of different evolutionary and ecological dynamics in each

region.
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General discussion

Invasive species represent grand but unplanned experiments across large spatial and
temporal scales that can provide unique data about different ecological and evolutionary
processes and contribute to a better understanding of the natural world (Sax et al. 2007). The
field of invasion ecology has been very prolific in formulating and developing new theories but
much less inclined or able to reject those that have found little support (Davis 2011). There is a
pressing need to elucidate the “nuts and bolts” of invasive organisms to reduce associated
hazards and undertake management actions. As outlined in the general introduction, this thesis
takes a biogeographical approach and aims to address some of the questions related to the
ecology and genomic of rapid adaptation and evolution in an invasive thistle (Asteraceae), and
pioneers on the use of experimental crosses of plants originating from different world regions.
Below, | summarize the main findings and the insights gained from this work together with the

limitations and future perspectives.

Centaurea solstitialis systematic review

A review of the scientific literature over the past 70 years showed that studies published
in C. solstitialis were relatively limited until 1990s and greatly expanded in the next two decades,
consistent with a rising trajectory of the literature on biological invasions in general, and an
increase in public awareness of the issues related to invasive species (Lowry et al. 2013). A large
proportion of the published studies included experimental work performed either under
controlled conditions or on natural populations in the field, but the duration of the study varied
extensively across studies. In general, ecological factors were common in explaining species
success, with realtively few studies categorized as having an evolutionary focus. The literature
search revealed a longstanding interest on invasive plant control, which was also reflected in the
high number of studies regularly published on this topic (44%). This is not surprising as C.
solstitialis control in the western US remains elusive despite an integrated management
approach and decades after the introduction of several capitula feeding insects and a foliar rust
pathogen, probably because of compensatory mechanisms in seed production and rapid re-
infestation of cleared areas (Swope and Parker 2010, Kyser et al. 2013). Interestingly, although

C. solstitialis is listed as highly invasive in central Argentina too, we identified no studies in the
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WoS to focus on control measures in that area except for a database on invasive plant species
and a weed survey (Busso et al. 2013; Scursoni et al. 2017). Another 30% of the papers aimed to
study the ecological dynamics of introduced populations in relation to enemies, mutualists and
competitors, in trying to explain their demographic success (Mitchell et al. 2006). About 13% of
the remaining articles focused on the phytochemical and pharmacological properties of C.
solstitialis. Aerial parts of the plant are harvested for their perceived medicinal properties by
indigenous people in the Middle East (i.e. Turkey, Iran), and used to treat different aliments
(Yesilada et al. 1999; Bahmani et al. 2014). At the same time, the plant is known to cause a fatal
neurological disorder in horses (Moret et al. 2005).

The most obvious pattern emerging from the review of the existent literature on C.
solstitialis was the scarcity of field parallel studies in the native and non-native species ranges
(five studies only). The few studies of this kind aimed to assess the importance of several factors
such as herbivory, disturbance, fire and interaction with pathogens on the species performance
under field conditions (Hierro et al. 2006; 2017; Andonian et al. 2011) or to document differences
in plant abundance and demography (Hierro et al. 2017; Andonian et. al 2011) and investigate
pollinator guilds (Barthell et al 2009). These studies were limited to a few geographical regions
and mostly involved comparisons of introduced populations in Argentina and California with the
C. solstitialis “"core region”’ (i.e. Caucasus and Turkey) but did not include sites in Spain which is
regarded as the primary source of seeds that have colonized the Americas (Barker et al. 2017).
In contrast, studies comparing the phenotypes or competitive ability of several C. solstitialis
native and non-native populations grown together in the same environment (i.e. greenhouse,
garden, growth chamber) in the introduced or native range were much more abundant (as also
pointed out by Hierro et al. 2005), and found mixed support for increased performance of
introduced genotypes (Hierro et al. 2006, Andonian et al. 2011), possibly reflecting genotype by
environment interactions or phenotypic plasticity.

So, despite the vast amount of literature published in C. solstitialis to date, several
guestions remain unanswered particularly those related to the importance and variation in

factors controlling species abundance across native and non-native areas.
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Assessing the role of polyploidy and genome size on species success

In Chapter I, | provided strong evidence that C. solstitialis invasion in the Americas and
Australia was not associated with shifts in ploidy levels and that the species occurs as a single
(diploid) cytotype across its world distribution. In addition, | found no significant difference in
genome size between ranges (Irimia et al. 2017), suggesting that selection has had little impact
on genome size evolution in this species. There is a growing interest in the literature to use
genome size as a predictor of plant invasiveness with several studies supporting the idea that
invaders are likely to have a reduced genome size compared to non-invasive plants (Suda et al.
2015, for a literature review). However, intraspecific comparisons of genome size variation in
invasive species and its relationship with traits favouring invasiveness are scarce (see Lavergne
et al. 2010, Pysek et al. 2018; Martinez et al. 2018), and my study provides new insights into this
topic. Although genome size estimates were similar across C. solstitialis native and introduced
populations, it does not rule out the role of other factors such as DNA structural and regulatory
modifications (i.e. transposable elements, epigenetic changes), but currently the lack of a
reference genome makes it challenging to investigate. For example, transposable elements were
found to be highly enriched in the invasive Capsella rubella compared to its sister species C.
grandiflora and were associated to natural variation in flowering time, trait correlated to fitness

and adaptation (Niu et al. 2018).

Testing the allelopathic potential of leaf leachates

In contrast, in Chapter Il, | showed that C. solstitialis leaf surface leachates possess
allelopathic potential and vary extensively in metabolic profiles and inhibitory effects on
phytometer species, across species range (Irimia et al. 2019). This suggests that different
selection pressures may act on biochemical signatures in different world regions i.e. release from
competitors or herbivores and some non-native populations can perform better than others.
Additionally, | found that inhibitory effects were significantly weaker in two of the non-native
regions compared to native, challenging the general assumption in invasion biology that
introduced genotypes tend to outperform native genotypes. My results open up new avenues

for understanding plant-plant interactions, and also point out the need to conduct
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biogeographical field studies to confirm allelopathic effects on resident plant communities and

assess the role of herbivores on leaf defence investment.

Screening for reproductive isolation in allopatric populations

Reproductive isolation is fundamental to speciation (Coyne and Orr 2004) and invasive
species are good candidates to test for the presence of reproductive barriers because they have
been introduced to new regions with different environmental conditions which sets the stage for
evolutionary diversification among allopatric populations (Vellend et al. 2007). In Chapter I, |
investigated the geographical patterns of reproductive success and fertility rates across native
and non-native populations of C. solstitialis and observed an asymmetrical response to inter-
regional gene flow characterized by variable fitness effects and a global mosaic of reproductive
incompatibilities and fertilities. Two strong patterns emerged from these backcrosses: i) native
C. solstitialis populations from Spain showed a preference for non-native pollen, which translated
into up to 70% increase in fertility rates and ii) non-native populations in the Americas appeared
to reject pollen from both native as well as other non-native regions exhibiting up to 50%
reduction in reproductive output. Reproductive barriers in the Americas were moderate, leaving
the opportunity for reinforcement to occur and character displacement. This study can be
regarded as a test for early stages of ecological speciation and indicates that reproductive
barriers can emerge relatively quickly in allopatry (i.e. less than 400 and 200 years since C.
solstitialis introduction to different regions in the Americas). Future experimental studies to test
the fate and fitness of F1 and F, progenies obtained from these controlled backcrosses coupled

with genomic studies could clarify the nature of the reproductive incompatibilities detected here.

Evaluating the adaptive phenotypic and genomic potential of introduced populations

In Chapter IV, | tested for signatures of natural selection at phenotypic and genomic levels
in C. solstitialis native and introduced regions by using phenotypic data from a greenhouse
experiment and genome wide SNP markers. | found that genetic diversity was similar between
native and introduced populations, providing evidence of no major genetic bottlenecks in the

non-native range, post-introduction. A number of 19 SNPs markers appeared to be top
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candidates for divergent selection, all located within genes associated to regulation of gene
expression of developmental processes, regulation of transcription and stress tolerance
responses. There was also strong indication that seed mass is an adaptive trait. Compared to
native populations, California displayed significantly larger seeds, whereas in the non-native area,
Australia exhibited a significant shift in flowering time towards later flowering and decrease in
spine length relative to California. These findings support the conclusion that selection and
possibly epigenetic changes shaped the evolution of C. solstitialis in the introduced ranges.
Further work is needed to establish the causative selective agent(s) behind these traits
divergence and when it arose. A previous study showed that increased seed size in Argentinean
populations of C. solstitialis could ensure better survival under non-native conditions (Hierro et
al. 2013) whereas earlier flowering in California could help to avoid summer drought (Dlugosch
et al. 2015). Genomic data supports that Chilean populations were the source of seeds
introduced to California (Barker et al. 2017) and in our study, Chilean populations presented
significantly smaller seeds compared to California, suggesting that larger seeds in this region
likely arose post-introduction, possibly as a result of new biotic interactions (Dlugosch et al.
2015). Future studies could also attempt to search for differences in gene expression patterns
between native and introduced populations of C. solstitialis under different conditions or
stressors to identify candidate genes involved in invasiveness. Another research direction would
consist in performing genome wide association studies to test if genetic regions are associated

with specific phenotypic traits that confer a fitness advantage.

Conclusions

This thesis contributes to our understanding of ecological and evolutionary changes in
one of the most noxious weeds in the Americas and Australia and represents an effort to
integrate cytogenetic, chemical, phenotypic and genomic data from an unprecedented high
numbers of populations and sites in both the native and introduced species range, to provide
new insights into the global mosaic of local adaptation. This research also constitutes some of
the first intraspecific investigations into the emergence of reproductive isolation in

geographically isolated populations of an invasive species.
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Appendix 1. Centaurea solstitialis database comprising the studies included in the systematic review presented in the general
introduction, based on WoS search for the period 8 August 2019 — 1995 (262 studies). The plant origin column indicate the number

of C. solstitialis genotypes sampled from different countries

Publication | Plant Country of Factors responsible for
Author(s) Year origin study Study type Hypothesis Fitness C. solstitialis success
land use, increased
Braasch et al 2019 USA greenhouse genetic diversity no growth, earlier flowering
Barker et al 2019 8 USA greenhouse admixture benefits yes admixture
anti-cancer, anti-
Alper and Gunes 2019 1 Turkey lab inflamatory activity no no
Woodley et al 2019 1 USA field observational | biocontrol yes climate
Montesinos et al 2019 2 USA greenhouse competition resistance yes EICA
Lu Irving et al 2019 4 USA lab microbiome interactions no enemy release
microbial communities
Fitzpatrick et al 2018 3 USA lab diversity no no
Tasar et al 2018 Turkey lab chromosome number no no
Hulvey and Teller 2018 1 USA field manipulative invasion resistance yes empty niche, density
resource interactions,
competition for niche
Eastburn et al 2018 1 USA field manipulative invasion resistance yes occupation
Montesinos and high growth rates, trait
Callaway 2018 2 USA greenhouse phenotypic plasticity yes shifts
Woodley et al 2017 USA field observational | biocontrol no no
theoretical
Gutierrez et al 2017 4 USA modelling biocontrol no no
Swope et al 2017 USA field observational | biocontrol yes plant density
dispersal dormancy
greenhouse and trade-offs, endosperm
Miguel et al 2017 1 Argentina field observational | competition yes reserve
Spotswood et al 2017 1 USA field manipulative establishment limitation yes empty niche
Davy et al 2017 1 USA field manipulative resistance to invasion yes life cycle
genetic variation and
Barker et al 2017 15 USA greenhouse invasion routes yes increase in plant size
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weed detection by

Skowronek et al 2017 1 USA field observational hyperspectral imagery no no
Montesinos and trait shifts, local
Callaway 2017 2 USA greenhouse EICA yes adaptation
theoretical
Young et al 2017 NA USA modelling invasion triangle no no
karyotype, genome size,
antioxidant and
Carev et al 2017 1 Croatia lab antimicrobial activity yes no
Gonzalez et al 2017 1 Turkey field observational | pollinators yes no
polyploidy, changes in
Irimia et al 2017 6 Portugal lab genome size yes no
Disciglio et al 2017 Italy lab wild edible plants no no
Republic of
Georgia,
Armenia,
Turkey, USA, factors controlling
Hierro et al 2017 5 Argentina field manipulative species abundance yes disturbance
Erenler et al 2016 1 Turkey lab anticancer activity no no
Bruckart et al 2016 1 USA field observational biocontrol yes no
Baeza et al 2016 1 Chile lab chromosome number no no
Waller et al 2016 5 USA greenhouse enemy release yes enemy release
Perkins et al 2016 1 USA greenhouse plant soil feedback yes plant-soil feedback
theoretical predicting species
Bradley 2016 1 USA modelling abundance no no
theoretical role of different disturbance, increased
modelling and ecological factors in fertility, escape from
Xiao et al 2016 2 USA greenhouse invasion yes competition
Filipe et al 2016 6 Portugal greenhouse shifting defense yes shifting defense
Ciler 2016 1 Turkey lab taxonomy no no
Uner et al 2016 1 Turkey lab thermoplastics no no
Bahraminejad et al 2015 1 Iran lab anti-fungal activity no no
Koc et al 2015 1 Turkey lab antioxidant activity no no
DiTomaso and Kyser 2015 1 USA field manipulative chemical control yes no
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Lincoln and Beck 2015 1 USA lab chemical defense yes no
Oster et al 2015 1 USA field manipulative climate change yes no
Davy et al 2015 1 USA field manipulative grazing efficiency yes no
multiple genetic
solutions to adapt to
Hodgins et al 2015 2 USA lab parallel evolution yes environmental changes
lab and field plant insect chemical
Beck et al 2015 1 USA experimental interaction yes no
shifting defense traits shifts, novel
Sotes et al 2015 4 Portugal lab hypothesis yes chemicals
Dlugosch et al 2015 9 USA greenhouse vacant niche yes empty niche
Pearson et al 2014 1 Argentina field manipulative biotic resistance yes disturbance
Bahmani et al 2014 1 Iran survey identify medicinal plants no no
Oster et al 2014 1 USA lab and greenhouse | chemical defense yes no
invasion routes, genetic multiple introductions,
Eriksen et al 2014 10 USA greenhouse diversity no admixture
Eskelinen and
Harrison 2014 1 USA field manipulative invasion resistance yes disturbance
Swope 2014 1 USA field manipulative biocontrol yes no
plant pollinator
Leong et al 2014 1 USA field observational interactions yes no
response to local disrupted local filters,
Pearson et al 2014 1 Argentina field manipulative community filters yes plant provenance
Hulvey and Aigner 2014 1 USA field manipulative restoration success no no
Spencer et al 2014 1 USA lab and greenhouse | invasive traits yes seed weight
theoretical species distribution and
Gutierrez and Ponti 2014 1 USA modelling abundance no no
weed communities
Scursoni et al 2014 1 Argentina field observational | changes yes no
heterozygosity,
increased genetic
Dlugosch et al 2013 7 USA lab allelic variation no diversity
outdoor deep root system,
Spencer et al 2013 USA microcosms weed management yes compensatory response
Cristofaro et al 2013 2 Italy field manipulative biocontrol yes no
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Argentina, reciprocal common
Hierro et al 2013 Turkey garden trait shifts, disturbance yes increased seed size
Garcia et al 2013 USA greenhouse trait shifts yes shifts in key traits
volatile organic
Smith and Beck 2013 USA lab compounds yes no
Kyser et al 2013 1 USA field manipulative weed management no no
increased growth rates,
Graebner et al 2012 2 USA greenhouse competition yes EICA
Eriksen et al 2012 4 USA greenhouse and lab | evolution yes local adaptation
Ozcan et al 2012 1 Turkey lab honey mineral content no no
Smith 2012 1 USA lab biocontrol yes no
greenhouse and
Atanaska et al 2012 1 Bulgaria field manipulative | biocontrol yes no
introgression,
Lai et al 2012 2 USA lab hybridization no no
Hulvey and Zavaleta 2012 USA field manipulative invasion resistance yes empty niche, EICA
Swope and
Satterthwaite 2012 1 USA field manipulative biocontrol yes no
Swope and Stein 2012 USA field manipulative biocontrol yes no
Swope and Parker 2012 1 USA field observational | biocontrol yes no
plant soil microbe
Andonian et al 2012 5 USA greenhouse interactions yes enemy release
Barthell et al 2012 1 Greece field observational | pollinators guilds yes invasion mutualism
Montesinos et al 2012 2 USA greenhouse reproductive isolation yes local adaptation
Petanidou et al 2012 1 Greece field manipulative self-compatibility yes self-compatibility
Altay et al 2012 1 Turkey field observational urban vegetation no no
greenhouse and
Matzek and Shannon 2012 1 USA field manipulative | weed management yes no
Uygur 2011 2 Turkey, USA lab and greenhouse | allelopathy yes no
Tekeli et al 2011 1 Turkey lab antibacterial effects no no
Bruckart et al 2011 1 USA lab biocontrol yes no
theoretical
Fisher et al 2011 NA USA modelling climatic factors no no
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field manipulative

and growth disturbance, empty
Hierro et al 2011 2 Argentina, USA | chamber community invasibility yes niche
Young et al 2011 USA field manipulative community invasibility yes empty niche
outdoor resource partitioning,
Spencer et al 2011 1 USA microcosms competition yes empty niche
Bell et al 2011 1 USA greenhouse herbicide efficiency no no
manipulative and
Eskandari et al 2011 USA, France field observational | biocontrol yes no
Andonian and Hierro 2011 USA greenhouse interactions yes soil engineering
Chang et al 2011 USA lab neuropathology no no
plant community
Gucker and Bunting 2011 1 USA field observational | composition no facilitation
Argentina,
Chile, USA,
Armenia,
Republic of greenhouse and plant soil microbes
Andonian et al 2011 5 Georgia field observational | interactions yes soil engineering
response to
Dukes et al 2011 1 USA field manipulative environmental changes yes no
Saatkamp et al 2011 1 France field manipulative seed mortality yes no
Kyser et al 2011 1 USA field manipulative weed management yes no
Woods et al 2010 1 USA field manipulative biocontrol yes no
field observational
Birdsall and Markin 2010 1 USA and lab biocontrol yes no
O’Brian et al 2010 1 USA field manipulative | biocontrol yes no
positive responses to
Munshaw and Lortie 2010 1 USA field manipulative density series yes intraspecific density
field manipulative
Rector et al 2010 1 France and greenhouse biocontrol no no
Roche and Susanna 2010 1 USA descriptive hybridization no no
Brown and Rice 2010 1 USA field manipulative invasion resistance yes site characteristics
Kaya et al 2010 1 Turkey lab morphological study no no
Swope and Parker 2010 1 USA field manipulative biocontrol yes no
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O’Brian et al 2010 1 USA field manipulative biocontrol yes no
Young et al 2010 1 USA field manipulative resource acquisition yes no
Goehring et al 2010 1 USA field manipulative restoration yes no
Lortie et al 2010 1 USA field observational | seed limitation yes seed bank densities
Swope and Parker 2010 1 USA field manipulative seed recruitment yes compensatory response
theoretical
EspanchinNiell et al 2010 1 USA modelling weed management no no
Tonkel and Piper 2009 1 USA field observational | biocontrol yes no
Ozturk et al 2009 1 Turkey lab chromosome number no no
compensatory response,
Garren and Strauss 2009 1 USA field manipulative compensatory responses yes plasticity
increased fertility, high
growth chamber competitive ability, trait
GomezGonzalez et al 2009 1 Chile and greenhouse competition yes plasticity
disturbance, local
adaptation and high
Lortie et al 2009 2 Canada greenhouse density effects yes seed density
greenhouse and adaptive changes in
Hierro et al 2009 10 USA growth chamber germination response yes germination strategies
Barthell et al 2009 2 USA, Greece field observational invasion mutualism yes invasion mutualism
Akkol et al 2009 1 Turkey lab medicinal properties no no
Young et al 2009 1 USA field manipulative community invasibility yes no
Mciver et al 2009 1 USA field observational pollinator guilds yes invasion mutualism
predicting invasive plant
Bradley et al 2009 1 USA lab distribution no no
Saatkamp et al 2009 1 France field manipulative seed bank persistence yes no
greenhouse and
Woods et al 2009 1 USA field manipulative biocontrol yes no
lab and field
Fisher et al 2009 1 USA manipulative biocontrol yes no
theoretical
Aslan et al 2009 NA USA modelling weed management no no
Grimsrud et al 2009 NA USA lab weed management no no
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lathe house and

Lau et al 2008 1 USA greenhouse allelopathy yes no
Kolomiets et al 2008 1 Russia lab biocontrol yes no
Woods et al 2008 1 USA field manipulative biocontrol yes no
Senatore et al 2008 1 Italy lab biological activity no no
Janackovic et al 2008 1 Serbia lab cytotoxicity assay no no
Beck et al 2008 1 USA greenhouse chemical defense yes no
climate model
Gutierrez et al 2008 1 USA lab projections no no
Frost et al 2008 1 USA lab forage quality no no
Wallace et al 2008 1 USA field manipulative grazing efficiency yes no
Azirak and Karaman 2008 1 Turkey lab inhibitory effects yes no
lab and field
Gultekin et al 2008 1 Turkey manipulative biocontrol yes no
Tekeli et al 2008 1 Turkey lab scavenging potential no no
field observational,
Gueltekin et al 2008 2 Turkey greenhouse, lab biocontrol yes no
Naab et al 2008 1 Argentina lab honey characteristics no no
greenhouse and
Fisher et al 2008 1 USA field manipulative biocontrol yes no
Qin et al 2007 1 USA greenhouse allelopathy yes EICA
Gurbuz and Yesilada 2007 1 Turkey lab anti-ulcerogenic activity no no
Fisher et al 2007 1 USA field manipulative biocontrol yes no
Armenia,
Republic of
Georgia,
Balciunas and Greece, Russia,
Korotyaev 2007 5 Turkey field observational | biocontrol yes no
Julia et al 2007 USA lab bio-economy no no
Inceer et al 2007 1 Turkey lab chromosome number no no
climate change and soil
Pinay et al 2007 1 France greenhouse microbial processes yes no
outdoor
Zavaleta and Hulvey 2007 1 USA microcosms community invasibility yes no
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Fritz and Collinge 2007 1 USA greenhouse community invasibility yes no
Eagle et al 2007 USA lab economic impact no no
Berner et al 2007 2 USA greenhouse biocontrol yes no
Balciunas and lab and field
Villegas 2007 1 USA observational biocontrol yes no
Smith 2007 1 USA lab biocontrol no no
weed detection by
Miao et al 2007 1 USA field observational | hyperspectral imagery no no
weed detection by

Ge et al 2007 1 USA field manipulative hyperspectral imagery yes no
Muth and Pigliucci 2007 1 USA greenhouse phenotypic plasticity yes phenotypic plasticity

growth chamber

and field
Widmer et al 2007 9 France, Russia | manipulative resource allocation yes seed starch allocation
Torres and Galetto 2007 1 Argentina lab style morphology no no
Morghan and Rice 2006 1 USA field manipulative abiotic filters yes empty niche
Widmer 2006 1 France lab biocontrol yes no
Widmer and
Guermache 2006 2 France lab biocontrol yes no
Gurbuz et al 2006 Turkey lab biological activity no no

compensatory
Callaway et al 2006 1 USA greenhouse compensatory responses yes responses, EICA
USA, Argentina, | field manipulative disturbance, enemy

Hierro et al 2006 4 Turkey and greenhouse disturbance yes release
Esmaeili et al 2006 1 Iran lab essential oil no no
Smith and Drew 2006 1 USA lab and greenhouse | biocontrol yes no
Smith et al 2006 2 Turkey field manipulative biocontrol yes no

field observational

and theoretical weed detection by
Miao et al 2006 1 USA modelling hyperspectral imagery no no

field observational | weed detection by
Shaokui et al 2006 1 USA and lab hyperspectral imagery no no
Bruckart 2006 1 USA greenhouse biocontrol yes no
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rhizosphere microbial
communities, ecosystem

changes in soil microbial

Batten et al 2006 USA lab engineers no communities
Muth and Pigliucci 2006 2 USA greenhouse traits shifts yes traits interactions
Ditomaso et al 2006 USA field manipulative weed management yes no
achene germination
Young et al 2005 3 USA lab profiles yes no
Connett and lab and field
McCaffrey 2005 1 USA observational biocontrol yes no
Berner et al 2005 1 USA greenhouse biocontrol yes no
field manipulative
and field
Uygur et al 2005 1 Turkey observational biocontrol yes no
combined weed
Enloe et al 2005 1 USA field manipulative management yes no
theoretical
Gutierrez et al 2005 1 USA modelling biocontrol no compensatory response
Moret et al 2005 3 Italy lab neurotoxic compounds no no
Gelbard and Harrison 2005 1 USA field manipulative community invasibility yes disturbance
Morghan and Rice 2005 1 USA field manipulative resistance to invasion yes compensatory response
Batten et al 2005 1 USA lab ecosystem engineers yes soil engineering
Yesilada et al 2004 1 Turkey lab anti-ulcerogenic effects no no
Faggioli et al 2004 1 Italy lab biocontrol yes no
Widmer 2004 1 France lab biocontrol no
Duncan et al 2004 1 USA review economic impact no no
Blank and Young 2004 1 USA greenhouse ecosystem engineers yes soil engineering
ecosystem soil moisture
Gerlach 2004 1 USA field manipulative resources yes empty niche
Young 2004 1 USA field manipulative herbicide efficiency yes no
Uygur et al 2004 1 Turkey field observational | field densities yes no
Carrithers et al 2004 1 USA field manipulative herbicide efficiency yes no
Lindbloom and Zager 2004 1 USA field manipulative impact on birds yes no
Widmer and plant soil microbe enemy release, thicker
Guermache 2004 1 France lab interactions yes seed coats
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population density and

Uygur 2004 1 Turkey field observational natural enemies yes no
theoretical models to estimate weed
Shafii et al 2004 1 USA modelling occurrence no no
Enloe et al 2004 1 USA field manipulative soil water use patterns yes empty niche
Christopherson and impacts on nocturnal
Morrison 2004 1 USA field manipulative rodents yes no
impacts on endangered
Menke and Muir 2004 1 USA field observational | plants yes no
Vidal et al 2004 1 France lab biocontrol yes no
Lindbloom et al 2003 1 USA field manipulative impacts on birds yes no
DiTomaso et al 2003 1 USA field manipulative soil moisture depletion yes soil engineering
lab and field
Joley et al 2003 1 USA manipulative germination patterns yes no
Shinn and Thill 2003 1 USA field manipulative chemical control yes no
dew chamber and
Berner and Paxson 2003 6 USA greenhouse biocontrol yes no
Morghan et al 2003 USA field manipulative herbicide efficiency yes no
factors controlling
Gelbard and Harrison 2003 1 USA field observational invasive species yes no
gastric cyto-protective
Toso and Skliar 2003 1 Argentina lab action no no
field manipulative
and outdoor plasticity, EICA,
Gerlach and Rice 2003 USA microcosms life history traits yes disturbance
Sabba et al 2003 2 USA greenhouse herbicide resistance yes no
theoretical prediction models to
Shafii et al 2003 1 USA modelling estimate occurrence no no
Gastine and Leadley 2003 1 France field manipulative ecosystem functioning yes no
Ziska 2003 1 USA growth chamber climate change no no
Bruckart and
Eskandari 2002 1 USA lab biocontrol no no
Shinn and Thill 2002 1 USA field manipulative chemical control yes no
outdoor
Dukes 2002 1 USA microcosms community invasibility yes no
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factors controlling

Riba et al 2002 1 Spain lab and greenhouse | invasive species yes no
Kyser and DiTomaso 2002 1 USA field manipulative fire as control method yes no
ValenzuelaValenzuela
et al 2002 2 USA greenhouse herbicide efficiency yes no
outdoor
Dukes 2002 1 USA microcosms climate change yes no
de Lillo et al 2002 1 Turkey field observational | biocontrol yes no
Eiswerth and van theoretical
Kooten 2002 1 USA modelling weed management no no
growth chamber,
field observational
and field
Benefield et al 2001 1 USA manipulative seedbank dynamics yes no
Roche et al 2001 1 USA lab biocontrol yes no
invasive traits, increased
Roche and Thill 2001 NA USA review invasive traits no fertility, disturbance
Balciunas and
Villegas 2001 1 USA lab biocontrol yes no
outdoor
Dukes 2001 USA microcosms community invasibility yes no
Sterling and Murray 2001 2 USA greenhouse competition yes no
Connett et al 2001 USA field observational biocontrol yes no
greenhouse and
Miller et al 2001 1 USA field manipulative herbicide resistance yes no
ValenzuelaValenzuela growth chamber
et al 2001 2 USA and greenhouse herbicide resistance yes no
field observational
Barthell et al 2001 1 USA and manipulative invasion mutualism yes invasion mutualism
cost and benefits of plant
Agrawal et al 2000 1 USA field manipulative defense yes no
modelling and field | weed detection by
Lass et al 2000 1 USA observational hyperspectral imagery yes no
Skinner and Smith 2000 NA USA review noxious weed database no no
Jennings et al 2000 1 USA greenhouse and lab | biocontrol yes no
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DiTomaso 2000 1 USA review weed management no no

greenhouse and
Gratton and Welter 1999 1 USA field manipulative enemy release no no
Smith et al 1999 NA USA review management no no
DiTomaso et al 1999 1 USA field manipulative fire as control method yes no
Yesilada et al 1999 1 Turkey lab anti-ulcerogenic effects no no
Campobasso et al 1998 4 Italy greenhouse biocontrol yes no

field manipulative mating system, high
Sun and Ritland 1998 USA and lab mating system yes level of genetic diversity
Sabba et al 1998 USA greenhouse herbicide efficiency yes no

growth chambers

and field
Roche et al 1997 1 USA manipulative reproductive phenology yes no

genetic structure and high levels of genetic

Sun 1997 3 USA lab colonizing routes yes diversity
Joley et al 1997 USA growth chambers germination response yes no

environmental

chamber and field dimorphic seeds,
Larson and Kiemnec 1997 2 USA manipulative germination response yes exploiting soil moisture

resource utilization in

Sheley and Larson 1997 1 USA field manipulative resource acquisition yes deep soils

theoretical
Maxwell and Sheley 1997 NA USA modelling population dynamics no no

greenhouse and
Fuerst et al 1996 2 USA growth chamber herbicide efficiency yes no
Shishkoff and greenhouse and biocontrol and drought
Bruckart 1996 USA dew chamber stress yes no
Turner et al 1996 2 USA field observational | biocontrol yes no
Popay and Field 1996 NA USA review grazing efficiency no no
Fornasari and Turner 1996 2 Italy, USA lab biocontrol yes no

field manipulative,

outdoor pots and
Maddox et al 1996 1 USA greenhouse pollination biology yes bees

weed detection by

Lass et al 1996 1 USA field manipulative hyperspectral imagery no no
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Sheley and Larson 1995 1 USA field manipulative plant-plant interactions yes no

reproduction and versatile breeding
Harrod and Taylor 1995 1 USA field manipulative pollination strategy yes system
Roy et al 1995 1 USA lab neuropathology no no

Appendix 2. Geographic locations of Centaurea solstitialis populations investigated and their average genome size values. N is the
number of individuals analyzed in each population for genome size and ploidy level. Geographic coordinates are given in WSG84

datum. Mean genome size per population in units of mass (picograms), standard deviation and standard error are also provided

Mean

ID | Region | Province/County Location Latitude | Longitude S.a mple genome Star?darrd Standard

size (N) | ° Deviation Error

size (pg)

1 Turkey Denizli Pinarkent 37.80283 | 29.19525 10 1.73 0.03 0.01
2 Turkey Afyonkarahisar Dazkiri 37.95083 | 29.84033 9 1.72 0.07 0.05
3 Turkey Isparta Isparta 37.89844 | 30.43828 9 1.81 0.09 0.06
4 Turkey Burdur Burdur 37.61608 | 30.14617 8 1.72 0.02 0.02
5 Turkey Denizli Serinhisar 37.53156 | 29.30086 7 NA NA NA
6 Turkey Afyonkarahisar Dinar to Cay 38.15392 | 30.23417 9 1.64 0.05 0.04
7 Turkey Izmir Beydag 38.08586 | 28.21547 9 1.65 0.04 0.02
8 Turkey Izmir Bozdag 38.30136 | 28.04986 10 1.78 0.03 0.01
9 Turkey Aydin Akcakoy 37.95292 | 28.02997 4 1.80 0.05 0.02
10 | Turkey Aydin Geyre 37.71231 | 28.69269 9 1.72 0.05 0.02
11 Spain Cuenca Moncalvillo de Huete 40.24159 | -2.68745 10 1.66 0.08 0.04
12 Spain Teruel Noguera de Albarracin 40.46163 | -1.61551 7 NA NA NA
13 Spain Tarragona Batea 41.06882 | 0.334305 10 1.70 0.09 0.05
14 Spain Lleida L’Espluga-Calba 41.50499 | 1.005857 9 1.70 0.04 0.02
15 Spain Salamanca Castellanos de Moriscos 41.02614 | -5.60518 10 1.65 0.10 0.05
16 Spain Burgos La Horra 41.7288 | -3.83435 10 1.66 0.04 0.02
17 Spain Burgos Burgos 42.38389 | -3.67894 10 1.72 0.05 0.02
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18 Spain Valladolid Castronufio 41.39246 | -5.27696 10 1.76 0.04 0.02
19 Spain Zaragoza Sastago 41.40823 | -0.28977 10 1.73 0.09 0.05
20 Spain Salamanca Dofiinos de Salamanca 40.96853 | -5.77332 10 1.76 0.03 0.02
21 Chile Talagante Comuna Padre Hurtado -33.5708 | -70.8553 9 1.68 0.04 0.03
22 Chile Talagante Comuna El Monte -33.6894 | -71.0553 10 1.73 0.05 0.02
23 Chile Santiago Comuna Maipu -33.5247 | -70.7517 8 1.71 0.09 0.04
24 Chile Santiago Comuna Lo Barnechea -33.37 -70.4297 9 1.73 0.03 0.02
25 | Argentina La Pampa Paraje El Tropezdn, R14 -36.709 -64.8311 9 1.75 0.12 0.09
26 | Argentina La Pampa El Durazno, R14 km 189 -36.7001 | -65.3914 10 1.72 0.04 0.02
27 | Argentina La Pampa Rucanelo, R11y R10 -36.7089 | -64.8308 10 1.72 0.03 0.02
28 | Argentina La Pampa Victorica -36.2501 | -65.4543 10 1.72 0.08 0.04
29 | Argentina La Pampa Winifreda -36.224 -64.2813 10 1.72 0.05 0.03
30 | Argentina La Pampa Santa Rosa -36.6166 | -64.2563 10 1.73 0.09 0.05
31 | Argentina La Pampa Trenel, R35 km 426 -35.7246 | -64.2693 10 1.78 0.03 0.01
32 | Argentina La Pampa Quehué, R 35y R18 -37.1216 | -64.2866 10 1.67 0.12 0.07
33 | Argentina La Pampa Unanue, R35 km 215 -37.5597 | -64.2915 10 1.71 0.07 0.04
34 | Argentina La Pampa Lonquimay, R1 km 203 -36.5655 | -63.6647 10 1.75 0.01 0.005
35 | California Sacramento Folsom 38.64215 | -121.176 10 1.77 0.04 0.02
36 | California Sacramento Folsom 38.68293 | -121.181 1 1.64 NA NA

37 | California Santa Clara San José 37.24298 | -122.871 8 1.64 0.05 0.03
38 | California Marin Novato 38.15622 | -122.693 4 1.66 NA NA

39 | California Solano Green Valley 38.20954 | -122.146 10 1.76 0.07 0.04
40 | California Sonoma Petaluma 38.22456 | -122.534 10 1.71 0.04 0.02
41 | California Sonoma Petaluma 38.23643 | -122.564 8 1.68 0.04 0.02
42 | California Napa Napa 38.33904 | -122.155 10 1.69 0.07 0.03
43 | California Solano Vacaville 38.41059 | -121.934 10 1.82 0.04 0.02
44 | California Napa Napa 38.45353 | -122.153 10 1.76 0.04 0.02
45 | Australia NSW Colbinabbin -36.5955 | 144.7363 8 1.66 0.05 0.02
46 | Australia NSW Hume, 5km N of Holbrook | -36.6778 | 147.3697 7 1.68 0.05 0.03
47 | Australia NSW Gundagai -35.0672 | 148.1085 9 1.72 0.02 0.01
48 | Australia NSW Gundagai -34.8447 | 148.295 10 1.8 0.02 0.01
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49 | Australia NSW 18 km N of Cudal -33.2219 | 148.9088 2 1.72 0.03 0.02
50 | Australia NSW Koorawatha -34.0168 | 148.569 10 1.67 0.02 0.01
51 | Australia NSW Murringo -34.3192 | 148.4932 10 1.68 0.09 0.05
52 | Australia NSW Yass -34.874 | 148.9083 10 1.71 0.05 0.03

Appendix 3. Genome size and coefficient of variation values for every individual analyzed. Genome size (G.s), mean fluorescence

values (FL) and coefficient of variation (CV) for the individuals analysed for genome size in each population

ID Origin | Individual | Replicate Sa:1LpIe Sta::ard DI ﬁ,;) CV Sample Staﬁ:ilard Obs
1 Turkey 1 1 164.48 106.8 1.54 1.71 2.1 2.65
1 Turkey 2 1 195.5 125.26 1.56 1.73 3.71 3.97
1 Turkey 3 1 180.86 113.66 1.59 1.77 3.76 3.72
2 Turkey 1 1 183.37 122.04 1.5 1.67 4.42 4.68
2 Turkey 2 1 188.19 117.05 1.61 1.78 3.5 3.72
3 Turkey 1 2 193.33 122.82 1.57 1.75 2.61 2.39
3 Turkey 2 1 211.32 124.48 1.7 1.88 3.84 3.78
4 Turkey 1 1 180.73 117.9 1.53 1.7 3.69 4.14
4 Turkey 2 1 207.74 132.7 1.57 1.74 2,07 2,37
5 Turkey 0 0 0 0 0 0 0 0 ploidy level only
6 Turkey 1 1 177.24 122.58 1.45 1.6 3.95 4
6 Turkey 2 1 164.94 108.8 1.52 1.68 2.45 3.01
7 Turkey 1 1 160.34 110.12 1.46 1.62 3.59 3.74
7 Turkey 2 1 167.8 113.8 1.47 1.64 3.6 4.98
7 Turkey 3 1 175.1 114.47 1.53 1.7 3.85 3.68
8 Turkey 1 1 175.67 111.31 1.58 1.75 24 3.78
8 Turkey 2 1 184.13 113.73 1.62 1.8 3.6 3.7
8 Turkey 3 1 190.35 116.85 1.63 1.81 34 3.85
9 Turkey 1 1 182.61 115.63 1.58 1.75 2.19 3.21
9 Turkey 2 1 197 121.97 1.62 1.79 2.39 2.61
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9 Turkey 3 1 178.27 109.32 1.63 1.81 2.94 3.7
9 Turkey 4 1 182.04 108.28 1.68 1.87 3.91 2.77
10 Turkey 1 1 168.87 113.48 1.49 1.65 4.47 4.24
10 Turkey 2 2 173.05 113.36 1.53 1.69 3.18 3.09
10 Turkey 3 1 180.62 115.19 1.57 1.74 3.97 3.86
10 Turkey 4 1 221.28 138.72 1.6 1.77 2.02 2.42
10 Turkey 5 1 190.87 118.86 1.61 1.78 4.13 3.9
11 Spain 1 1 159.83 113.13 1.41 1.57 3.65 4.7
11 Spain 1 1 171.52 113.52 1.51 1.68 3.4 4.65
11 Spain 3 1 199.47 127.64 1.56 1.73 4.81 5.32
12 Spain 0 0 0 0 0 0 0 0 ploidy level only
13 Spain 1 1 165.5 113.43 1.46 1.62 3.58 4.03
13 Spain 2 1 168.63 111 1.52 1.69 4.65 5.47
13 Spain 3 1 176.33 108.69 1.62 1.8 291 3.49
14 Spain 1 1 168.88 111.93 1.51 1.67 3.07 3.28
14 Spain 2 1 183.54 120.23 1.53 1.69 4.73 7.11
14 Spain 3 2 170.08 107.29 1.59 1.76 2.7 3.27
15 Spain 1 1 154.41 109.41 1.41 1.57 3.45 4.86
15 Spain 2 1 163.68 111.13 1.47 1.63 2.16 2.71
15 Spain 3 1 183.72 115.41 1.59 1.77 2.48 3.25
16 Spain 1 1 163.83 111 1.48 1.64 3.39 5.05
16 Spain 2 1 168.12 113.53 1.48 1.64 3.36 3.83
16 Spain 3 1 171.99 111.26 1.55 1.72 2.28 2.28
17 Spain 1 1 175.47 115.32 1.52 1.69 3.94 3.93
17 Spain 2 1 166.42 108.5 1.53 1.7 3.59 4.07
17 Spain 3 1 173.79 112.88 1.54 1.71 3.67 3.46
17 Spain 4 3 183.62 113.08 1.62 1.8 3.92 4.7
18 Spain 1 1 181.05 116.56 1.55 1.72 2.73 3.49
18 Spain 2 1 190.89 118.41 1.61 1.79 3.83 3.58
18 Spain 3 1 180.57 111.79 1.62 1.79 3.68 4.24
19 Spain 1 1 170.12 114.67 1.48 1.65 3.13 3.88
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19 Spain 2 1 169.75 109.65 1.55 1.72 3 3.4
19 Spain 3 1 184.62 111.75 1.65 1.83 4.82 4.2
20 Spain 1 1 176.51 113.36 1.56 1.73 31 4.95
20 Spain 2 1 174.96 110.61 1.58 1.76 2.97 3.42
20 Spain 3 1 196.95 121.58 1.62 1.8 1.95 2.63
21 Chile 1 1 181.28 122.2 1.48 1.65 3.62 3.81
21 Chile 2 1 172.97 111.91 1.55 1.72 3.73 4.56
22 Chile 1 1 176.37 116.85 1.51 1.68 3.91 4.67
22 Chile 2 1 195.5 124.36 1.57 1.74 2.16 2.54
22 Chile 3 1 189.2 117.81 1.61 1.78 3.95 421
23 Chile 1 1 172.14 120.21 1.43 1.59 3.16 4.19
23 Chile 2 1 167.06 113.31 1.47 1.64 3.11 412
23 Chile 3 1 165.79 104.34 1.59 1.76 2.9 3.95
23 Chile 4 1 165.33 103.57 1.6 1.77 2.76 2.93
23 Chile 5 1 199.34 122.44 1.63 1.81 2.33 3.18
24 Chile 1 1 174.8 113.59 1.54 1.71 2.8 3.95
24 Chile 2 1 193.22 122.1 1.58 1.76 2.36 2.69
25 Argentina 1 1 193.2 129.4 1.49 1.66 4.97 6.1
25 Argentina 2 1 202.94 122.45 1.66 1.84 2.96 4.05
26 Argentina 1 1 168.64 111.31 1.52 1.68 3.26 3.63
26 Argentina 2 1 183.15 118.17 1.55 1.72 3.86 441
26 Argentina 3 1 190.45 120.26 1.58 1.76 3.73 4.07
27 Argentina 1 1 194.03 127.88 1.52 1.68 4.23 5.76
27 Argentina 2 1 177.85 114.07 1.56 1.73 2.88 3.7
27 Argentina 3 1 181.46 115.29 1.57 1.75 2.29 2.82
28 Argentina 1 1 172 115.04 1.5 1.66 412 5.1
28 Argentina 2 1 172.01 112.31 1.53 1.7 3.17 3.95
28 Argentina 3 1 204.3 124.54 1.64 1.82 2.26 2.29
29 Argentina 1 1 174.98 115.4 1.52 1.68 3.17 3.55
29 Argentina 2 1 187.13 122.21 1.53 1.7 2.66 2.78
29 Argentina 3 1 193.76 120.42 1.61 1.79 2.6 3.17
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30 Argentina 1 1 161.84 109.49 1.48 1.64 3.36 4.54
30 Argentina 2 1 170.96 110.09 1.55 1.72 4.24 5.1
30 Argentina 3 1 185.27 112.62 1.65 1.83 4.24 4.31
31 Argentina 1 1 167.28 105.94 1.58 1.75 2.48 2.96
31 Argentina 2 1 198.94 124.18 1.6 1.78 4.2 4.87
31 Argentina 3 1 188.17 115.34 1.63 1.81 4.49 4.22
32 Argentina 1 1 157.16 113.9 1.38 1.53 3.1 4.99
32 Argentina 2 1 208.6 133.71 1.56 1.73 1.92 2.72
32 Argentina 3 1 182.25 114.88 1.59 1.76 2.34 3.01
33 Argentina 1 1 154.56 105.43 1.47 1.63 4.27 5.63
33 Argentina 2 1 189.67 121.55 1.56 1.73 2.29 3

33 Argentina 3 1 189.64 118.22 1.6 1.78 3.07 3.37
34 Argentina 1 1 184.08 117.33 1.57 1.74 2.62 3.43
34 Argentina 2 1 180.99 115.04 1.57 1.75 4.53 6.1
34 Argentina 3 1 182.57 115.42 1.58 1.76 3.57 3.87
35 California 1 1 205.77 130.75 1.57 1.75 2.43 3.64
35 California 2 1 227.92 144.46 1.58 1.75 2.12 3.13
35 California 3 2 180.59 113.28 1.59 1.77 4.03 3.9
35 California 4 1 185.24 111.93 1.65 1.84 4.87 5.4
36 California 1 1 157.36 106.74 1.47 1.64 3.04 5.52
37 California 1 1 154.83 107.94 1.43 1.59 3.03 4.16
37 California 2 1 159.27 107.5 1.48 1.64 2.89 3.83
37 California 3 1 163.03 106.67 1.53 1.7 3.33 4.49
38 California 1 1 157.84 105.24 1.5 1.66 3.58 3.67
39 California 1 1 176.97 116.42 1.52 1.69 4.2 4.68
39 California 2 1 183.04 115.04 1.59 1.77 5.23 3.93
39 California 3 1 187.19 112.98 1.66 1.84 5.77 4.45
40 California 1 1 174.35 116.52 1.5 1.66 4.62 4.05
40 California 2 1 186.04 119.19 1.56 1.73 4.77 4.66
40 California 3 1 182.54 116.77 1.56 1.74 3.77 3.71
41 California 1 1 170.33 116.86 1.46 1.62 3.42 3.91
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41 California 2 1 174.46 114.22 1.53 1.7 2.42 2.5
41 California 3 1 171.83 112.47 1.53 1.7 4.49 5.45
41 California 4 1 197.62 127.63 1.55 1.72 2.34 3.16
42 California 1 1 170.78 118.18 1.45 1.6 2.53 3.08
42 California 2 1 177.82 119.88 1.48 1.65 4.72 4.27
42 California 3 1 186.78 119.35 1.56 1.74 3.82 3.38
42 California 4 1 181.39 113.84 1.59 1.77 3.58 4.15
43 California 1 1 165.09 103.18 1.6 1.78 4.47 4.64
43 California 2 1 187.48 112.54 1.67 1.85 4.7 4.43
43 California 3 1 188.69 113.18 1.67 1.85 531 5.04
44 California 1 2 194.57 123.02 1.58 1.76 4.34 5.16
44 California 2 2 191.43 120 1.6 1.77 4.29 4.9
44 California 3 1 113.09 543.61 0.21 1.83 5.6 3.71
44 California 4 1 116.96 234.5 0.5 1.71 6.4 4.59
45 Australia 1 1 169.22 115.63 1.46 1.62 4.21 4.46
45 Australia 2 1 180.64 122.22 1.48 1.64 3.78 5.81
45 Australia 3 1 175.13 117.83 1.49 1.65 2.53 2.8
45 Australia 4 1 197.17 124.93 1.58 1.75 1.85 2.45
46 Australia 1 1 177.12 120.31 1.47 1.63 4.6 6.41
46 Australia 2 1 162.03 106.78 1.52 1.68 3.72 4.24
46 Australia 3 1 208.68 133.46 1.56 1.74 2.07 2.43
47 Australia 1 1 179.09 116.44 1.54 1.71 3.52 5.23
47 Australia 2 1 187.89 119.66 1.57 1.74 2.96 2.87
48 Australia 1 2 187.56 117.21 1.6 1.78 3.97 3.55
48 Australia 2 1 186.38 113.25 1.65 1.83 4.34 4.00
48 Australia 3 1 188.41 116.69 1.61 1.79 4.01 3.93
49 Australia 1 1 188.91 124.17 1.52 1.69 3.47 4.87
49 Australia 2 1 169.52 108.77 1.56 1.73 3.2 3.84
49 Australia 3 1 201.44 127.09 1.59 1.76 3.68 3.85
50 Australia 1 1 168.93 113.34 1.49 1.65 4.51 4.53
50 Australia 2 1 173.56 116.21 1.49 1.66 2.45 3.81
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50 Australia 3 1 187.05 121.85 1.54 1.7 4.4 4.27
51 Australia 1 1 161.75 112.75 1.43 1.59 3.21 4.08
51 Australia 2 1 162.4 107.14 1.52 1.68 2.83 4.57
51 Australia 3 1 175.53 109.16 1.61 1.78 3.36 3.5
52 Australia 1 1 180.54 121.08 1.49 1.66 3.72 5.62
52 Australia 2 1 175.74 113.94 1.54 1.71 2.68 3.38
52 Australia 3 1 190.89 119.61 1.6 1.77 2.54 3.25

Appendix 4. Genome size (G.s), mean fluorescence values (FL) and coefficient of variation (CV) for the individuals analyzed for ploidy

level
Sample size FL FL G.s. cv cv
Origin (individuals in Sample | Standard bl (pg) Sample | Standard Obs

ID pool) Ploidy

1 Turkey 4 197.52 123.78 1.60 1.77 4.33 4.26 diploid
1 Turkey 3 195.66 121.89 1.61 1.78 3.78 3.87 diploid
2 Turkey 3 178.29 110.77 1.61 1.79 3.83 4.14 diploid
2 Turkey 4 182.37 117.38 1.55 1.72 4.12 3.76 diploid
3 Turkey 3 158.13 105.18 1.50 1.67 3.35 3.82 diploid
3 Turkey 4 154.65 104.93 1.47 1.64 3.70 4.24 diploid
4 Turkey 3 153.99 | 105.07 1.47 1.63 3.79 4.95 diploid
4 Turkey 3 154.27 104.75 1.47 1.63 4.32 6.28 diploid
5 Turkey 4 151.54 100.00 1.52 1.68 3.39 5.99 diploid
5 Turkey 3 149.32 105.33 1.42 1.57 6.14 4.90 diploid
6 Turkey 3 175.35 116.87 1.50 1.67 2.88 3.15 diploid
6 Turkey 4 165.08 108.61 1.52 1.69 4.34 4.48 diploid
7 Turkey 3 179.64 124.64 1.44 1.60 4.99 5.81 diploid
7 Turkey 4 169.26 113.27 1.49 1.66 4.24 6.17 diploid




Appendices

8 Turkey 3 178.42 109.64 1.63 1.81 3.44 3.57 diploid
8 Turkey 4 189.55 | 120.64 1.57 1.74 4.17 4.93 diploid
9 Turkey 0 0 0 0 0 0 0 NA genome size only
10 Turkey 4 179.34 | 110.53 1.62 1.80 5.23 4.56 diploid
11 Spain 3 184.17 116.37 1.58 1.76 4.77 5.95 diploid
11 Spain 4 181.36 | 115.36 1.57 1.75 3.74 4.76 diploid
12 Spain 3 156.51 | 102.90 1.52 1.69 3.84 4.87 diploid
12 Spain 4 164.00 | 112.45 1.46 1.62 3.83 4.60 diploid
13 Spain 4 171.00 111.26 1.54 1.71 3.10 3.80 diploid
13 Spain 3 179.94 | 120.00 1.50 1.66 3.83 4.91 diploid
14 Spain 4 172.76 114.64 1.51 1.67 3.59 4.78 diploid
14 Spain 3 155.53 | 101.86 1.53 1.69 3.71 4.87 diploid
15 Spain 3 163.47 | 109.37 1.49 1.66 4.83 5.03 diploid
15 Spain 4 164.58 | 107.89 1.53 1.69 3.40 3.84 diploid
16 Spain 4 162.94 116.06 1.40 1.56 4.40 5.77 diploid
16 Spain 3 173.30 | 115.64 1.50 1.66 4.44 5.34 diploid
17 Spain 4 161.29 106.50 1.51 1.68 4.27 4.38 diploid
17 Spain 3 175.69 | 116.73 1.51 1.67 4.41 4.08 diploid
18 Spain 4 168.41 | 114.35 1.47 1.63 4.89 4.98 diploid
18 Spain 3 165.80 | 105.92 1.57 1.74 3.80 4.31 diploid
19 Spain 4 165.83 | 105.89 1.57 1.74 3.75 3.24 diploid
19 Spain 3 171.83 | 110.61 1.55 1.72 3.26 3.91 diploid
20 Spain 4 193.93 | 124.53 1.56 1.73 4.10 3.05 diploid
20 Spain 3 176.72 | 113.46 1.56 1.73 4.12 4.49 diploid
21 Chile 4 181.31 | 113.51 1.60 1.77 5.93 7.40 diploid
21 Chile 3 184.78 | 117.55 1.57 1.74 4.86 5.66 diploid
22 Chile 3 189.21 | 119.28 1.59 1.76 3.92 4.35 diploid
22 Chile 4 186.82 | 116.51 1.60 1.78 4.00 3.55 diploid
23 Chile 3 156.20 | 100.94 1.55 1.72 3.47 5.02 diploid
24 Chile 3 163.38 | 112.56 1.45 1.61 4.44 5.02 diploid
24 Chile 4 158.57 | 105.66 1.50 1.67 2.69 3.18 diploid
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25 | Argentina 4 156.06 | 106.37 1.47 1.63 4.24 6.31 diploid
25 | Argentina 3 178.97 | 117.50 1.52 1.69 5.10 6.59 diploid
26 | Argentina 4 177.84 112.01 1.59 1.76 3.67 4.25 diploid
26 | Argentina 3 184.09 | 114.94 1.60 1.78 4.02 3.79 diploid
27 | Argentina 4 172.38 | 115.19 1.50 1.66 3.37 4.31 diploid
27 | Argentina 3 144.15 | 100.99 1.43 1.58 4.76 7.41 diploid
27 | Argentina 3 184.99 | 118.64 1.56 1.73 3.83 3.83 diploid
28 | Argentina 4 158.73 | 103.59 1.53 1.70 3.01 3.76 diploid
28 | Argentina 3 154.78 106.40 1.45 1.61 3.31 4.48 diploid
29 | Argentina 3 184.61 | 116.39 1.59 1.76 2.68 2.59 diploid
29 | Argentina 4 174.96 | 107.14 1.63 1.81 3.60 3.73 diploid
30 | Argentina 4 179.54 | 110.82 1.62 1.80 4.17 4,51 diploid
30 | Argentina 3 166.37 112.31 1.48 1.64 3.76 5.25 diploid
31 | Argentina 3 188.87 | 117.39 1.61 1.79 4.32 4.04 diploid
31 | Argentina 4 178.91 112.40 1.59 1.77 4.42 4.56 diploid
32 | Argentina 4 167.53 | 118.13 1.42 1.57 4.30 5.32 diploid
32 | Argentina 3 174.04 121.08 1.44 1.60 5.21 5.82 diploid
33 | Argentina 4 167.60 | 109.58 1.53 1.70 3.22 4.05 diploid
33 | Argentina 3 163.57 | 109.37 1.50 1.66 3.23 3.78 diploid
34 | Argentina 3 175.61 | 112.76 1.56 1.73 3.93 4.61 diploid
34 | Argentina 4 182.96 | 116.90 1.57 1.74 3.54 4.55 diploid
35 | California 4 194.45 | 119.05 1.63 1.81 4.50 4.82 diploid
35 | California 3 192.10 | 118.19 1.63 1.80 4.87 4.89 diploid
36 | California 0 0 0 0 0 0 0 NA genome size only
37 | California 4 163.16 | 106.75 1.53 1.70 4.12 4.97 diploid
38 | California 4 152.62 | 101.37 1.51 1.67 5.02 5.64 diploid
39 | California 4 180.49 | 114.91 1.57 1.74 5.35 4.76 diploid
39 | California 3 176.05 116.69 1.51 1.67 4.96 4.31 diploid
40 | California 4 173.29 | 115.66 1.50 1.66 5.00 4.49 diploid
40 | California 3 178.23 121.40 1.47 1.63 4.61 4.10 diploid
41 | California 4 167.40 | 110.73 1.51 1.68 3.54 3.84 diploid
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42 | California 3 171.98 118.02 1.46 1.62 5.66 4.72 diploid
42 | California 4 168.72 | 112.21 1.50 1.67 4.57 4.20 diploid
43 | California 4 189.14 115.80 1.63 1.81 5.73 5.67 diploid
43 | California 3 189.15 | 115.15 1.64 1.82 5.02 4.98 diploid
44 | California 3 186.42 118.30 1.58 1.75 4.67 4.87 diploid
44 | California 4 179.12 | 110.44 1.62 1.80 5.50 6.24 diploid
45 | Australia 4 150.45 99.94 1.51 1.67 4.54 5.03 diploid
46 | Australia 4 166.88 | 110.75 1.51 1.67 3.73 5.09 diploid
47 | Australia 3 168.87 112.46 1.50 1.67 3.43 491 diploid
47 | Australia 4 161.69 | 108.12 1.50 1.66 3.45 4.26 diploid
48 | Australia 0 0 0 0 0 0 0 NA genome size only
49 | Australia 3 177.92 | 110.89 1.60 1.78 4.44 5.72 diploid
49 | Australia 4 174.70 106.83 1.64 1.82 4.81 5.17 diploid
50 | Australia 4 175.66 | 107.08 1.64 1.82 4.77 5.28 diploid
50 | Australia 3 181.71 115.85 1.57 1.74 4.67 5.51 diploid
51 | Australia 3 174.61 | 110.43 1.58 1.76 3.62 4.39 diploid
51 | Australia 4 167.47 110.32 1.52 1.69 3.67 4.73 diploid
52 | Australia 4 158.45 108.56 1.46 1.62 3.66 7.13 diploid
52 | Australia 3 166.02 | 112.68 1.47 1.64 4.09 6.08 diploid
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Appendix 5. Pairwise scatter plots of all the chemical variables. The x axis in each scatter plot represents the column variable, the y
axis the row variable. The value of the correlation and the significance level is indicated by asterisks (0.1 = “.”, 0.05 = “*”, 0.01 = “**”,
0.001 = “***”) on the top of the diagonal. Positive correlations are displayed in red and negative correlations in blue colour. A higher

resolution image can be accessed from https://link.springer.com/article/10.1007%2Fs10530-019-02038-1.
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Appendix 6. Plot of Principal Component Analysis scores (centered and standardized PCA) repre
senting the multivariate space in chemical compounds found in six C. solstitialis world regions af
ter performing the collinearity test and dropping the highly correlated variables from the model

A higher resolution image can be accessed from https://link.springer.com/article/10.1007%2Fs1

0530-019-02038-1.

standardized PC2 (27.3% explained var.)

standardized PC1 (38.2% explained var.)
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Appendix 7. Tukey post-hoc comparisons of the effects of a 0.25% C. solstitialis leaf extract on

the germination rates of lettuce seeds. N = number of lettuce seeds germinated. SE = standard

error of the mean

Group N Mean SE Turkey Spain | Argentina | Chile | California
Turkey 23 7.66 0.88

Spain 18 6 2.88 >0.05

Argentina 20 6.66 0.33 >0.05 >0.05

Chile 4 1.33 0.88 0.006 0.04 0.04

California 49 16.3 3.84 0.002 <0.001 <0.001 <0.001

Australia 65 21.6 2.4 <0.001 | <0.001 | <0.001 | <0.001 >0.05

Appendix 8. Tukey post-hoc comparisons of the effects of a 0.5% C. solstitialis leaf extract on the

germination rates of lettuce seeds. N = number of lettuce seeds germinated. SE = standard error

of the mean
Group N Mean SE Turkey Spain | Argentina Chile California
Turkey 2 0.66 0.33
Spain 8 2.66 1.2 >0.05
Argentina 0 NA NA >0.05 >0.05
Chile 0 NA NA >0.05 >0.05 >0.05
California 1 0.33 0.33 >0.05 >0.05 >0.05 >0.05
Australia 2 0.66 0.33 >0.05 >0.05 >0.05 >0.05 >0.05

Appendix 9. Tukey post-hoc comparisons of the effects of a 0.25% C. solstitialis leaf extract on

days to germination in lettuce

Group N Mean SE Turkey Spain | Argentina Chile California
Turkey 23 5.86 0.32

Spain 18 5.72 0.32 >0.05

Argentina 20 6 0.47 >0.05 >0.05

Chile 4 5.75 0.75 >0.05 >0.05 >0.05

California 49 5.06 0.22 >0.05 >0.05 >0.05 >0.05

Australia 65 4.73 0.21 >0.05 >0.05 0.038 >0.05 >0.05
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Appendix 10. Percent germination and days to germination for lettuce seeds receiving 0.25% C.

solstitialis leaf extract. PC = positive control, NC = negative control

Region PC NC Turkey | Spain | Argentina | Chile | California | Australia
Percent germination | 99 99 21 17 19 3.7 45 60
Days to germination | 2.1 2.2 5.8 5.7 6 5.7 5 4.7

Appendix 11. Tukey post-hoc comparisons of the effects of a 0.5% C. solstitialis leaf extract on

days to germination in lettuce

Group N Mean SE Turkey Spain | Argentina | Chile | California
Turkey 2 5.5 1.5

Spain 8 6.37 0.53 >0.05

Argentina 0 NA NA NA >0.05

Chile 0 NA NA NA >0.05 >0.05

California 1 NA >0.05 >0.05 >0.05 >0.05

Australia 2 NA >0.05 >0.05 >0.05 > 0.05 >0.05

Appendix 12. Percent germination and days to germination for lettuce seeds receiving 0.5% C.

solstitialis leaf extract. PC = positive control, NC = negative control

Region PC | NC | Turkey Spain | Argentina Chile | California | Australia
Percent germination | 99 | 99 1.9 7.4 0 0 0.9 1.9
Days to germination | 2.1 | 2.2 5.5 6.3 NA NA 7 7

Appendix 13. Tukey post-hoc comparisons of the effects of a 0.25% C. solstitialis leaf extract on

the growth of lettuce root (mm). N = number of lettuce seeds germinated. SE = standard error of the

mean
Group N Mean SE Turkey Spain | Argentina | Chile | California
Turkey 23 0.18 0.01
Spain 18 0.41 0.08 >0.05
Argentina 18 0.19 0.05 >0.05 >0.05
Chile 4 0.22 0.12 >0.05 >0.05 >0.05
California 49 0.41 0.04 0.03 >0.05 >0.05 >0.05
Australia 65 0.43 0.03 0.007 >0.05 0.027 >0.05 >0.05
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Appendix 14. Tukey post-hoc comparisons of the effects of a 0.5% C. solstitialis leaf extract on

the growth of lettuce root (mm)

Group N Mean SE Turkey Spain | Argentina Chile California
Turkey 2 0.1 0

Spain 8 0.13 0.01 >0.05

Argentina 0 NA NA > 0.05 0.003

Chile 0 NA NA >0.05 0.003 >0.05

California 1 0.1 NA >0.05 >0.05 >0.05 >0.05

Australia 2 0.15 0.05 >0.05 >0.05 0.018 0.018 >0.05

Appendix 15. Geographical coordinates of the populations included in this study. N = number of

replicates per population, each representing a different maternal plant. Datum is WGS84.

Population N Region | Province/County Latitude Longitude
1 10 Turkey Denizli 37.802 29.195
2 6 Turkey Afyonkarahisar 37.95 29.84
3 6 Turkey Isparta 37.898 30.438
4 7 Turkey Burdur 37.616 30.146
5 6 Turkey Denizli 37.531 29.3
6 3 Turkey Afyonkarahisar 38.153 30.234
7 10 Turkey Izmir 38.085 28.215
8 7 Turkey lzmir 38.301 28.049
9 5 Turkey Aydin 37.952 28.03
10 5 Turkey Aydin 37.712 28.692
11 8 Spain Cuenca 40.241 -2.687
12 4 Spain Tarragona 41.068 0.334
13 10 Spain Lleida 41.505 1.005
14 6 Spain Lleida 41.877 0.778
15 4 Spain Cuenca 39.847 -2.501
16 8 Spain Salamanca 41.026 -5.605
17 10 Spain Burgos 41.728 -3.834
18 6 Spain Valladolid 41.392 -5.277
19 4 Spain Cuenca 40.014 -2.973
20 6 Spain Zaragoza 41.408 -0.289
21 9 Argentina La Pampa -36.709 -64.831
22 6 Argentina La Pampa -36.7 -65.391
23 10 Argentina La Pampa -36.709 -64.831
24 9 Argentina La Pampa -36.25 -65.454
25 7 Argentina La Pampa -36.224 -64.281
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26 9 Argentina La Pampa -36.617 -64.256
27 8 Argentina La Pampa -35.725 -64.269
28 8 Argentina La Pampa -37.122 -64.287
29 8 Argentina La Pampa -37.56 -64.292
30 5 Argentina La Pampa -36.566 -63.665
31 3 Chile Talagante -33.571 -70.855
32 8 Chile Talagante -33.689 -71.055
33 6 Chile Santiago -33.525 -70.752
34 8 Chile Santiago -33.37 -70.43

35 10 California Sacramento 38.642 -121.18
36 2 California Sacramento 38.683 -121.181
37 2 California Marin 38.156 -122.69
38 8 California Solano 38.209 -122.15
39 9 California Sonoma 38.224 -122.53
40 2 California Sonoma 38.236 -122.56
41 8 California Napa 38.339 -122.15
42 6 California Solano 38.41 -121.93
43 9 California Napa 38.453 -122.15
44 5 Australia NSW -36.595 144.736
45 6 Australia NSW -36.678 147.37

46 7 Australia NSW -35.067 148.109
47 5 Australia NSW -33.222 148.909
48 7 Australia NSW -34.017 148.569
49 9 Australia NSW -34.319 148.493
50 9 Australia NSW -34.874 148.908

Appendix 16. Linear regression model output of fertility rates for crosses within region. x2 — chi-

squared distribution. AIC - Akaike information criterion. Significance levels:

“*” P < 0.05

significant, “**” P < 0.01 highly significant, “***” P < 0.001 extremely significant. In bold are

shown the crosses that differed significantly at p < 0.05

Region X2(1) AIC P-value
Turkey 10.338 AIC nuil model = 1590.3 vs AIC fuil model = 1598.6 0.01*
Spain 1.4531 AIC null model = 1012.0 vs AIC fyii modet = 1011.5 0.228
Argentina 25.28 AIC null model = 2260.3 vs AIC ¢yl modelt = 2283.6 < 0.001***
Chile 51.69 AIC nuit modet = 230.81 vs AIC il model = 280.50 < 0.001***
California 1.4681 AIC il model = 1092.6 vs AIC fuil mogel = 1092.1 0.2256
Australia 16.323 AIC nuil model = 676.26VS AIC 5l model = 690.58 < 0.001***
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Appendix 17. Linear regression model output of fertility rates for crosses between regions. In

bold are shown the crosses that differed significantly at p < 0.05

Comparison X2(1) AIC P-value
Turkey vs Spain 0.216 AIC nult model = 1127.5 vSAIC fuil model = 1125.8 0.641
Turkey vs Chile 19.737 AIC null model = 1021.1vSAIC syl model = 1038.9 < 0.001***
Turkey vs California 0.1482 AIC null model = 1478.0 vs AIC tull model = 1476.2 0.700
Turkey vs Australia 0.101 AIC nuil model = 1120.4vs AIC full model = 1118.5 0.749
Turkey vs Argentina 2.2597 AIC nult model = 1273.5v5s AIC full model = 1273.8 0.132
Spain vs Turkey 2.4185 AIC nuil model = 1143.5VSAIC fuil model = 1143.9 0.119
Spain vs Chile 16.125 AIC nui model = 868.25VSAIC gyl model = 882.38 < 0.001%**
Spain vs California 48.812 AIC nuil model = 1687.1vs AIC il modet = 1733.9 < 0.001%**
Spain vs Australia 37.321 AIC nui model = 1040.5VSAIC fuil model = 1075.8 < 0.001%**
Spain vs Argentina 39.613 AIC nuil model = 1534.8vs AIC il model = 1572.4 < 0.001%**
Chile vs Turkey 4,978 AIC nui model = 362.36 VSAIC i model = 365.33 0.025*
Chile vs Spain 1.551 AIC nuil model = 349.52 vs AIC il model = 349.07 0.212
Chile vs California 10.514 AIC nuil model = 419.81VSAIC syl model = 428.32 0.001**
Chile vs Australia 0.4859 AIC nuil model = 321.45VSAIC fuli model = 319.93 0.485
Chile vs Argentina 7.780 AIC nul model = 401.76vs AIC il model = 407.54 0.005**
California vs Turkey 2.1573 AIC null model = 850.23VSAIC £y model = 850.38 0.141
California vs Spain 15.386 AIC 1l model = 787.01vSAIC fuil model = 800.40 < 0.001%**
California vs Chile 20.202 AIC 1l model = 569.68vs AIC il model = 587.88 < 0.001%**
California vs Australia 6.655 AIC 1ull model = 760.73VSAIC fuil model = 765.39 0.009**
California vs Argentina 0.1133 AIC nulimodel =1078.7VSAIC tuil model =1076.8 0.7363
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Australia vs Turkey 1.156 AIC nuil model = 575.67VSAIC tyil model = 574.83 0.282
Australia vs Spain 0.049 AIC nuil model = 418.07VSAIC tyil model = 416.11 0.824
Australia vs Chile 3.6012 AIC null model = 359.04VSAIC fuil model = 360.64 0.057
Australia vs California 22.977 AIC null model = 734.26Vs AIC il model = 755.24 < 0.001%**
Australia vs Argentina 9.7344 AIC nul model = 625.91VSAIC fuil model = 633.64 0.001**
Argentina vs Turkey 0.6758 AIC 1yl model =2015.3VSAIC il model =2013.9 0.411
Argentina vs Spain 25.1 AIC nul model = 1377.3VSAIC full model = 1400.4 < 0.001%**
Argentina vs Chile 1.8289 AIC nuii model = 1470.8VSAIC tyii model = 1470.7 0.1763
Argentina vs California 32.457 AIC nutimodet =1834.7vSAIC syl modet =1865.2 < 0.001%**
Argentina vs Australia 2.0988 AIC nuil model = 1567.6vs AIC tull modei= 1567.7 0.147

Appendix 18. GPS coordinates of the C. solstitialis populations sampled in this study (Datum

WGS84). Pop = population

Pop Region Province/County Location Latitude Longitude
1 Turkey Denizli Pinarkent 37.80283 29.19525
2 Turkey Afyonkarahisar Dazkiri 37.95083 29.84033
3 Turkey Isparta Isparta 37.89844 30.43828
4 Turkey Burdur Burdur 37.61608 30.14617
5 Turkey Denizli Serinhisar 37.53156 29.30086
6 Turkey Afyonkarahisar Dinar to Cay 38.15392 30.23417
7 Turkey Izmir Beydag 38.08586 28.21547
8 Turkey Izmir Bozdag 38.30136 28.04986
9 Turkey Aydin Akcakoy 37.95292 28.02997
10 | Turkey Aydin Geyre 37.71231 28.69269
11 | Spain Cuenca Moncalvillo de Huete 40.24159 -2.687453
12 Spain Tarragona Batea 41.06882 0.334305
13 | Spain Lleida L"Espluga-Calba 41.50499 1.005857
14 | Spain Lleida Gerb 41.87776 0.778373
15 | Spain Salamanca Castellanos de Moriscos 41.02614 -5.605175
16 | Spain Burgos La Horra 41.7288 -3.834349
17 | Spain Valladolid Castronufio 41.39246 -5.276957
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18 | Spain Cuenca Tarancén 40.01424 -2.9731

19 | Spain Zaragoza Sastago 41.40823 -0.289773
20 | Chile Talagante Padre Hurtado -33.57083 -70.85528
21 | Chile Talagante El Monte -33.68944 -71.05528
22 | Chile Santiago Maipu -33.52472 -70.75167
23 | Chile Santiago Lo Barnechea -33.37 -70.42972
24 | Argentina | La Pampa Paraje El Tropezén, R14 -36.709 -64.83106
25 Argentina | La Pampa El Durazno, R14, km 189 -36.70008 -65.39142
26 | Argentina | La Pampa Rucanelo, R11y R10 -36.70894 -64.83083
27 | Argentina | La Pampa Victorica -36.25011 -65.45425
28 | Argentina | La Pampa Winifreda -36.22397 -64.28133
29 | Argentina | La Pampa Santa Rosa -36.61658 -64.25625
30 | Argentina | La Pampa Trenel, R35 km 426 -35.72458 -64.26928
31 | Argentina | La Pampa Quehué, R 35y R18 -37.12161 -64.28661
32 | Argentina | La Pampa Unanue, R35 km 215 -37.55967 -64.2915
33 | Argentina | La Pampa Lonquimay, R1 km 203 -36.56553 -63.66467
34 | California | Sacramento Folsom 38.64215 -121.176
35 | California | Solano Green Valley 38.20954 -122.1463
36 | California | Sonoma Petaluma 38.22456 -122.5341
37 | California | Sonoma Petaluma 38.23643 -122.5638
38 | California | Napa Napa 38.33904 -122.1547
39 | California | Solano Vacaville 38.41059 -121.9343
40 | California | Napa Napa 38.45353 -122.1529
41 | Australia | NSW Hume, 5km N of Holbrook -36.67779 147.3697
42 | Australia | NSW Gundagai -35.0672 148.1085
43 | Australia | NSW 18 km N of Cudal -33.22193 148.9088
44 | Australia | NSW Koorawatha -34.01678 148.569

45 | Australia | NSW Murringo -34.31917 148.4932
46 | Australia | NSW Yass -34.87395 148.9083
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Appendix 19. Adapters sequences used for ddRAD experiment. Asterisks represent modified nucleotides (phosphorothioate
modification) to prevent nuclease degradation. Uppercase letters in DNA coding indicate adapter sequence while lower case letters
indicate 6bp barcode sequence. N = complementary pairs of oligonucleotides to be annealed and used in the ligation step of DNA

library preparation

ID Sequence N Index
P1_Pstl_top_il AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTgcatgaTGC*A 1 gcatga
P1_Pstl_bottom_il /5Phos/tcatgcAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCAT*T 1 tcatgc
P2_Mse_top_il /5Phos/TAgcatgaAGATCGGAAGAGCGGTTCAGCAGGAATGCCGAGACCGATCAGAACAA 1 gcatga
P2_Mse_bottom_il | CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATCTtcatg*c 1 tcatg
P1_Pstl_top_i2 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTgatccgTGC*A 2 gatccg
P1_Pstl_bottom_i2 /5Phos/cggatcAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCAT*T 2 cggatc
P2_Mse_top_i2 /5Phos/TAgatccgAGATCGGAAGAGCGGTTCAGCAGGAATGCCGAGACCGATCAGAACAA 2 gatccg
P2_Mse_bottom_i2 | CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATCTcggat*c 2 cggat
P1_Pstl_top_i3 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTtccagtTGC*A 3 tccagt
P1_Pstl_bottom_i3 /5Phos/actggaAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCAT*T 3 actgga
P2_Mse_top_i3 /5Phos/TAtccagtAGATCGGAAGAGCGGTTCAGCAGGAATGCCGAGACCGATCAGAACAA 3 tccagt
P2_Mse_bottom_i3 | CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATCTactgg*a 3 actgg
P1_Pstl_top_i4 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTgtctta TGC*A 4 gtctta
P1_Pstl_bottom_i4 /5Phos/taagacAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCAT*T 4 taagac
P2 _Mse_top_i4 /5Phos/TAgtctta AGATCGGAAGAGCGGTTCAGCAGGAATGCCGAGACCGATCAGAACAA 4 gtctta
P2_Mse_bottom_i4 | CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATCTtaaga*c 4 taaga
P1_Pstl_top_i5 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTcggagtTGC*A 5 cggagt
P1_Pstl_bottom_i5 /5Phos/actccgAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCAT*T 5 actccg
P2_Mse_top_i5 /5Phos/TAcggagtAGATCGGAAGAGCGGTTCAGCAGGAATGCCGAGACCGATCAGAACAA 5 cggagt
P2_Mse_bottom_i5 | CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATCTactcc*g 5 actcc
P1_Pstl_top_i6 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTcacgttTGC*A 6 cacgtt
P1_Pstl_bottom_i6 /5Phos/aacgtgAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCAT*T 6 aacgtg
P2 _Mse_top_i6 /5Phos/TAcacgttAGATCGGAAGAGCGGTTCAGCAGGAATGCCGAGACCGATCAGAACAA 6 cacgtt
P2_Mse_bottom_i6 | CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATCTaacgt*g 6 aacgt
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P1_Pstl_top_i7 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTatacagTGC*A 7 | atacag
P1_Pstl_bottom_i7 | /5Phos/ctgtatAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCAT*T 7 | ctgtat
P2_Mse_top_i7 /5Phos/TAatacagAGATCGGAAGAGCGGTTCAGCAGGAATGCCGAGACCGATCAGAACAA 7 | atacag
P2_Mse_bottom_i7 | CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATCTctgta*t 7 | ctgta
P1_Pstl_top_i8 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTtgttacTGC*A 8 | tgttac
P1_Pstl_bottom_i8 | /5Phos/gtaacaAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCAT*T | 8 | gtaaca
P2_Mse_top_i8 /5Phos/TAtgttacAGATCGGAAGAGCGGTTCAGCAGGAATGCCGAGACCGATCAGAACAA 8 | tgttac
P2_Mse_bottom_i8 | CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATCTgtaac*a 8 | gtaac
P1_Pstl_top_i9 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTacgetcTGC*A 9 | acgcte
P1_Pstl_bottom_i9 | /5Phos/gagcgtAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCAT*T | 9 | gagegt
P2_Mse_top_i9 /5Phos/TAacgctcAGATCGGAAGAGCGGTTCAGCAGGAATGCCGAGACCGATCAGAACAA 9 | acgcte
P2_Mse_bottom_i9 | CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATCTgageg*t 9 | gageg
P1_Pstl_top_il0 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTttggecaTGC*A 10 | ttggca
P1_Pstl_bottom_i10 | /5Phos/tgccaaAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCAT*T | 10 | tgccaa
P2_Mse_top_i10 /5Phos/TAttggcaAGATCGGAAGAGCGGTTCAGCAGGAATGCCGAGACCGATCAGAACAA 10 | ttggca
P2_Mse_bottom_i10 | CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATCTtgcca*a 10 | tgcca
P1_Pstl_top_ill AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTagtaacTGC*A 11 | agtaac
P1_Pstl_bottom_i11l | /5Phos/gttactAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCAT*T | 11 | gttact
P2_Mse_top_ill /5Phos/TAagtaacAGATCGGAAGAGCGGTTCAGCAGGAATGCCGAGACCGATCAGAACAA 11 | agtaac
P2_Mse_bottom_i1l | CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATCTgttac*t 11 | gttac
P1_Pstl_top_i12 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTcaagegTGC*A 12 | caagcg
P1_Pstl_bottom_i12 | /5Phos/cgcttgAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCAT*T | 12 | cgcttg
P2_Mse_top_i12 /5Phos/TAcaagcgAGATCGGAAGAGCGGTTCAGCAGGAATGCCGAGACCGATCAGAACAA 12 | caagcg
P2_Mse_bottom_i12 | CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATCTcgett*g 12 | cgett
P1_Pstl_top_i13 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTatgctaTGC*A 13 | atgcta
P1_Pstl_bottom_i13 | /5Phos/tagcatAGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGCCGTATCAT*T | 13 | tagcat
P2_Mse_top_i13 /5Phos/TAatgctaAGATCGGAAGAGCGGTTCAGCAGGAATGCCGAGACCGATCAGAACAA 13 | atgcta
P2_Mse_bottom_i13 | CAAGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTGAACCGCTCTTCCGATCTtagea*t 13 | tagca
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Appendix 20. Linear regression model output of global trait differentiation in C. solstitialis. x2 —
chi-squared distribution. AIC - Akaike information criterion. Significance levels: “*” P < 0.05

significant, “**” P < 0.01 highly significant, “***” P < 0.001 extremely significant

Trait X2 P AIC null model AIC full model
Days to bolting 9.8493 | 0.079 2766.7 2766.5
Days to flower 18.448 0.003** 2514.1 2521.6
Number of inflorescence 16.55 0.005** 3645.2 3651.7
Spine length 17.044 | 0.004** 450.04 457.09
Number of ovules 13.437 | 0.019* 1443 1446.4
Mass of plumed seeds 19.764 0.001** 162.89 172.65
Final plant height 12.754 0.025* 3031.5 3034.3

Appendix 21. Linear logistic regression model output for comparison of traits between C.
solstitialis regions. Z value = measure of standard deviation, Pr = probability that the null

hypothesis has been rejected

Trait Comparison Estimate Std. Error Z value Pr (>]|z])

Spain vs Turkey 6.567 2.733 2.402 0.152
Argentina vs Turkey 2.687 2.704 0.994 0.918
Chile vs Turkey -1.071 3.606 -0.297 0.999
California vs Turkey -1.280 2.924 -0.438 0.997
Australia vs Turkey 5.090 3.029 1.680 0.540
Argentina vs Spain -3.879 2.704 -1.435 0.701
Chile vs Spain -7.638 3.606 -2.118 0.273

Days to bolting California vs Spain -7.847 2.924 -2.684 0.076.
Australia vs Spain -1.476 3.029 -0.487 0.886
Chile vs Argentina -3.758 3.584 -1.049 0.899
California vs Argentina -3.968 2.896 -1.370 0.741
Australia vs Argentina 2.403 3.003 0.800 0.966
California vs Chile -0.209 3.752 -0.056 1.000
Australia vs Chile 6.161 3.836 1.606 0.589
Australia vs California 6.371 3.202 1.989 0.343
Spain vs Turkey 4.289 1.834 2.339 0.175
Argentina vs Turkey -0.627 1.821 -0.345 0.999

Days to flower Chile vs Turkey -3.091 2.429 -1.273 0.796
California vs Turkey -2.640 1.969 -1.341 0.758
Australia vs Turkey 7.773 2.040 3.810 0.001%**
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Argentina vs Spain -4.917 1.814 -2.710 0.071.
Chile vs Spain -7.380 2.423 -3.045 0.027*
California vs Spain -6.929 1.963 -3.530 0.005**
Australia vs Spain 3.484 2.034 1.713 0.518
Chile vs Argentina -2.463 2.414 -1.021 0.909
California vs Argentina -2.012 1.950 -1.032 0.905
Australia vs Argentina 8.401 2.022 4.154 <0.001 ***
California vs Chile 0.450 2.527 0.178 0.999
Australia vs Chile 10.864 2.583 4.206 <0.001 ***
Australia vs California 10.413 2.156 4.828 <0.001 ***
Spain vs Turkey -9.879 10.179 -0.970 0.925
Argentina vs Turkey -46.775 10.107 -4.628 <0.001***
Chile vs Turkey -54.524 13.480 -4.045 <0.001***
California vs Turkey -30.265 10.929 -2.769 0.061.
Australia vs Turkey -42.725 11.323 -3.773 0.002%**
Argentina vs Spain -36.896 10.069 -3.664 0.003**
Chile vs Spain -44.645 13.451 -3.319 0.011*
Number of inflorescence | California vs Spain -20.387 10.894 -1.871 0.415
Australia vs Spain -32.846 11.289 -2.910 0.041*
Chile vs Argentina -7.749 13.396 -0.578 0.992
California vs Argentina 16.509 10.826 1.525 0.643
Australia vs Argentina 4.050 11.224 0.361 0.999
California vs Chile 24.259 14.027 1.729 0.507
Australia vs Chile 11.800 14.336 0.823 0.962
Australia vs California -12.969 11.969 -1.041 0.902
Spain vs Turkey 9.875 3.918 2.520 0.113
Argentina vs Turkey 17.256 3.762 4.587 <0.001***
Chile vs Turkey 2.681 5.878 0.456 0.997
California vs Turkey 11.874 4.091 2.903 0.041*
Australia vs Turkey 13.502 4.655 2.901 0.041*
Argentina vs Spain 7.381 3.847 1.918 0.381
Chile vs Spain -7.194 5.933 -1.212 0.825
Number of ovules California vs Spain 1.999 4.169 0.479 0.996
Australia vs Spain 3.627 4.724 0.768 0.971
Chile vs Argentina -14.575 5.831 -2.499 0.119
California vs Argentina -5.382 4.023 -1.338 0.756
Australia vs Argentina -3.754 4.595 -0.817 0.963
California vs Chile 9.193 6.048 1.520 0.642
Australia vs Chile 10.821 6.444 1.679 0.536
Australia vs California 1.628 4.868 0.334 0.999
Spain vs Turkey 0.113 0.106 1.070 0.888
Mass of plumed seeds | Argentina vs Turkey 0.464 0.099 4.677 <0.001***
Chile vs Turkey -0.032 0.160 -0.205 0.999
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California vs Turkey 0.738 0.107 6.890 <0.001***
Australia vs Turkey 0.445 0.130 3.427 0.007**
Argentina vs Spain 0.350 0.103 3.375 0.009**
Chile vs Spain -0.146 0.163 -0.895 0.945
California vs Spain 0.624 0.111 5.603 <0.001***
Australia vs Spain 0.332 0.133 2.486 0.122
Chile vs Argentina -0.497 0.159 -3.126 0.020*
California vs Argentina 0.274 0.105 2.608 0.090.
Australia vs Argentina 0.018 0.128 -0.145 0.999
California vs Chile 0.771 0.164 4.699 <0.001***
Australia vs Chile 0.478 0.179 2.660 0.079.
Australia vs California -0.292 0.134 -2.175 0.240
Spain vs Turkey -0.220 0.083 -2.648 0.084.
Argentina vs Turkey -0.073 0.081 -0.906 0.943
Chile vs Turkey 0.041 0.109 0.382 0.998
California vs Turkey 0.008 0.087 0.094 1.000
Australia vs Turkey -0.440 0.091 -4.812 <0.001***
Argentina vs Spain 0.146 0.082 1.774 0.477
Chile vs Spain 0.262 0.110 2.372 0.163
Spine length California vs Spain 0.228 0.088 2.572 0.102
Australia vs Spain -0.219 0.092 -2.371 0.163
Chile vs Argentina 0.115 0.109 1.059 0.895
California vs Argentina 0.082 0.087 0.941 0.934
Australia vs Argentina -0.366 0.090 -4.029 <0.001***
California vs Chile -0.033 0.114 -0.295 0.999
Australia vs Chile -0.482 0.116 -4.123 <0.001%***
Australia vs California -0.448 0.096 -4.640 <0.001***
Spain vs Turkey 1.485 4.130 0.360 0.999
Argentina vs Turkey -0.345 4,101 -0.084 1.000
Chile vs Turkey -16.933 5.470 -3.096 0.023*
California vs Turkey -6.803 4.434 -1.534 0.637
Australia vs Turkey -0.722 4.656 -0.155 1.000
Argentina vs Spain -1.831 4.085 -0.448 0.997
Chile vs Spain -18.418 5.458 -3.374 0.009**
Final plant height California vs Spain -8.289 4.420 -1.875 0.412
Australia vs Spain -2.208 4.742 -0.476 0.996
Chile vs Argentina -16.587 5.436 -3.051 0.026*
California vs Argentina -6.458 4.393 -1.470 0.679
Australia vs Argentina -0.377 4.616 -0.082 1.000
California vs Chile 10.129 5.692 1.780 0.474
Australia vs Chile 16.210 5.866 2.763 0.062.
Australia vs California 6.081 4,915 1.237 0.815
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Appendix 22. Character correlation between traits. The x axis in each scatter plot represents the
column variable, the y axis the row variable. The value of the correlation and the significance
level is indicated by asterisks (0.1 = “.”, 0.05 = “*”, 0.01 = “**”, 0.001 = (“***”) on the top of the

diagonal. Positive correlations are displayed in red and negative correlations in blue color
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Appendix 23. Psr-Fst pair-wise region comparisons of phenotypic and neutral genetic differentiation at seven morphological traits in

C. solstitialis. The significance of the differences for each comparison are indicated by the Bayesian credibility interval and highlighted

in bold
Psr - Fst Bayesian
Trait comparison mean Psr(95% Cl) | mean Fsr (95% Cl) | credibility interval
(95% ClI)
Days to bolt Turkey vs Spain 0.02 (0.00-0.10) | 0.08 (0.06-0.11) | -0.06(-0.08-0.01)
Days to bolt Turkey vs Argentina 0.00 (0.00-0.03) | 0.07 (0.05-0.10) | -0.07 (-0.07 — (-0.04)
Days to bolt Turkey vs Chile 0.00 (0.00-0.02) | 0.08 (0.06-0.11) | -0.08 (-0.08 — (-0.05)
Days to bolt Turkey vs California 0.00 (0.00-0.02) | 0.06 (0.04—-0.08) | -0.06 (-0.06 — (-0.04)
Days to bolt Turkey vs Australia 0.01 (0.00-0.08) | 0.08 (0.06-0.11) | -0.07 (-0.08 — (-0.00)
Days to bolt Spain vs Argentina 0.00 (0.00-0.04) | 0.02(0.01-0.04) | -0.02(-0.02-0.01)
Days to bolt Spain vs Chile 0.02 (0.00-0.13) | 0.04(0.02-0.06) | -0.01(-0.04-0.09)
Days to bolt Spain vs California 0.05 (0.00-0.14) | 0.03(0.02-0.05) 0.01 (-0.03-0.11)
Days to bolt Spain vs Australia 0.00 (0.00-0.02) | 0.03(0.02-0.05) | -0.03(-0.03 —(-0.01)
Days to bolt Argentina vs Chile 0.06 (0.00-0.05) | 0.02 (0.01-0.04) | -0.02 (-0.027 —0.02)
Days to bolt Argentina vs California | 0.00 (0.00-0.05) | 0.02 (0.01-0.03) | -0.01(-0.02 —0.03)
Days to bolt Argentina vs Australia | 0.00 (0.00-0.03) | 0.02 (0.00-0.03) | -0.01(-0.02-0.01)
Days to bolt Chile vs California 0.00 (0.00-0.02) | 0.03(0.02-0.05) | -0.03(-0.03 - (-0.00)
Days to bolt Chile vs Australia 0.01 (0.00-0.11) | 0.03(0.02-0.05) | -0.01(-0.33-0.07)
Days to bolt California vs Australia | 0.03 (0.00-0.12) | 0.02(0.01-0.04) 0.00 (-0.02 -0.10)
Days to flower Turkey vs Spain 0.01 (0.00-0.08) | 0.08 (0.06—-0.11) | -0.06 (-0.08 — (-0.00)
Days to flower Turkey vs Argentina 0.00 (0.00-0.01) | 0.07 (0.05-0.10) | -0.07 (-0.07 — (-0.06)
Days to flower Turkey vs Chile 0.01 (0.00-0.08) | 0.08 (0.06 —0.11) | -0.07 (-0.08 — (-0.00)
Days to flower Turkey vs California 0.00 (0.00-0.06) | 0.06(0.04-0.08) | -0.05 (-0.06 — (-0.00)
Days to flower Turkey vs Australia 0.09 (0.00-0.20) | 0.08 (0.06-0.11) 0.00 (-0.08 —0.12)
Days to flower Spain vs Argentina 0.02 (0.00-0.10) | 0.02 (0.01-0.04) | -0.00(-0.02-0.07)
Days to flower Spain vs Chile 0.05 (0.00-0.18) | 0.04 (0.02-0.06) 0.01 (-0.04 —0.14)
Days to flower Spain vs California 0.06 (0.00-0.17) | 0.03 (0.02-0.05) 0.03 (-0.03 - 0.13)
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Days to flower

Spain vs Australia

0.00 (0.00 - 0.05)

0.03 (0.02 - 0.05)

-0.03 (-0.03 -0.01)

Days to flower

Argentina vs Chile

0.00 (0.00 - 0.06)

0.02 (0.01-0.04)

-0.01 (-0.02 - 0.03)

Days to flower

Argentina vs California

0.00 (0.00 - 0.04)

0.02 (0.01-0.03)

-0.01 (-0.02 - 0.02)

Days to flower

Argentina vs Australia

0.10 (0.01 -0.22)

0.02 (0.00-0.03)

0.08 (-0.00 - 0.20)

Days to flower

Chile vs California

0.00 (0.00-0.02)

0.03 (0.02 - 0.05)

-0.03 (-0.03 - (-0.00)

Days to flower

Chile vs Australia

0.14 (0.00 - 0.30)

0.03 (0.02 - 0.05)

0.11 (-0.02 - 0.27)

Days to flower

California vs Australia

0.16 (0.04 — 0.29)

0.02 (0.01 - 0.04)

0.13 (0.01-0.27)

Final plant height

Turkey vs Spain

0.00 (0.00 - 0.02)

0.08 (0.06 —0.11)

-0.08 (-0.08 — (-0.06)

Final plant height

Turkey vs Argentina

0.00 (0.00 — 0.02)

0.07 (0.05 - 0.10)

-0.07 (-0.07 — (-0.05)

Final plant height

Turkey vs Chile

0.08 (0.00 — 0.22)

0.08 (0.06 —0.11)

0.00 (-0.08 - 0.13)

Final plant height

Turkey vs California

0.01 (0.00 — 0.06)

0.06 (0.04 — 0.08)

-0.05 (-0.06 — 0.00)

Final plant height

Turkey vs Australia

0.00 (0.00-0.02)

0.08 (0.06 —0.11)

0.08 (-0.08 — (-0.06)

Final plant height

Spain vs Argentina

0.00 (0.00-0.02)

0.02 (0.01 —0.04)

-0.02 (-0.02 - 0.00)

Final plant height

Spain vs Chile

0.12 (0.00 — 0.26)

0.04 (0.02 — 0.06)

0.07 (-0.03 - 0.22)

Final plant height

Spain vs California

0.01 (0.00 - 0.08)

0.03 (0.02 - 0.05)

-0.01 (-0.03 —0.05)

Final plant height

Spain vs Australia

0.00 (0.00 — 0.03)

0.03 (0.02 — 0.05)

0.03 (-0.03 — (-0.00)

Final plant height

Argentina vs Chile

0.10 (0.00 —0.24)

0.02 (0.01-0.04)

0.08 (-0.02 -0.22)

Final plant height

Argentina vs California

0.01 (0.00 — 0.07)

0.02 (0.01 - 0.03)

-0.00 (-0.02 — 0.04)

Final plant height

Argentina vs Australia

0.00 (0.00 — 0.02)

0.02 (0.00 — 0.03)

-0.01 (-0.02 — 0.00)

Final plant height

Chile vs California

0.02 (0.00-0.13)

0.03 (0.02 - 0.05)

-0.00 (-0.03 - 0.10)

Final plant height

Chile vs Australia

0.13 (0.00 — 0.28)

0.03 (0.02 — 0.05)

0.09 (-0.02 — 0.25)

Final plant height

California vs Australia

0.00 (0.00 - 0.06)

0.02 (0.01-0.04)

-0.01 (-0.02 —0.04)

Number of inflorescence

Turkey vs Spain

0.00 (0.00 — 0.02)

0.08 (0.06 — 0.11)

-0.08 (-0.08 — (-0.05)

Number of inflorescence

Turkey vs Argentina

0.07 (0.00-0.16)

0.07 (0.05-0.10)

-0.00 (-0.07 — 0.08)

Number of inflorescence

Turkey vs Chile

0.09 (0.00-0.23)

0.08 (0.06 —0.11)

0.00 (-0.08-0.14)

Number of inflorescence

Turkey vs California

0.01 (0.00 — 0.06)

0.06 (0.04 — 0.08)

-0.05 (-0.06 — (-0.00)

Number of inflorescence

Turkey vs Australia

0.05 (0.00 - 0.15)

0.08 (0.06 —0.11)

-0.03 (-0.08 — 0.06)

Number of inflorescence

Spain vs Argentina

0.04 (0.00 — 0.13)

0.02 (0.01 - 0.04)

0.02 (-0.02 - 0.10)

Number of inflorescence

Spain vs Chile

0.06 (0.00-0.19)

0.04 (0.02 - 0.06)

0.02 (-0.04 - 0.15)

Number of inflorescence

Spain vs California

0.00 (0.00 — 0.03)

0.03 (0.02 — 0.05)

-0.02 (-0.03 — 0.00)
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Number of inflorescence

Spain vs Australia

0.03 (0.00—0.12)

0.03 (0.02 - 0.05)

-0.00 (-0.03 —0.08)

Number of inflorescence

Argentina vs Chile

0.00 (0.00 - 0.04)

0.02 (0.01 —-0.04)

-0.01 (-0.02 - 0.02)

Number of inflorescence

Argentina vs California

0.03 (0.00 - 0.12)

0.02 (0.01-0.03)

0.01 (-0.02 — 0.10)

Number of inflorescence

Argentina vs Australia

0.00 (0.00 —0.02)

0.02 (0.00-0.03)

-0.01 (-0.02 —-0.00)

Number of inflorescence

Chile vs California

0.07 (0.00 —0.21)

0.03 (0.02 - 0.05)

0.04 (-0.03 —-0.18)

Number of inflorescence

Chile vs Australia

0.00 (0.00 - 0.05)

0.03 (0.02 - 0.05)

-0.02 (-0.03 - 0.01)

Number of inflorescence

California vs Australia

0.02 (0.00-0.11)

0.02 (0.01 -0.04)

0.00 (-0.02 - 0.08)

Number of ovules

Turkey vs Spain

0.04 (0.00-0.17)

0.08 (0.06 —0.11)

-0.04 (-0.08 — 0.08)

Number of ovules

Turkey vs Argentina

0.16 (0.02 — 0.31)

0.07 (0.05-0.10)

0.08 (-0.05 — 0.23)

Number of ovules

Turkey vs Chile

0.00 (0.00 - 0.06)

0.08 (0.06 —0.11)

-0.08 (-0.08 — (-0.02)

Number of ovules

Turkey vs California

0.07 (0.00 — 0.22)

0.06 (0.04 — 0.08)

0.01 (-0.06 — 0.16)

Number of ovules

Turkey vs Australia

0.07 (0.00 - 0.25)

0.08 (0.06 —0.11)

-0.01 (-0.08 —0.16)

Number of ovules

Spain vs Argentina

0.02 (0.00-0.13)

0.02 (0.01 —0.04)

-0.00 (-0.02 - 0.10)

Number of ovules

Spain vs Chile

0.02 (0.00 - 0.16)

0.04 (0.02 — 0.06)

-0.02 (-0.04 - 0.12)

Number of ovules

Spain vs California

0.00 (0.00 - 0.04)

0.03 (0.02 - 0.05)

-0.03 (-0.03 —0.00)

Number of ovules

Spain vs Australia

0.00 (0.00 — 0.06)

0.03 (0.02 — 0.05)

-0.02 (-0.03 - 0.02)

Number of ovules

Argentina vs Chile

0.09 (0.00 - 0.32)

0.02 (0.01-0.04)

0.06 (-0.02 - 0.29)

Number of ovules

Argentina vs California

0.01 (0.00 — 0.09)

0.02 (0.01 - 0.03)

-0.00 (-0.02 — 0.06)

Number of ovules

Argentina vs Australia

0.00 (0.00 — 0.06)

0.02 (0.00 — 0.03)

-0.01 (-0.02 — 0.04)

Number of ovules

Chile vs California

0.03 (0.00-0.23)

0.03 (0.02 - 0.05)

0.00 (-0.03 -0.19)

Number of ovules

Chile vs Australia

0.03 (0.00 — 0.24)

0.03 (0.02 — 0.05)

0.00 (-0.03 —0.21)

Number of ovules

California vs Australia

0.00 (0.00 —0.04)

0.02 (0.01-0.04)

-0.01 (-0.02 -0.02)

Spine length Turkey vs Spain 0.04 (0.00-0.12) | 0.08 (0.06—-0.11) | -0.04 (-0.08 —0.04)
Spine length Turkey vs Argentina | 0.00(0.00-0.04) | 0.07 (0.05-0.10) | -0.06 (-0.07 —(-0.03)
Spine length Turkey vs Chile 0.00 (0.00-0.04) | 0.08 (0.06 —0.11) | -0.08 (-0.08 — (-0.04)
Spine length Turkey vs California 0.00 (0.00-0.02) | 0.06 (0.04-0.08) | -0.05 (-0.06 — (-0.03)
Spine length Turkey vs Australia 0.13(0.03-0.26) | 0.08 (0.06-0.11) 0.05 (-0.05-0.17)
Spine length Spain vs Argentina 0.02 (0.00-0.08) | 0.02(0.01-0.04) | -0.00(-0.02-0.05)
Spine length Spain vs Chile 0.06 (0.00-0.19) | 0.04 (0.02 -0.06) 0.02 (-0.04 - 0.14)
Spine length Spain vs California 0.04 (0.00-0.14) | 0.03 (0.02-0.05) 0.01 (-0.03 -0.10)
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Spine length

Spain vs Australia

0.03 (0.00 - 0.12)

0.03 (0.02 - 0.05)

0.00 (-0.03 —0.09)

Spine length

Argentina vs Chile

0.01 (0.00 - 0.08)

0.02 (0.01-0.04)

-0.01 (-0.02 - 0.05)

Spine length

Argentina vs California

0.00 (0.00 - 0.05)

0.02 (0.01-0.03)

-0.01 (-0.02 - 0.02)

Spine length

Argentina vs Australia

0.11(0.01-0.22)

0.02 (0.00-0.03)

0.08 (-0.00 - 0.20)

Spine length

Chile vs California

0.00 (0.00 - 0.04)

0.03 (0.02 - 0.05)

-0.02 (-0.03 -0.01)

Spine length

Chile vs Australia

0.15(0.01-0.31)

0.03 (0.02 - 0.05)

0.11 (-0.01-0.27)

Spine length

California vs Australia

0.13 (0.03 - 0.27)

0.02 (0.01 - 0.04)

0.11 (0.00 — 0.24)

Mass of plumed seeds

Turkey vs Spain

0.01 (0.00 —0.10)

0.08 (0.06 —0.11)

-0.06 (-0.08 —0.01)

Mass of plumed seeds

Turkey vs Argentina

0.20 (0.05 —0.37)

0.07 (0.05 - 0.10)

0.12 (-0.02 —0.29)

Mass of plumed seeds

Turkey vs Chile

0.01 (0.00—-0.11)

0.08 (0.06 —0.11)

-0.06 (-0.08 —0.02)

Mass of plumed seeds

Turkey vs California

0.38 (0.19 - 0.54)

0.06 (0.04 — 0.08)

0.31(0.12 - 0.48)

Mass of plumed seeds

Turkey vs Australia

0.18 (0.00 - 0.40)

0.08 (0.06 —0.11)

0.10 (-0.07 - 0.31)

Mass of plumed seeds

Spain vs Argentina

0.12 (0.00 — 0.29)

0.02 (0.01 - 0.04)

0.09 (-0.02 - 0.26)

Mass of plumed seeds

Spain vs Chile

0.03 (0.00 - 0.19)

0.04 (0.02 — 0.06)

-0.00 (-0.04 — 0.15)

Mass of plumed seeds

Spain vs California

0.31(0.12 - 0.50)

0.03 (0.02 - 0.05)

0.28 (0.08 — 0.46)

Mass of plumed seeds

Spain vs Australia

0.12 (0.00 — 0.33)

0.03 (0.02 — 0.05)

0.08 (-0.03 - 0.29)

Mass of plumed seeds

Argentina vs Chile

0.20 (0.00 — 0.46)

0.02 (0.01 -0.04)

0.17 (-0.02 - 0.43)

Mass of plumed seeds

Argentina vs California

0.06 (0.00 — 0.20)

0.02 (0.01 - 0.03)

0.04 (-0.02 - 0.18)

Mass of plumed seeds

Argentina vs Australia

0.01 (0.00 — 0.07)

0.02 (0.00 — 0.03)

-0.00 (-0.02 — 0.05)

Mass of plumed seeds

Chile vs California

0.37 (0.08 - 0.61)

0.03 (0.02 - 0.05)

0.33 (0.04 -0.57)

Mass of plumed seeds

Chile vs Australia

0.22 (0.00 - 0.52)

0.03 (0.02 — 0.05)

0.19 (-0.03 — 0.49)

Mass of plumed seeds

California vs Australia

0.06 (0.00 - 0.25)

0.02 (0.01-0.04)

0.04 (-0.02 — 0.22)
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Appendix 24. Evanno method using delta K (rate of change in likelihood among models) to

differentiate among number of populations inferred from structure analysis. K value

demonstrating peak in delta K is bolded

K | Reps Mean LnP(K) Stdev LnP(K) Ln'(K) |Ln"(K)| AK

1 10 -181358.960000 2.341509 — — —

2 10 -176524.470000 1.449176 4834.490000 | 2672.830000 | 1844.379137
3 10 -174362.810000 8.395693 2161.660000 | 242.860000 | 28.926735
4 | 10 -172444.010000 10.642833 1918.800000 | 542.550000 | 50.977969
5 10 -171067.760000 11.445737 1376.250000 508.520000 44.428770
6 10 -170200.030000 127.892733 867.730000 145.810000 1.140096

7| 10 -169478.110000 877.618196 721.920000 288.620000 0.328867

8 10 -168467.570000 33.725725 1010.540000 — —

Appendix 25. Outlier loci identified by BayeScan, OutFLANK and PCAdapt. Locus naming system:

digits before the low dash represent the tag number, digits after the low dash represent the

position of SNP on the tag. Sequence information are available in NCBI (data will be submitted

by publication)

Names Total Loci Locus nhame

BayeScan 3 27727 _100, 1225 _114,29308_43

OutFLANK

PCAdapt

BayeScan 3 10004_58, 16569 _113,22138 114

OutFLANK

BayeScan 1 4600_75

PCAdapt

OutFLANK 12 12536 93, 22138 85,4126 107,801 101, 22566 _60, 29948 96,

PCAdapt 9430 93,7770_46,7770_73,11870_114, 21765 _16,23976_118

BayeScan 4 737_45, 2498 84, 20745 _61, 12279 26

OutFLANK 18 8691 20,1911 54,22973 109, 18176 _10, 1911 94,5441 75,
2719 83,17802_114,3854 32,11958 91, 7306_115, 28262_8,
20213 10, 24865_33,27727_14, 11958 56, 5441 108,1911 117
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PCAdapt

122

24602_55, 46333_98, 22040_78, 770_10, 5906_37, 30939_83,
80_49,3370_129, 25633_94, 26165_52, 925_39, 12147_112,
9744_90, 6768_68, 24577_80, 23302_66, 24833_108, 3276_66,
14843 20, 11156_91, 4600_96, 437_32, 17425 _51, 25212_66,
22138_40, 3370_26, 1477_85, 3370_66, 11870_82, 3162_16,
516_117, 5527_45, 2128_46,11240_47, 21609_40, 45761_59,
18473_10, 11870_88, 31478_28, 24339_44, 14280_107,
11495_74, 28398_45, 2669_72, 26271_111, 21567_8, 28110_85,
1917_72, 617949 57, 12289 _23,3790_34, 1065_80, 9708_54,
16866_37, 28320_58, 8464_76, 24142_70, 28110_69, 18788_42,
7421_8,26276_25,11821_121,22176_78, 6595_91, 12536_81,
1335_96, 6370_22, 743_75, 17970_106, 26881_24, 39255_47,
16686_18, 6027_57, 192_96, 3855_114, 12059_86, 25618_7,
12536_42, 28589 110, 27027_83, 27147_49, 24009 _74,

883207 47, 8464 112, 925_21,29502_92, 12841_30, 13492_85,
879292 10, 38172_26, 25159_39, 22388_112, 26229 _68,

5487 99, 1335_113, 408_95, 3642_31, 3973_37, 17970_96,
7374_6, 23469 96, 17863_76, 13086_10, 3642_13, 21077_98,
21077_22, 23302_30, 39255_12, 24731_61, 2004_35, 2004_90,
20907_98, 10084_49, 12535_63, 28631_28, 1024_74, 12466_64,
28592_74,11471_87,29902_92, 31330_89, 17147_7
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Appendix 26. Gene ontology annotation of Centaurea solstitialis outlier genes based on The Arabidopsis Information Resource

(https://www.arabidopsis.org/)

Locus Method | SeqName Description Biological Cellular Molecular Growth and development Plant structure
ID process component function stages
10004 _ OutFlank_ | WA_CGP_A | Serine mega- extracellular dipeptidyl- L mature pollen stage, M flower, pollen, pollen
58 Bayescan R-13- carboxypeptid | gametogenesis, | region, vacuole peptidase germinated pollen stage, tube cell
24 1159 ase 528 family | proteolysis activity, serine- | flowering stage
protein type peptidase
activity
16569 OutFlank_ | WA_CGP_A | Radical SAM rRNA base cytoplasm RNA LP.02 two leaves visible stage, carpel, cauline leaf,
113 Bayescan R-13- superfamily methylation, methyltransfera | LP.04 four leaves visible stage, collective leaf structure,
24 1085 protein tRNA se activity, iron- | LP.06 six leaves visible stage, cotyledon, flower,
methylation sulfur cluster LP.08 eight leaves visible stage, | flower pedicel, guard
binding LP.10 ten leaves visible stage, cell, hypocotyl,
LP.12 twelve leaves visible inflorescence meristem,
stage, M germinated pollen leaf apex, leaf lamina
stage, flowering stage, mature base, petal, petiole,
plant embryo stage, petal plant embryo, plant
differentiation and expansion sperm cell, pollen, root,
stage, plant embryo bilateral seed, sepal, shoot apex,
stage, plant embryo shoot system, stamen,
cotyledonary stage, plant stem, vascular leaf
embryo globular stage, vascular
leaf senescent stage
22138_ | OutFlank_ | WA_CGP_A | Chaperone chaperone cytoplasm, chaperone LP.02 two leaves visible stage, carpel, cauline leaf,
85 Bayescan R-13- Dnal- domain | cofactor- cytosol binding, LP.06 six leaves visible stage, collective leaf structure,
24_6633 superfamily dependent unfolded LP.10 ten leaves visible stage, flower, flower pedicel,
protein protein protein binding M germinated pollen stage, guard cell, hypocotyl,
refolding flowering stage, mature plant inflorescence meristem,
embryo stage, petal leaf lamina base, petal,
differentiation and expansion plant embryo, plant
stage, plant embryo bilateral sperm cell, pollen, root,
stage, plant embryo seed, sepal, shoot
cotyledonary stage, plant system, stamen, stem,
embryo globular stage, vascular | vascular leaf
leaf senescent stage
22138_ | OutFlank_ | WA_CGP_A | Chaperone chaperone cytoplasm, chaperone LP.02 two leaves visible stage, carpel, cauline leaf,
114 Bayescan R-13- Dnal- domain | cofactor- cytosol binding, LP.06 six leaves visible stage, collective leaf structure,
24 6633 dependent LP.10 ten leaves visible stage, flower, flower pedicel,
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superfamily protein unfolded M germinated pollen stage, guard cell, hypocotyl,
protein refolding protein binding | flowering stage, mature plant inflorescence meristem,
embryo stage, petal leaf lamina base, petal,
differentiation and expansion plant embryo, plant
stage, plant embryo bilateral sperm cell, pollen, root,
stage, plant embryo seed, sepal, shoot
cotyledonary stage, plant system, stamen, stem,
embryo globular stage, vascular | vascular leaf
leaf senescent stage
801_10 OutFlank_ | AR_P13 24 Nucleolar/coil | biological chloroplast, molecular LP.02 two leaves visible stage, carpel, cauline leaf,
1 PCAdapt ~c22586 ed-body process nucleolus, function LP.04 four leaves visible stage, collective leaf structure,
phosphoprote nucleus LP.06 six leaves visible stage, cotyledon, flower,
in LP.08 eight leaves visible stage, | flower pedicel, guard
LP.10 ten leaves visible stage, cell, hypocotyl,
LP.12 twelve leaves visible inflorescence meristem,
stage, flowering stage, mature leaf apex, leaf lamina
plant embryo stage, petal base, petal, petiole,
differentiation and expansion plant embryo, root,
stage, plant embryo bilateral seed, sepal, shoot apex,
stage, plant embryo shoot system, stamen,
cotyledonary stage, plant stem, vascular leaf
embryo globular stage, vascular
leaf senescent stage
23976_ | OutFlank_ | AR_P13_24 | Neurofilamen | biological cytoplasm, molecular LP.02 two leaves visible stage, carpel, cauline leaf,
118 PCAdapt 23005 t light protein | process cytosol, plastid function LP.04 four leaves visible stage, collective leaf structure,
LP.06 six leaves visible stage, cotyledon, cultured
LP.08 eight leaves visible stage, | plant cell, flower,
LP.10 ten leaves visible stage, flower pedicel, guard
LP.12 twelve leaves visible cell, hypocotyl,
stage, flowering stage, mature inflorescence meristem,
plant embryo stage, petal leaf apex, leaf lamina
differentiation and expansion base, petal, petiole,
stage, plant embryo bilateral plant embryo, pollen,
stage, plant embryo root, rosette leaf, seed,
cotyledonary stage, plant sepal, shoot apex,
embryo globular stage, vascular | shoot system, stamen,
leaf senescent stage stem, vascular leaf
29948 | OutFlank_ | AR_P13_24 | Member of biological mitochondrion, | molecular LP.02 two leaves visible stage, carpel, cauline leaf,
96 PCAdapt _s67867 1Q67 (CaM process plasma function LP.04 four leaves visible stage, collective leaf structure,
binding) membrane LP.06 six leaves visible stage, cotyledon, flower,
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domain
containing
family

LP.08 eight leaves visible stage,
LP.10 ten leaves visible stage,
LP.12 twelve leaves visible
stage, flowering stage, mature
plant embryo stage, petal
differentiation and expansion
stage, plant embryo bilateral
stage, plant embryo
cotyledonary stage, plant
embryo globular stage, vascular
leaf senescent stage

flower pedicel, guard
cell, hypocotyl,
inflorescence meristem,
leaf apex, leaf lamina
base, petal, petiole,
plant embryo, plant
sperm cell, root, seed,
sepal, shoot apex,
shoot system, stamen,
stem, vascular leaf

12536_ OutFlank_ | WA_CGP_A | Transcription regulation of DNA binding,
93 PCAdapt R-13- factor transcription, chloroplast, DNA-binding
24 9560 bHLH145 DNA-templated | nucleus transcription

factor activity, — —
protein binding,
protein
dimerization
activity

11870_ OutFlank_ | AR_P13 24 Encodes an PSII associated chloroplast, ATP binding, LP.02 two leaves visible stage, carpel, cauline leaf,

114 PCAdapt ~c11200 FtsH protease | light-harvesting | chloroplast ATP-dependent | LP.04 four leaves visible stage, collective leaf structure,
that is complex Il envelope, peptidase LP.06 six leaves visible stage, cotyledon, flower,
localized to catabolic chloroplast activity, metal LP.08 eight leaves visible stage, | flower pedicel, guard
the process, thylakoid ion binding, LP.10 ten leaves visible stage, cell, hypocotyl,
chloroplast proteolysis, membrane, metalloendope LP.12 twelve leaves visible inflorescence meristem,
and the response to integral ptidase activity stage, flowering stage, mature leaf apex, leaf lamina
mitochondrio | heat component of plant embryo stage, petal base, petal, petiole,

n membrane, differentiation and expansion plant callus, plant
mitochondrial stage, plant embryo bilateral embryo, pollen, root,
inner stage, plant embryo rosette leaf, seed,
membrane, cotyledonary stage, plant sepal, shoot apex,
mitochondrion, embryo globular stage, vascular | shoot system, stamen,
plastid leaf senescent stage stem, vascular leaf

22566_ | OutFlank_ | AR_P13_24 | Encodes a heme a integral oxidoreductase | LP.02 two leaves visible stage, carpel, cauline leaf,

60 PCAdapt _s50023 homolog of biosynthetic component of activity, acting LP.04 four leaves visible stage, collective leaf structure,
COX15 process, membrane, on NAD(P)H, LP.06 six leaves visible stage, cotyledon, flower,

oxidation- mitochondrial heme protein as | LP.08 eight leaves visible stage, | flower pedicel, guard
reduction inner acceptor, LP.10 ten leaves visible, LP.12 cell, hypocotyl, leaf
process membrane, oxidoreductase twelve leaves visible stage, apex, leaf lamina base,

mitochondrion

activity, acting

flowering stage, mature plant
embryo stage, petal

petal, petiole, plant
embryo, pollen, root,
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on the CH-CH
group of donors

differentiation and expansion
stage, plant embryo bilateral
stage, plant embryo
cotyledonary stage, plant
embryo globular stage, vascular
leaf senescent stage

seed, sepal, shoot apex,
shoot system, stamen,
stem, vascular leaf

4126 1 OutFlank_ | AR_P13_24 | Weak chloroplast cytosol molecular L mature pollen stage, M carpel, collective leaf
07 PCAdapt _c21254 chloroplast accumulation function germinated pollen stage, structure, flower, guard
movement movement, flowering stage, petal cell, petal, pollen,
under blue chloroplast differentiation and expansion pollen tube cell
light protein avoidance stage
movement
7770 _4 OutFlank_ | WA_CGP_A | Galactose biological chloroplast molecular LP.02 two leaves visible stage, carpel, cauline leaf,
6 PCAdapt R-13- oxidase kelch- | process function LP.04 four leaves visible stage, collective leaf structure,
24 7344 repeat LP.06 six leaves visible stage, cotyledon, flower,
superfamily LP.08 eight leaves visible stage, | flower pedicel, guard
protein LP.10 ten leaves visible stage, cell, hypocotyl,
LP.12 twelve leaves visible inflorescence meristem,
stage, flowering stage, mature leaf apex, leaf lamina
plant embryo stage, petal base, petal, petiole,
differentiation and expansion plant embryo, plant
stage, plant embryo bilateral sperm cell, pollen, root,
stage, plant embryo seed, sepal, shoot apex,
cotyledonary stage, plant shoot system, stamen,
embryo globular stage, vascular | stem, vascular leaf
leaf senescent stage
7770_7 OutFlank_ | WA_CGP_A | Galactose biological chloroplast molecular LP.02 two leaves visible stage, carpel, cauline leaf,
3 PCAdapt R-13- oxidase kelch- | process function LP.04 four leaves visible stage, collective leaf structure,
24 7344 repeat LP.06 six leaves visible stage, cotyledon, flower,
superfamily LP.08 eight leaves visible stage, | flower pedicel, guard
protein LP.10 ten leaves visible stage, cell, hypocotyl,
LP.12 twelve leaves visible inflorescence meristem,
stage, flowering stage, mature leaf apex, leaf lamina
plant embryo stage, petal base, petal, petiole,
differentiation and expansion plant embryo, plant
stage, plant embryo bilateral sperm cell, pollen, root,
stage, plant embryo seed, sepal, shoot apex,
cotyledonary stage, plant shoot system, stamen,
embryo globular stage, vascular | stem, vascular leaf
leaf senescent stage
9430_9 OutFlank_ | AR_P13_24 Encodes a response to chloroplast, heme binding, LP.02 two leaves visible stage, carpel, cauline leaf,
3 PCAdapt _c39 haem-binding | oxidative stress | chloroplast protein binding LP.04 four visible stage, LP.06 collective leaf structure,
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protein, envelope, six leaves visible stage, LP.08 cotyledon, flower,
HBP5. HBP5 chloroplast eight leaves visible stage, LP.10 | flower pedicel, guard
binds haem thylakoid, ten leaves visible stage, LP.12 cell, hypocotyl,
and interacts chloroplast twelve leaves visible stage, inflorescence meristem,
with the thylakoid flowering time, mature plant leaf apex, leaf lamina
haem membrane, embryo stage, petal base, petal, petiole,
oxygenase, cytoplasm, differentiation and expansion plant embryo, pollen,
HY1. plastid stage, plant embryo bilateral rosette leaf, seed,
Disrupting the stage, plant embryo shoot apex, shoot
binding of cotyledonary stage, plant system, sepal, stamen,
HBP5 to HY1 embryo globular stage, vascular | stem, vascular leaf
leads to leaf senescent stage
oxidative
stress
21765_ OutFlank_ | AR_P13 24 RNI-like SCF-dependent SCF ubiquitin ubiquitin- LP.02 two leaves visible stage, carpel, cauline leaf,
16 PCAdapt ~c9559 superfamily proteasomal ligase complex, protein LP.04 four leaves visible stage, collective leaf structure,
protein ubiquitin- cytoplasm transferase LP.06 six leaves visible stage, cotyledon, flower,
dependent activity LP.08 eight leaves visible stage, | flower pedicel, guard
protein LP.10 ten leaves visible stage, cell, hypocotyl,
catabolic LP.12 twelve leaves visible inflorescence meristem,
process, stage, flowering stage, mature leaf apex, leaf lamina
ubiquitin- plant embryo stage, petal base, petal, petiole,
dependent differentiation and expansion plant embryo, pollen,
protein stage, plant embryo bilateral root, seed, sepal, shoot
catabolic stage, plant embryo apex, shoot system,
process cotyledonary stage, plant stamen, stem, vascular
embryo globular stage, vascular | leaf
leaf senescent stage
27727_ | OutFlank_ | AR_P13_24 | Transducin/W | biological Cul4-RING E3 molecular LP.02 two leaves visible stage, carpel, cauline leaf,
100 PCAdapt_ | _c6486 D40 repeat- process ubiquitin ligase function LP.04 four leaves visible stage, collective leaf structure,
Bayescan like complex, LP.06 six leaves visible stage, cotyledon, flower,
superfamily nucleus LP.08 eight leaves visible stage, | flower pedicel, guard
protein LP.10 ten leaves visible stage, cell, hypocotyl,

LP.12 twelve leaves visible
stage, M germinated pollen
stage, flowering stage, mature
plant embryo stage, petal
differentiation and expansion
stage, plant embryo bilateral
stage, plant embryo
cotyledonary stage, plant

inflorescence meristem,
leaf apex, leaf lamina
base, petal, petiole,
plant embryo, plant
sperm cell, pollen,
pollen tube cell, root,
seed, sepal, shoot apex,
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embryo globular stage, vascular
leaf senescent stage

shoot system, stamen,
stem, vascular leaf

1225 1 OutFlank_ | AR_P13_24 | S-adenosyl-L- methylation Golgi apparatus, | methyl LP.02 two leaves visible stage, carpel, cauline leaf,
14 PCAdapt_ | _c11155 methionine- Golgi trans transferase LP.04 four leaves visible stage, collective leaf structure,
Bayescan dependent cisterna, activity LP.06 six leaves visible stage, cotyledon, flower,
methyltransfe endosome, LP.08 eight leaves visible stage, | flower pedicel, guard
rases trans-Golgi LP.10 ten leaves visible stage, cell, hypocotyl,
superfamily network LP.12 twelve leaves visible inflorescence meristem,
protein stage, flowering stage, mature leaf apex, leaf lamina
plant embryo stage, petal base, petal, petiole,
differentiation and expansion plant embryo, pollen,
stage, plant embryo bilateral root, seed, sepal, shoot
stage, plant embryo apex, shoot system,
cotyledonary stage, plant stamen, stem, vascular
embryo globular stage, vascular | leaf
leaf senescent stage
29308 _ OutFlank_ | AR_P13 24 | SMAD/FHA biological nucleus mRNA binding, LP.04 four leaves visible stage, carpel, cauline leaf,
43 PCAdapt_ | _c11469 domain- process protein LP.12 twelve leaves visible collective leaf structure,
Bayescan containing phosphatase stage, flowering stage, mature cotyledon, flower,
protein inhibitory plant embryo stage, petal flower pedicel, guard
activity differentiation and expansion cell, hypocotyl,
stage, plant embryo bilateral inflorescence meristem,
stage, plant embryo leaf lamina base, petal,
cotyledonary stage, plant plant embryo, root,
embryo globular stage, vascular | seed, sepal, shoot apex,
leaf senescent stage shoot system, stamen,
stem, vascular leaf
4600_7 PCAdapt_ | WA_CGP_A | S-adenosyl-L- metylation, nucleolus, S- LP.02 two leaves visible stage, carpel, cauline leaf,
5 Bayescan R-13- methionine- rRNA processing | nucleus adenosylmethio | LP.04 four leaves visible stage, collective leaf structure,
24 3855 dependent nine dependent | flowering stage, mature plant flower, flower pedicel,

methyltransfe
rases
superfamily
protein

methyltransfera
se activity

embryo stage, petal
differentiation and expansion
stage, plant embryo bilateral
stage, plant embryo
cotyledonary stage, plant
embryo globular stage, vascular
leaf senescent stage

guard cell, hypocotyl,
leaf apex, petal, petiole,
plant embryo, root,
seed, sepal, shoot apex,
shoot system, stamen,
stem, vascular leaf




