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Abstract

The Macaronesian region comprises five archipelagos (i.e., Azores, Madeira, Selvagens,
Canary Islands and Cabo Verde) and harbours a rich endemic flora, approximately 900
vascular plant species. For this reason, it is considered a biodiversity hotspot and an
ideal model to study evolutionary processes involved in flora diversification. The
Apiaceae family is very relevant in agriculture and includes taxa such as the carrot
Daucus carota subsp. sativus and new emerging crops such as the sea fennel Crithmum
maritimum. Seventy Apiaceae taxa occur in the Macaronesia (including naturalized
taxa), of which 35 are archipelago-endemic species. This thesis aimed to study two
lineages of the Apiaceae family with different speciation models (i.e., cladogenesis and
anagenesis), using cytogenomic data, complemented with ecological and morphological
information. The cladogenesis speciation model is represented by the Daucus complex
(Daucus — Melanoselinum — Monizia — Tornabenea), while Crithmum maritimum (a
monotypic genus) represents an anagenesis speciation model. The study of different
species belonging to the Daucinae subtribe revealed that the taxon is a good predictor
of genome size, however, only at a species level, as it is unable to clearly discriminate
the Daucus carota subspecies. Although from a monotypic genus, Crithmum maritimum
presented a high cytogenomic variation. To determine which environmental factors,
better explain the observed cytogenomic variation, we calculated different generalized
linear models. Revealing a tendency for an increase in GS along the coast, from south
to north, in association with lower temperatures, higher precipitation and lower
precipitation seasonality. However, this gradient might result from historical
phylogeographical events associated with previous dispersal and extinction of local
populations. Finally, both studies seem to support the tendency of smaller genomes in
islands comparing to mainland. Overall, this thesis provides new cytogenomic data that
can contribute to understand the relationships among native Apiaceae species from
Macaronesia and mainland Portugal, and how genome size shapes their evolution.
Nonetheless, further morphological, and molecular data will help to clarify the radiation
patterns and low-level taxonomies among Macaronesian native taxa and support
informed decisions for the conservation of plant genetic resources in the Macaronesian

Islands.

Keywords: Apiaceae, Diversification, DNA Flow Cytometry, Endemism, Macaronesia



Resumo

A regido da Macaronésia compreende cinco arquipélagos (i.e., Acores, Madeira,
Selvagens, Canérias e Cabo Verde) e alberga uma flora endémica bastante diversa,
que inclui aproximadamente 900 espécies de plantas vasculares. Como tal, é
considerado um hotspot de biodiversidade, sendo um modelo ideal para o estudo de
processos evolutivos. A familia das Apiaceae tem grande importancia na agricultura e
inclui espécies como a cenoura Daucus carota subsp. sativus e novas cultivares como
o funcho maritimo Crithmum maritimum. Existem 70 espécies de Apiaceae na
Macaronésia (espécies naturalizadas incluidas), das quais 35 sdo endémicas dos
arquipélagos. Esta dissertacdo tem como objectivo estudar duas linhagens da familia
das Apiaceae que apresentam diferentes métodos de especiagéo (i.e., cladogénese e
anagénese). O modelo de especiagdo por cladogénese é representado pelo complexo
dos Daucus (Daucus — Melanoselinum — Monizia — Tornabenea), enquanto Crithmum
maritimum (pertencente a um género monotipico) representa o modelo de especiacao
por anagénese. Para este estudo utilizdmos dados citogendmicos, complementados
com dados ecoldgicos e morfologicos. O uso das diferentes espécies pertencentes a
subtribo Daucinae revelou que o taxon é um bom preditor do tamanho do genoma mas
apenas ao nivel da espécie, pois ndo consegue discriminar as diferentes subespécies
de Daucus carota. Apesar de ser de um género monotipico, Crithmum maritimum
apresentou uma grande variabilidade citogendmica. Para determinar quais os factores
ambientais que melhor explicam a variagdo citogendémica observada, calculou-se
diferentes modelos lineares, que revelaram uma tendéncia para o aumento do genoma
de sul para norte, associada a temperaturas mais baixas, maiores precipitacdes e menor
sazonalidade de precipitacdo. No entanto, este gradiente pode resultar de eventos
filogeograficos historicos, associados a eventos de dispersao e extingao de populacdes
locais. Finalmente, ambos os estudos confirmam a tendéncia de menores genomas em
ilhas comparando com continentes. No geral, esta tese fornece novas dados
citogendmicos que podem contribuir para a compreensdo das relagbes entre as
espécies nativas das Apiaceae da Macaronésia e de Portugal continental, e a forma
como o tamanho do genoma estrutura a sua evolucdo. Contudo, novos dados
morfolégicos e moleculares irdo ndo sé ajudar a clarificar os padrées de diversificacao,
como contribuir para decisdes informadas sobre a conservagdo dos recursos genéticos

vegetais existentes nas ilhas da Macaronésia.

Palavras-chave: Apiaceae, Citometria de fluxo ADN, Diversificagdo, Endemismo,

Macaronésia
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Chapter 1

General introduction



1.1 Oceanic islands: The Macaronesia region as a study model

Oceanic islands can result from volcanoes rising above the water surface, close
to the mid-ocean ridges, or where lithospheric plates converge (Whittaker & Fernandez-
Palacios, 2007). Oceanic islands have never been connected to continental landmasses
and are depleted of life at their genesis (Gillespie, 2007). Therefore, it can be assumed
that all species arrived there from the mainland or nearby islands. Some of the colonizing
taxa will speciate, originating endemic species at a rate that will depend on the interplay
of isolation and time (Shaw & Gillespie, 2016).

Although islands represent only 5% of Earth’s land surface, they host 25% of the
world’s species of vascular plants (Kreft et al., 2008; Kier et al., 2009). On the Atlantic
Ocean there are some well-recognized hotspot archipelagos, such as Madeira or Canary
Islands (Figure 1.1.), which together with Azores, Selvagens, and Cabo Verde Islands,
are commonly grouped as Macaronesian region. These islands are included in the
Mediterranean basin biodiversity hotspot and characterized by high levels of endemism,
with approximately 6520 endemic terrestrial taxa (Fernandez-Palacios, 2011), of which

900 are endemic vascular plants (Whittaker & Fernandez-Palacios, 2007).

Macaronesia is considered by several authors as a biogeographical entity based
on the similarities of fauna and flora shared among the five archipelagos (Whittaker et
al., 2008; Fernandez-Palacios, 2011). However, the validity and coherence of the
Macaronesia region is a theme of discussion (e.g., Beyhl et al., 1995; Hazevoet, 1995;
Rivas-Martinez, 2009; Freitas et al., 2019). Rivas-Martinez (2009) focused on the
vegetation of each of its archipelagos and proposed that the Azores should be
considered a biogeographic province of the Eurosiberian region, Madeira and Canary
Islands should be included in the Mediterranean region, and that Cabo Verde

subprovince should be included in the Sahelo-Sudanic biogeographic region.

Despite general acceptance of the biogeographical region of Macaronesia to
include the Azores, Madeira, Selvagens, Canary and Cabo Verde archipelagos, the
origin and geographical affinities of some lineages have generated controversy,
particularly among the marine taxa (Freitas et al., 2019). Nevertheless, endemic species
that occur in mountain areas of Cabo Verde are more related to other Macaronesian
species, namely from Canary and Madeira archipelagos. Among these species, are
some of the biggest plant radiations in Macaronesia (e.g., Aeonium Webb & Berthel,;
Echium L.; Euphorbia L.; Micromeria Benth.; Sonchus L.; Tolpis Adans.) and phylogenies
published during the last two decades, suggest that the colonization of the Macaronesian

Islands appears to be a recent event having taken place, for most of the plant lineages,



in the Canary Islands from which the Cabo Verde archipelago should have been
colonized (Romeiras et al. 2019). Also in Macaronesia, several endemic Apiaceae
species occur, and among them 10 endemic taxa of the subtribe Daucinae, which from
an economical point of view is an important group of species, because it includes the

cultivated carrot (Daucus carota subsp. sativus) (Wojewodzka et al., 2019).
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Figure 1.1: Map of the location of the Macaronesia region, the study area.

1.2 Apiaceae family

The Apiaceae family (Umbelliferae) includes 428 genera and circa 3500 species,
including herbs and, less frequently, shrubs and trees (Mabberley, 2017). The most
characteristic morphological aspect of this family is the inflorescence, the umbel, that
can be simple or compound; the fruit is a schizocarp consisting of two fused carpels that
upon maturation separate into two mericarps with one seed each (Mabberley, 2017). It
is nearly worldwide distributed, but is most diverse in areas of temperate climate, such
as Eurasia and North America, and is quite rare in tropical humid regions (Reduron,
2020). It occurs in a variety of habitats, from sea level to alpine zones (Watson et al.,
2001). The Apiaceae family appears to have originated in Australasia (region including
Australia, Tasmania, New Zealand, New Guinea, New Caledonia, and several island

groups) during the late Cretaceous/ early Eocene (Nicolas & Plunkett, 2014).



The Apiaceae are greatly important in agriculture, namely taxa such as the carrot
(Daucus carota subsp. sativus), celery (Apium graveolens), parsley (Petroselinum
crispum), fennel (Foeniculum vulgare), and many others. The local communities tend to
use further Apiaceae species, found in the native flora. For example, during the human
colonization of the Madeira island, Monizia edulis used to be cooked and eaten as a
digestive, the leaves of Crithmum maritimum were used as diuretic and stomachic
(Rivera & Obon, 1995), and Tornabenea bischoffii was used to treat discomforts related
to the skin (Ortet et al., 2011).

In Macaronesia, 70 Apiaceae taxa occur (including naturalized ones, Table 1.1.),
of which 35 are endemic to the archipelago and two are shared between Madeira and
the Canary Islands (Drusa glandulosa and Bupleurum salicifolium subsp. salicifolium).
The archipelago with the highest number of endemic species is the Canary Islands with
18 taxa, followed by Madeira with seven, and Azores and Cabo Verde with six. The
reason for such a diversity of endemic taxa is that the original colonizers speciated in a
unigue insular environment isolated from its congeners (Sulloway, 1982), resulting in

lineages that diversified into several new taxa and others that did not.

Table 1.1. Apiaceae taxa that occur in the Macaronesia region and their status in each archipelago (Az:
Azores; Ma: Madeira; Se: Selvagens; Ca: Canary; CV: Cabo Verde; I: Introduced; N: Native; End:
Endemic; Mac: Endemic from Macaronesia)

Status

Az Ma Se Ca Ccv
Ammi majus I N N N
Ammi procerum N
Ammi seubertianum End
Ammi trifoliatum End
Ammi visnaga I N N
Ammodaucus nanocarpus N
Anethum graveolens I | |
Angelica lignescens End
Anthriscus caucalis [
Apium graveolens I N
Apium nodiflorum N N
Apium repens
Astydamia latifolia N
Bifora testiculata
Bunim brevifolium End
Bupleurum handiense End
Bupleurum lancifolium N [
Bupleurum salicifolium subsp. aciphyllum End
Bupleurum salicifolium subsp. salicifolium Mac Mac
Bupleurum semicompositum N
Capnophyllum peregrinum [ [
Chareophyllum azoricum End
Conium maculatum I
Coriandrum sativum I
Crithmum maritimum N N
Cryptotaenia elegans End
Cyclospermum leptophyllum I [

Taxon

- Z2Z2|Z2|—|—

Z_—

-3




Daucus carota subsp. azoricus End

Daucus carota subp. carota N

Daucus carota subsp. hispidus N

Daucus carota subsp. maritimum

Daucus carota subsp. maximus N

Daucus durieua [

Drusa glandulosa Mac Mac

Ferula lancerottensis End

Ferula latipinna End

Ferula linkii End
Foeniculum vulgare N N [
Melanoselinum decipiens End

Monizia edulis End

Oenanthe divaricata End

Petroselinum crispum | | |
Peucedanum lowei End

Pimpinella anagodendron End
Pimpinella cumbrae End
Pimpinella dendrotragium End
Pimpinella junoniae End
Pimpinella rupicola End

Pimpinella villosa I

Ridolfa segetum I [
Sanicula azorica End

Scandix pecten-veneris N N
Seseli webbii End
Smyrnium olusatrum |
Tinguarra cervariaefolia End
Todaroa aurea subsp. aurea End
Todaroa aurea subsp. suaveolens End
Todaroa montana End
Torilis arvensis subsp. arvensis I
Torilis arvensis subsp. neglecta I
Torilis arvensis subsp. purpurea

Torilis elongata

Torilis leptophylla

Torilis nodosa N
Torilis webbii

Tornabenea annua End
Tornabenea bischoffii End
Tornabena humilis End
Tornabenea insularis End
Tornabena ribeirensis End
Tornabenea tenuissima End

Z2\Z|Z2

Z2\1Z2Z222Zz2

The Daucinae subtribe encompasses umbellifers that have fruits with prominent
secondary ridges projecting into wings or spines. It includes genera such as Cuminum,
Daucus, Laser, Thapsia and the Macaronesian endemic genera Melanoselinum, Monizia
and Tornabenea. The first phylogenetics studies carried out in the Laserpitieae and
Caucalideae revealed that these tribes were polyphyletic and that species from both
tribes grouped to form the Daucus clade (Downie & Katz-Downie, 1996; Plunkett et al.,
1996). This means that some nodes in the Daucinae tree proved to be extremely
problematic and remained unresolved, particularly among the Macaronesian endemic
taxa. In the Macaronesia, 10 endemic taxa of this subtribe occur (i.e., Daucus carota

subsp. azoricus, Cryptotaenia elegans, Melanoselinum decipiens, Monizia edulis,



Tornabenea annua, Tornabenea bischoffii, Tornabenea humilis, Tornabenea insularis,
Tornabenea ribeirensis, Tornabenea tenuissima), which have been subjected to several
phylogenetic studies (Banasiak et al., 2016; Frankiewicz et al., 2020; Wojewddzka et al.,
2019), leading to the reappraisal of the endemic Macaronesian taxa and their inclusion
in the Daucus genus. This genus includes 43 accepted species (sub-species not

included) and is widespread in the northern hemisphere (POWO, 2019).

On the other hand, the Apiaceae family also includes taxa that did not diversify,
such as Crithmum maritimum, a monospecific genus (Meot-Duros & Magne, 2009) with
a very wide distribution, occurring along the European Atlantic coasts, Azores, Madeira,
and Canary Islands archipelagos, the Mediterranean and Black Sea coasts, northwest
Africa, and West Asia (Crawford & Stuessy, 1997). Therefore, the Macaronesian native
Apiaceae taxa are an ideal model to understand which factors are more important to

trigger speciation along the process of plant evolution.

1.3 Flow cytometry

A comprehensive understanding of plant genome sizes is still largely missing,
due to the relatively small number of species examined to date (circa 12,273 species,
Pellicer & Leitch, 2020). The flow cytometry (FCM) technique is an effective tool to
estimate DNA content of nuclei (Galbraith et al., 2021). It processes large numbers of
particles, providing information about cellular composition of tissues and individuals, as
well as the composition of populations and communities (Kron et al., 2007). For this fact,
there is an increasing demand for C-values (i.e., haploid nuclear genome sizes) as
phylogenetic (e.g., Leitch et al., 1998) and taxonomic markers (e.g., Chumova et al.
2015). For example, a study was able to support the currently defined species based on
the combination of life cycle and genome size (Chumova et al., 2015). C-values can also
be used as ecological indicators. For example, in Helianthus spp. (Asteraceae) negative
correlations between genome size (GS) and temperature seasonality were found (Qiu et
al., 2019), and in Zea mays (Poaceae) GS was found to negatively correlate with altitude
(Diez et al.,, 2013). Regarding Macaronesian endemic species, the GS of Crambe
(Brassicaceae) and Sonchus (Asteraceae) increases with altitude and rainfall and
decreases with temperature (Suda et al., 2003; Suda et al., 2005). Therefore, the
potential of FCM to approach intraspecific and interspecific variation in recently evolved
species is of interest and deserves further study. Furthermore, when integrated with
ecological studies, FCM can play an important role in elucidating patterns of

diversification in hotspot insular regions, such as the Macaronesian region.



1.4 General objectives

This thesis is organised as follows: a general introduction, two research articles,
general conclusions, and supplementary material. Both articles report cytogenomic
approaches to study the diversification of the Macaronesian native Apiaceae taxa. The
low resolution of the phylogeny outlined the difficulty of an accurate understanding of the
systematics and the relationships within some Macaronesian groups. Therefore,
cytogenomic approaches can be highly relevant to understand both the diversification of
groups (cladogenesis) and the lineages which did not diversify (anagenesis) but present

a high cytogenomic heterogeneity.

The first article, already published, focuses on the Daucinae subtribe, which
diversified across all the Macaronesian islands, aiming to review and clarify the
taxonomy of the Daucinae taxa native to Macaronesia, based on ecological,
morphological and cytogenomic data. This information is of utter importance because
most of these crop wild relatives (CWR) are endemic to these island ecosystems, and

their presence and conservation are likely to be threatened by climate changes.

The second article, in preparation, focuses on Crithmum maritimum, a
monospecific genus with a wide distribution across the Mediterranean region and present
in all the Macaronesia archipelagos except Cabo Verde. The main objective was to
understand the high cytogenomic variation across the different populations, and if it

correlates with ecological variables.
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Abstract

Macaronesian Islands constitute an enormous reservoir of genetic variation of
wild carrots (subtribe Daucinae; Apiaceae), including 10 endemic species, but an
accurate understanding of the diversification processes within these islands is still
lacking. This paper conducts a review of the morphology, ecology, and conservation
status of the Daucinae species and based on a comprehensive dataset, we estimate the
genome size variation for 16 taxa (ca. 320 samples) occurring in different habitats across
the Macaronesian Islands by comparison to mainland specimens. Results show that taxa
with larger genomes (e.g., Daucus crinitus: 2.544 pg) were generally found in mainland
regions, while the insular endemic taxa from Azores and Cabo Verde have smaller
genomes. Melanoselinum decipiens and Monizia edulis, both endemic in Madeira Island,
showed intermediate values. Positive correlations were found between mean genome
size and some morphological traits (e.g., spiny, or winged fruits) and also with habit
(herbaceous or woody). Despite the great morphological variation found within the Cabo
Verde endemic species, the 2C-values obtained were quite homogeneous between
these taxa and the subspecies of Daucus carota, supporting a close relationship among
these taxa. Overall, this study improved the global knowledge of DNA content for
Macaronesian endemics and shed light into the mechanisms underpinning diversity

patterns of wild carrots in Western Mediterranean Region.

Keywords: Apiaceae, Daucinae subtribe, DNA C-value, Endemic species, Insular

ecosystems, Morphological traits



2.1. Introduction

A comprehensive understanding of plant genomes is still largely missing, due to
the relatively small number of species examined to date (ca. 12,273 species) (Pellicer &
Leitch, 2020). High-throughput flow cytometry (FCM) screens for DNA content have
especially aided in identifying the frequency of polyploids (Galbraith et al., 2021), as well
as their phenotypic and geographical distributions (Laport & Ng, 2017). Advances in flow
cytometry are being applied to study intraspecific and interspecific variation (e.g., Lopes
et al., 2021), and to resolve complex low-level taxonomies, including the delimitation of
species boundaries (Husband et al., 2013). Both polyploidy and hybridization have been
recognized as two of the most important sources of diversification in oceanic islands
(Wood et al., 2009; Curto et al., 2018). Suda et al., (2003, 2005), analyzed 40% of the
Canary endemic flora, revealing a low incidence of polyploid plants in this region (33.7%).
On the other hand, hybridization appears to be common in most species-rich and rapidly
diversifying groups (Whitney et al., 2010), in fact some studies indicate that after multi-
introductions, hybridization plays a greater role in diversification than the progressive
accumulation of genetic variation through time (Kerbs et al., 2017). In addition, the
number of endemic species per genus was found to be negatively correlated with genus-
average genome size, regarding insular lineages that radiated (i.e., cladogenesis) on the

Hawaii and Marquesas archipelagos (Kapralov & Filatov, 2011)

The northeastern Atlantic Macaronesia Region (i.e., Azores, Madeira, Selvagens,
Canary and Cabo Verde archipelagos) shows high levels of plant endemism (ca. 900
endemic taxa), with several range-restricted species occurring in different habitats
(Whittaker & Fernandez-Palacios, 2007). These islands have a remarkable genetic
diversity (Garcia-Verdugo et al., 2015) regarding Crop Wild Relatives (CWR), which are
related to globally important crops (Romeiras et al., 2016; Rocha et al.,, 2021). In
Apiaceae, the Daucinae subtribe, has an important economic value (Rong et al., 2010)
since it includes the widely consumed carrot (Daucus carota subsp. sativus). Regarding
its CWR, Macaronesia harbors 10 Macaronesian endemic taxa from five different
genera, the Azorean Daucus carota subsp. azoricus, Melanoselinum decipiens and
Monizia edulis from Madeira, Tornabenea the only endemic genus from Cabo Verde,
which radiated in six different taxa, Tornabenea annua, Tornabenea bischoffii,
Tornabenea humilis, Tornabenea insularis, Tornabenea ribeirensis, and Tornabenea

tenuissima (see Figure 2.1) and Cryptotaenia elegans from the Canary Islands.
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Figure 2.1. Daucinae subtribe endemic species from Macaronesia and mainland
Portugal. Drawings of the fruits of each taxon are displayed. (A) Daucus carota subsp.
azoricus; (B) Daucus carota subsp. halophilus; (C) Tornabenea tenuissima; (D)
Tornabenea annua; (E) Tornabenea ribeirensis; (F) Tornabenea bischoffii; (G)

Tornabenea insularis; (H) Monizia edulis; and (I) Melanoselinum decipiens.

Daucus carota subsp. azoricus was described by Franco (1971). Due to
infraspecific phenotypical diversity, there is uncertainty on distribution and diagnostic
characters. A recent genomic study did not support the Azorean Daucus carota as a
distinct taxon. Arbizu et al. (2016) and Frankiewicz et al. (2020) suggested that the plants
were dispersed by settlers. A molecular genetics study including a thorough archipelago-
wide sampling is currently underway to better clarify the taxonomy of the Azorean

Daucus (Moura, personal comm.).

The Melanoselinum genus was described by Hoffmann (1814) to accommodate
a specimen of unknown origin growing in the botanical garden of Hannover. In 1829,
Richard Lowe found it along the Ribeira de S&o Jorge, Madeira Island (Lowe, 1838).
Since then, various authors, have given accounts of the diversity and taxonomy of this
genus, which is currently accepted as a monotypic genus (Chevalier, 1935; Press &
Short, 1994; Jardim & Menezes de Sequeira, 2008).

In 1855, Richard Lowe found Monizia edulis plants growing in a sea cliff on the
east side of Deserta Grande (Madeira archipelago). In 1856, Lowe (1856) described this
new taxon, and reported it (Lowe, 1869) in the Selvagens archipelago (Selvagem
Grande) based on observations by the owner of those islands at that time, Constantino
Cabral de Noronha. No further reports occurred, and Jardim & Menezes de Sequeira
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(2008) considered it extinct in Selvagens. It also occurs on Porto Santo (Madeira

archipelago), restricted to llhéu de Cima (Carvalho et al., 2013).

Undescribed specimens of Tornabenea were first collected by Vogel in 1841. In
1849, Parlatore, with material from a single species (Tornabenea insularis), established
a new tribe with a monospecific genus, Tetrapleura (Hooker et al., 1849a). The name
was a homonym and renamed to Tornabenea by Parlatore (Hooker et al., 1849b). In
1851, J. A. Schmidt collected material later described as Tornabenea bischoffii and
Tornabenea hirta (Schmidt, 1852). These were considered synonyms by Lobin & Zizka
(1987), while Martins (1996), included both taxa in the “Cabo Verde Flora” as synonyms
of Tornabenea insularis. The number of accepted species in the genus has recently
varied from three, Martins (1996) (Tornabenea annua, Tornabenea insularis and
Tornabenea tenuissima), to five, Brochmann et al. (1997), by including Tornabenea
bischoffii and Tornabenea humilis and, finally, to six, Sanchez-Pinto et al. (2005), by

including Tornabenea ribeirensis.

Despite the publication of several phylogenetic studies to resolve the evolutionary
relationships among the major clades of Daucinae subtribe (e.g., Downie et al., 2000;
Downie et al., 2001; Spalik & Downie, 2007; lorizzo et al., 2013; Spooner et al., 2013),
some nodes in the Daucinae tree have proved to be extremely problematic and have
remained unresolved, particularly among the Macaronesian endemic taxa. Recent
studies including the analysis of wood anatomy, life form, life span and reproductive
strategies, led to a reappraisal of the endemic genera Melanoselinum, Monizia and
Tornabenea, and their inclusion in the Daucus genus (Frankiewicz et al., 2020; Spooner
et al., 2013; Banasiak et al., 2016). Also, using Genotyping-by-Sequencing, Martinez-
Flores et al. (2020) provided evidence that at least some Tornabenea species should be
included within the Daucus carota complex, constituting a remarkable case of allopatric
speciation in the Cabo Verde Islands with total or rarely almost total reduction of mericarp
spines. However, only two species (i.e., Tornabenea annua and Tornabenea tenuissima)
were evaluated by the authors. Therefore, relationships within Macaronesian Daucinae
taxa are still poorly understood and a good field-sampling is needed, along with fossil
data to produce a robust phylogeny (Romeiras et al., 2019). Nevertheless, Gois-Marques
et al. (2019) recently described the oldest macrofossil of a wild carrot and the first fossil
of a plant displaying insular woodiness (i.e., Melanoselinum decipiens), providing a

calibration for future Apiaceae phylogenies.

The low resolution of the phylogeny within the Macaronesian group outlined the

difficulty of an accurate comprehension of the systematics and the relationships within
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the Daucinae subtribe. Thus, unraveling the variations in genome size (also known as
C-value) within this subtribe, can be highly relevant to understand its diversification in
the Macaronesian region. Although the meaning of the variation in the C-value is still not
completely understood, it is known that the variation can be correlated to non-coding
DNA, more specifically transposable elements (Gregory, 2005). Several life-history traits
have been found to correlate with genome size through the associated effects of nuclear
DNA content on cell size (Hessen & Pearson, 2009). Similarly, significant associations
between genome size and conservation status suggest that threatened species are more

prone to be associated with larger genomes (Brilhante et al., 2021).

Native plants from Macaronesian Islands are significantly underrepresented in
the existing genome size database (Pellicer & Leitch, 2020) but show a remarkable range
of genome size (Suda et al., 2005). Regarding the endemic taxa of the Daucinae
subtribe, only two species have been analyzed so far, Daucus carota subsp. azoricus
(2C-values = 1.64 + 0.02 pg, Nowicka et al., 2016) and Cryptotaenia elegans (2C-values
= 0.94 £ 0.01 pg, Suda et al., 2005). Moreover, the counting of chromosomes has also
been used extensively as an important phylogenetic character in the context of

cytotaxonomy (Guerra, 2008), helping in the definition of different taxa.

Within the Macaronesian Islands, molecular studies with CWR have been focused
on establishing their taxonomic status and depicting phylogenetic relationships (e.g.,
Romeiras et al., 2016; Dias et al., 2018). However, few studies have been carried out
using cytogenomic data, complemented with data on the morphology and ecology of
CWR species. The present study aimed to review of the morphology, ecology (including
associated plant communities), and conservation status of the Daucinae species, and
based on a comprehensive dataset, we estimated the genome size variation for 16 taxa,
which occur in different habitats across the Macaronesian Islands by comparison to
mainland specimens. Such data are needed because most of these CWR are endemic
species within these island ecosystems, and their presence and conservation are likely

to be threatened by ongoing climate change.
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2.2. Materials and methods
2.2.1.Study area

Taxa from the Daucinae subtribe occur in all Macaronesian archipelagos.
However, our sampling focused on Azores, Madeira, and Cabo Verde, where the main
genera of this subtribe occur (i.e., Daucus L., Melanoselinum Hoffm., Monizia Lowe. and
Tornabenea Parl.) (Figure 2.2). The Azores archipelago consists of nine islands, is the
northernmost one of Macaronesia and is located approximately 1300 km west of
mainland Portugal. It is composed of an eastern group of islands (S&o Miguel and Santa
Maria), a central group (Faial, S&o Jorge, Graciosa, Pico, and Terceira) and a western
group (Flores and Corvo). The Madeira archipelago comprises Madeira, the largest
island of the archipelago, Porto Santo and its six islets, and Desertas (Bugio, Deserta
Grande and llhéu Chéao). Cabo Verde includes ten main islands and several islets,
grouped into two main sets according to the prevailing NE winds: the windward islands
— Santo Antdo, Sao Vicente, Santa Luzia, Sao Nicolau, Sal and Boavista —, and the

Leeward islands — Maio, Santiago, Fogo, and Brava.
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Figure 2.2. Distribution of the target endemic species in Macaronesia and mainland

Portugal.
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2.2.2.Studied Macaronesian endemics and sampling

In the Macaronesia, 10 endemic species occur, of which eight were included in
the study: Daucus carota L. subsp. azoricus Franco; Melanoselinum decipiens; Monizia
edulis; Tornabenea annua, Tornabenea bischoffii, Tornabenea insularis, Tornabenea
ribeirensis, and Tornabenea tenuissima (see Figure 2.1). The data presented in Table
2.1 and Table 2.2 were obtained from a thourough bibliographic revision, which included
the protologues and a morphometric revision of the type specimens, whenever deemed

possible.

For cytogenomic studies, specimens of the Daucinae subtribe were collected
during several field surveys in the Macaronesia archipelagos from 2017 to 2020.
Fieldwork took place in four islands of Azores (Faial, Flores, Pico, and Santa Maria), two
islands of Madeira (Madeira and Deserta Grande) and five islands of Cabo Verde
(Santiago, Santo Antdo, Sao Nicolau, Sdo Vicente, and Fogo). Additionally, specimens
from mainland Portugal (Beja, Faro, Leiria, Lisboa, and Setubal) were also sampled. A
total of 16 native taxa (from 48 different populations) were sampled for the study
(Supplementary Data Table 2.54). Furthermore, from each population a minimum of
three specimens was collected. The samples were preserved in wet tissue paper
wrapped in aluminium foil and zip-locked bags at 5 °C, and posted to the laboratory, C-

DNA data were obtained after a maximum period of three days.

Vouchers from the majority of the samples were collected and deposited at the
Herbarium of Instituto Superior de Agronomia, University of Lisbon (LISI), at the
Herbarium of the University of Madeira (UMAD) and at the Herbarium of the University
of the Azores (AZB).

2.2.3.Data collection

A database for the sampled species was assembled, including information for
each taxon on (i) geographical distribution, (ii) accepted scientific names according to
Banasik et al. (2016), Martinez-Flores (2016), and Wojewddzka et al. (2019) (iii) habit,
(iv) habitat (herbaceous or woody) (v) conservation status, (vi) number of chromosome
and (vii) Raunkiaer classification (Table 2.S1) (Raunkiaer, 1934).

Information on the geographical distribution (inside Macaronesia and worldwide)
was extracted from the most recent checklists (Sdnchez-Pinto et al., 2005; Silva et al.,
2005; Jardim & Menezes de Sequeira, 2008; Menezes de Sequeira, 2011).
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Information on the habit and morphology of all sampled taxa were obtained from
floras of each archipelago (Press & Short, 1994; Martins, 1996; Brochmann et al., 1997;
Franco & Rocha-Afonso, 1984; Castroviejo, 2003) and included the following
morphological traits: (i) leaves, (ii) inflorescence, (iii) bracts, (iv) bracteoles, (v) fruits, and

(vi) secondary ribs of the fruit (spiny vs winged).

Drawings (see details in Figure 2.1) were made based on photographs and on
herbarium specimens housed in LISI and Herbarium of the Instituto de Investigacdo
Cientifica Tropical from University of Lisbon (LISC). Ecological data including
sinecological data is based on Mucina et al. (2016) and Rivas-Martinez et al. (2017). The
chromosome number of the various taxa was obtained consulting Bramwell & Murray
(1972), Borgen (1974), Zizka (1986), Dalgaard (1994), Grosso et al. (2008), Nowicka et
al. (2016), and Spooner (2019). The conservation status of the sampled species was
obtained following the International Union for Conservation of Nature (IUCN) Red List of
threatened species criteria (IUCN, 2020), Corvelo (2010) and Romeiras et al. (2016).

2.2.4.Cytogenomic analysis

Nuclear DNA content was estimated using flow cytometry (FCM). Preparation of
suspensions of intact nuclei for analysis was performed following the method of Galbraith
et al. (1983). The fresh young leaves were chopped with a razor blade in a Petri dish
containing 1 mL of Woody Plant Buffer (WPB 0,2 M Tris-HCI, 4 mM MgCI2, 1% Triton X-
100, Na2EDTA 2 mM, NaCl 86 mM, sodium metabisulfite 20 mM, PVP-10 a 1%, pH 7,5;
Loureiro et al., 2007). The nuclear suspension was sieved through a nylon mesh with 30
pm to remove large debris. The obtained nuclei were stained with 25 pyg mL-1 of
propidium iodide (PI; Sigma-Aldrich, USA). To estimate the nuclear DNA content, the
use of a reference standard of known genome size is required. The following standards
were employed: Solanum lycopersicum L. (2C = 1.96 pg; Dolezel et al.,1992), Raphanus
sativus L. (2C = 1.11 pg; Dolezel et al.,1992), and Rhamnus alaternus L. (2C = 0.68 pg;
Carvalho et al., 2018). Furthermore, the acquisition of numeric data and fluorescence
graphs was made by Sysmex FloMax software v2.4d (Sysmex, Garlitz, Germany), as
described by Guilengue et al. (2020). From the analyzed samples, the diploid quantity of

DNA (in pg, per nucleus) was estimated using the formula:

Sample G1 Peak Mean X Genome size of Reference Standard
Reference Standard G1 Peak Mean

Nuclear DNA Content (pg) =
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2.2.5.Statistical analysis

Statistical analyses and descriptive statistics were performed using R software
(R Core team, 2019). Descriptive statistics were calculated for each species, namely
mean and standard deviation (SD) of the genome size (2C-values, pg). For the data on
2C-values, descriptive analyses were performed using the boxplot statistical algorithm.
Comparisons between genome size values and: i) Habit (woody vs herbaceous); ii)
Raunkiaer classification (chamaephyte vs hemicryptophte vs terophyte) (see Table
2.S1); iii) Distribution (archipelago vs mainland); and iv) Morphology of secondary ribs
(spiny vs winged). Group comparisons were implemented using non-parametric tests
since genome size data were not Gaussian (p<0.05 with the Shapiro—Wilk test; Shapiro
& Wilk, 1965) even after using Box-Cox Transformation (Box & Cox, 1964) or other
conventional transformation techniques (Zar, 2010). Thus, we opted for the Mann-
Whitney test for two group comparisons and for the Kruskal-Wallis test for comparisons
of more than two groups, using the respective functions in R. Since the Kruskal-Wallis
test indicated the rejection of the null hypothesis, we applied a non-parametric multiple
comparison test (Conover & Iman, 1979; Siegel & Castellan, 1988) using the function
posthoc.kruskal.conover.test of the “The Pairwise Multiple Comparison of Mean Ranks
Package (PMCMR) R package” (Pohlert, 2014), including Bonferroni-type adjustment of
p-values, and which aims to ensure a relatively high level of statistical power (i.e.,

reduction in the probability of committing a Type Il Error).

We calculated different Gaussian Generalized Linear Models (GLMs), to determine
what factors could better explain the observed 2C-values: a Null model was used as a
benchmark; an Habitat model (island vs mainland specimens); an Habit model (woody
vs herbaceous); a Raunkiaer classification model (chamaephyte vs hemicryptophyte vs
terophyte); a Fruit type model (specimens with spiny vs wing secondary ribs); a Full
model including all the previous factors, as well as other models resulting from its
simplification; and a taxon model, comparing all the included taxa. The implementation
followed Avila et al. (2018) and Parelho et al. (2021) (see references therein), using the
glm function of R. The best models were selected based on the maximum likelihood
approach using AIC (Shapiro & Wilk, 1965). The model with the lowest AIC and the
highest R? was considered to best fit the data. The R package “mass” was used to
evaluate GLMs. Although the data failed to comply with normality, the calculated GLMs
included all the samples in the analysis. Thus, according to the central limit theorem,
when independent random variables are added, their properly normalized sum tends
toward a normal distribution even if the original variables themselves are not normally

distributed. That is, with a large sample size (i.e., more than 100 observations in this
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case) the mean tends to a normal distribution, even if the underlying data are not

Gaussian (Kwak & Kim, 2017). Since the GLMs model de mean of the distribution, we

considered their application as correct in this context.

2.3. Results

2.3.1.Reappraisal of morphology, ecology and conservation

status of Daucinae in Macaronesia

A total of 16 taxa were sampled (Table 2.1), nine of them with endemic status:

one from the Azores (Daucus carota subsp. azoricus), two from Madeira Island

(Melanoselinum decipiens and Monizia edulis), five from Cabo Verde (Tornabenea

annua, Tornabenea bischoffii, Tornabenea insularis, Tornabenea ribeirensis, and

Tornabenea tenuissima) and one from mainland Portugal (Daucus carota subsp.

halophilus) (see Figure 2.1).

Table 2.1. Geographical distribution, native status in the Macaronesia, Conservation status (i.e. LC,
Least Concern; NE, Not Evaluated; DD, Data Deficient; EN, Endangered; and CR, Critically
Endangered; (see references in Material and Methods) and ecology of the study taxa of Daucinae
subtribe based on bibliographic revision.

Geographical Native status in  Conserva-
e distribution Macaronesia tion status Sealiogy;
) Sea rocks, cliffs, pastures, uncultivated or
Daucus carota L. subsp. azoricus Azores Endemic LC cultivated lands, roadsides. From 0-
Franco
800m
Europa, Asia, .
Daucus carota L. subsp. carota Siberia, N. Africa Native NE Ruderal
Daucus carota subsp. gummifer Europe ) NE Coastal cliffs and dunes and uncultivated
(Syme) Hook.f. p lands, on sandy soil
Daucus carota L. subsp. halophilus Mainland .
(Brot) A. Pujadas Portugal - DD Coastal cliffs and coastal upland areas
Daucus carota L. subsp. maximus Mednerr_anean; Native NE Ruderal
(Desf.) Ball Asia
Daucus carota L. subsp. sativus - . .
(Hoffm.) Arcang. Widely cultivated - NE Cultivated
Daucus crinitus Desf. Africa; Europe - LC Grassland, shrubland
Daucus muricatus (L.) L. Africa; Europe Naturalized LC Grassland, shrubland
Melanoselinum decipiens (Schrad. & . . .
J.C.WendL.) Hoffm. Madeira Endemic NE Shady rocks and banks in Laurel forests
Monizia edulis Lowe Madeira Endemic CR Mainly found on fissures in cliffs
. Mediterranean; . . . .
Pseudorlaya pumila (L.) Grande Canaries Native NE Marine sands, mainly primary dune
Tornabenea annua Bég. Cabo Verde Endemic EN Southern hygrophyte restrl_cted to
montane areas on Santiago
Tornabenea bischoffii J.A. Schmidt Cabo Verde Endemic EN Northern hygrophyte restrlcted~to
montane areas on Santo Antao
Tornabenea insularis (Parl. Ex Webb) . Sub-humid montane areas above 600m
Parl. Ex Webb Cabo Verde Endemic EN of S. Vicente, S. Nicolau, and Brava
. . . Restricted to shady and seasonally damp
Igg?:benea ribeirensis Schmidt & Cabo Verde Endemic CR bottoms of valleys of very few Ribeiras in
the North of S. Nicolau
Tornabenea tenuissima (A. Chev.) A. Cabo Verde Endemic CR Restricted to sub-humid montane

Hansen & Sunding

areas; mainly above 1200m on Fogo
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Most of the endemic species sampled in the Macaronesia are single-island
endemics except Daucus carota subsp. azoricus, which occurs in all the Azores Islands,
Monizia edulis, in all the Madeira sub-archipelagos and Tornabenea insularis, the only
Tornabenea species occurring in more than one island of Cabo Verde (Brava, Sdo

Nicolau and Sao Vicente).

Regarding the ecological data (Table 2.1), Daucus carota subsp. azoricus is a
coastal taxon that occurs in sea rocks, cliffs, pastures, uncultivated or cultivated lands,
and roadsides. Melanoselinum decipiens and Monizia edulis, both endemic species from
Madeira, occupy different ecological zones, that is, shady and rocky places of clearances
of the Laurel Forest and fissures in cliffs, respectively. Tornabenea species occupy
similar ecological zones on Cabo Verde Islands, being five of the six species single-
island endemics (the exception being Tornabenea insularis). Only Tornabenea humilis
is found in lowland/coastal areas below 500 m altitude at Fogo, whereas the other five

species are restricted to sub-humid habitats of the mountain areas above 600 m.

The conservation status of the sampled species revealed that six of them (38%)
are threatened: three (19%) are Critically Endangered and the other three (19%) are
Endangered (Table 2.1). Among the threatened species, five occur in Cabo Verde (i.e.,
Tornabenea genus) and the sixth, Monizia edulis, occurs in Madeira. The archipelago of
Cabo Verde is the one presenting the highest number of threatened species of the

Daucinae subtribe.

The Daucinae subtribe is mostly composed of hemicryptophyte taxa, namely:
Daucus carota subsp. azoricus, Daucus carota subsp. carota, Daucus carota subsp.
gummifer, Daucus carota subsp. halophilus, Daucus carota subsp. maximus, Daucus
carota subsp. sativus, Daucus crinitus, Tornabenea annua, Tornabenea insularis, and
Tornabenea ribeirensis. Moreover, the chamaephyte habit is only seen in the endemic
Macaronesian species (Table 2.1). Similarly, the winged secondary ribs are traits only

present in the endemic species of the Macaronesia (Table 2.2).
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Table 2.2 Diagnostic characters of the sampled species of Daucinae subtribe, regarding habit,
leaves, inflorescence, bracts, bracteoles, fruits and secondary ribs based on bibliography (see
references in Material and Methods).

Taxa Habit Leaves Inflorescence Bracts Bracteoles Fruits Secr(i)tr;gary
Annual or . 6-11
Daucus carota biennial, up Hispid, 2-3 Large terminal pinnatis 7-9 simple. 2-4 mm, _
subsp. : umbel, upto 9 ect. . S Spiny
: to 70 cm. pinnate . ™ Linear lobes  cylindrical
azoricus cm diameter Filiform
Herbaceous lobes
Basal, 1-
3(4) pinnate 7-9
oblong to (1'53;_;&32 cm pinnatis 1.8-3.2 x
Perennial, up  lanceolate, ) ect. . 1-1.8 mm,
Daucus carota - becoming . 6-9 simple. e .
to 110 cm. while uper Sublinea ; ellipticals, Spiny
subsp. carota strongly Linear lobes .
Herbaceous leaves, 1-3 . ror purplish or
: contracted in - -
pinnate are fruit filiform light brown
linnear to lobes
lanceolate
_ (1.5)3-6(10) cm 7-10 .
Basgl(, 4()1)2 diameter, shorter 1'183?2'05)(
Daucus carota Perennial, up innate convex to sub—  than the 7-9 with a 'mm'
subsp. gummif to 50 cm. P ’ hemispherical, rays. trifid apex. ! Spiny
Uper leaves . . oblong to
er Herbaceous P slightly Linear to Lanceolate ;
similar to B ovoid,
contracted in lanceola
basal ones ) brown.
fruit te lobes
Basal
2-35x
Eg)avﬁfn;: (3gig;1192t:rm 8-10  7-8simple,  1.5-2.5
Daucus carota  Perennial, up U e? Ieave.s hemispherical pinnatis trifid apex. mm, ovoid
subsp. to 25 cm. per P! ect. Ovoid to to Spiny
: similar to and slightly . . L
halophilus Herbaceous d Ovoid widely elliptical,
basal ones, contracted in lob | | lish
1-2 fruit obes anceolate puLp ish,
pinnate orbrown
Basal, (1)2— .
3 pinnate 12-23 cm 10-13 L ii X
. ovate to diameter, pinnatis . s
Daucus carota Perennial up oblon becomin ect 6-10 simple.  ellipsoid -
subsp. to 220 cm. 9: 9 LT Short and oblong, Spiny
maximus Herbaceous Upper strongly Linear or linear lobes  sometimes
similar to contracted in filiform f
) subspheric
basal ones fruit lobes al
1-2 pinnate
Basal, 34 (8)10-
pinnate 13 3-3.5x
Daucus carota Perennial, up largely 5-10cm p'rérc]?tls 7[%2!??(')6' 1.2-2.0
subsb. sativus to 78 cm. petiolate. diameter, Lon. lanceolate mm, Spiny
P- Herbaceous Upper slightly convex an dg lobes oblong,
leaves 2(3) i brown
] inear
pinnate. lobes
Basal, 3-4
pinnate, 5-10
sessile or simple, 4-7(9)
subsessile Convex pinnatis ¢ o e mm,
- Perennial, up segments. . ' ect to nple. elliptical .
Daucus crinitus t0 115 cm Uoper doesn’t contract trifid Lobes linear and Spiny
P in fruit . ' to lanceolate ;
leaves Linear to sometimes
similar to lanceola oblong
basal, 1-3 te lobes
pinnate
Basal
leaves (2)3—
4 pinnate, L dquncl (4)6-10
Annual up to hispid ong peduncie. pinnatis .
Daucus : Slightly convex. ect. 4-9 simple.  5-8(10) m, .
. 105 cm. Upper . . ! A Spiny
muricatus Herbaceous leaves Sterile central Linear or  Linear lobes elliptical
e flower absent setaceo
similar but us lobes
slighty
smaller
Tall rosetted 50-90 cm 10-20 12-14
. ial Large - ' mm
Melanoselinum perennia . diameter, 20-30 As long as ' )
decipiens monocarpic, triangular, terminal above mm. the pedicels oblong, Winged
up to 3 m. up to 60 cm leaf crown Leafy pubescent
Woody , blackish
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Lanceol 10-14 x 5-
Yellowish— Iéiirgze?rr Lanceolate otZIgr:m,to
Long lived green, Paniculate, 20— uberuie or linear, eli sgid
Monizia edulis perennial, up glossy, 25 rays in each P nt puberulent, ubzscer’n Winged
to 1m. Woody triangular in umbel fri ' fringed at P
5 ringed . , pale
out line margin
at coloured
margin when ripe
(5.5)7.5—
12 x 3.5-
10 mm,
2-5 L having the
Pseudorlaya Angt(J)a(I:rLTJ]p to 2-3 pinnate, 3-7 unequal linear to tgzﬁesg?;algtrs spines in Spin
pumila ) hispid rays pinnatis the dorsal piny
Herbaceous but smaller
ect and lateral
ribs
different
sizes
7-8,
entire
Annual or Upto 35 rarely 3.5mm,
i cm, 2-3 More or less 7-8.
Tornabenea biennial, up innate. 3-6 flat. up to 7.5 somewh InCoNspiCUo strongly Spin
annua to 80 cm. pinnate, P | at bi or P compress piny
pairs of cm diameter - us
Herbaceous innae trifid. ed dorsally
p Inconspi
cuous
. . 10-15 Upto 2
Upto 35 (- Hemispherical, .
Stout _ : upto3 mm long,
Tornabenea perennial up 539)) Clnmnazte( n\?v?]r(le):]sffuki\g;lcal cm long. Trifid, bifid only Winged
bischoffii to1.5m. 7 gairs of’ upto 9 cmg’ pinnatel or entire slightly 9
Woody . . y compress
pinnae diameter divided. ed dorsally
4-13, up
Up to 30 to I2.8
cm, sub cm fong, 2 mm
Stout D Flat to pinnatel 7-9 | ’
Tornabenea perennial up conaceous hemispherical y —9 narrow, long .
insularis t0 90 cm to delicate, up 1o 9 cm ' divided trifid, bifid or  elliptical in Spiny
Wood ’ 1-2 pinnate, ch)iameter In ' entire dorsoventr
Y 3-6 pairs of fruiting al view
pinnae slightly
deflexed
Th:r;gght Umbels withup  3-10 cm
green, to 25 rays, long, .
Annual or lamina d di inl Inconspicuo 2
Tornabenea biennial, up deltoid to u_pvlvar rect mainty us. 2-3 mm > mm, )
ribeirensis to 80 cm. obovate in brist SS’I.SF:?ad’ ‘énd'v'dle long. c(?;npres”s Winged
Herbaceous outline, 3-4 and slightly : rarely Undivided ed dorsaly
airs' of constricted one bi or
‘;innae when fruiting trifid
Up to
Up to 40 10,2 cm
cm, 2-3 long.
Stout pinnate, up Hemispherical, Pinnatel Reddish
Tornabenea perennial up to 6 -7 ne:;l]rly sphgncal i >(/i § Trifid, bl;‘ld, brown, up ‘
tenuissima to 1 m high pairs of when fruiting, ivided, or rarely to 3.9 mm, Spiny
Wood ’ pinnae. upto9cm segment entire compress
Y Segments diameter S ed dorsally
Very narrow, slender
filiform and
narrow

In the Daucinae subtribe the morphological characters such as the leaves, fruits

and umbels are usually used to recognize the infratribal taxa (Franco, 1971). For the

identification of some subspecies of Daucus carota, the degree of contraction in the

fruiting umbels is a key trait; the presence and absence of a sterile flower in the center

of the umbel is also a character that helps to distinguish between Daucus carota s.I. and

Daucus muricatus. Moreover, the leaves of Daucus crinitus are very relevant for the
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identification of this taxon, as they exhibit a sessile or subsessile segment which is not
observed in the other Daucus species (see Material & Methods). Traits such as bracts,
bracteoles and fruits are also very useful to distinguish genera, namely between the
genus Daucus and the related endemic Macaronesian genera (i.e., Melanoselinum,
Monizia and Tornabenea). Daucus is characterized by fruits with spiny secondary ribs
and pinnate bracts. In contrast, Melanoselinum taxa exhibit winged secondary ribs that
are serrated and irregularly cut bracts. Monizia fruits have swollen and corky ribs, as well
as bracts and bracteoles with fringed margins (see Table 2.2). The genus Tornabenea
is more similar to Daucus, but fruits are compressed dorsally in the former. Some taxa
also present winged secondary ribs (Tornabenea bischoffii and Tornabenea ribeirensis)
opposing to the spiny secondary ribs in Daucus. Still and all, the Tornabenea taxa that
presented spiny secondary ribs, have spines that are less differentiated from the spines

of Daucus (see Figure 2.1).

2.3.2.Cytogenomic characterization

The cytogenomic results obtained are summarized in Table 2.3, which shows the mean
2C-values in picograms (pg) with standard deviations (SD), coefficient of variation (%)
for the 16 analyzed species, along with 2C-values estimates evaluated by Nowicka et al.
(2016). Genome size determinations based on flow cytometry produced histograms of
fluorescence of GO/G1 peaks (Figure 2.3), and the coefficient of variation (CVa) values
ranged from 2.31% to 5.99% (mean 4.12%) for the analyzed specimens (Table 2.3).

00

80 4 | Tornabenea bischoffii

60

Solanum lycopersicum

Counts

0 200 400 600 800 1000
Fluorescence (channel number)

Figure 2.3. Flow cytometry output: Flow cytometric histogram of relative fluorescence
intensities from propidium iodide stained Tornabenea bischoffii nuclei using Solanum

lycopersicum (2C-values =1.96 pg) as an internal reference standard.
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Estimations for sixteen species within the Daucinae subtribe are presented
(Table 2.3), of which eight had already been previously estimated by Nowicka et al.
(2016): the values obtained in both studies are very similar, with average differences of
11%, ranging between 26% for Daucus carota subsp. maximus and 4% for Daucus
carota subsp. halophilus. The genome size of the analyzed species was quite
homogenous (1.349 + 0.442 pg), hamely on Tornabenea genus (1.235 + 0.016 pg),
ranging from 1.214 + 0.026 pg in Tornabenea ribeirensis to 1.259 + 0.211 pg in
Tornabenea bischoffii. Values were the smallest for Pseudorlaya pumila (Table 2.3).
Moreover, no differences were found between the Tornabenea specimens and Daucus
carota specimens, with the exception for subspecies Daucus carota subsp. carota.
Melanoselinum decipiens and Monizia edulis, both from Madeira, showed intermediate
values, also differing significantly from all the remaining taxa. Daucus crinitus and
Daucus muricatus specimens from mainland Portugal showed the highest values, which

were significantly different from those for all the remaining taxa (Figure 2.4).

Table 2.3. Cytogenomic results obtained for 16 taxa. Average 2C-values in picograms
with standard deviation (SD), group (the same letter(s) indicates species within the
genus that are not significantly different), sample coefficient of variation in percentage
(CVa), previous 2C-value estimates in pictograms based on a previous study
(Nowicka et al., 2016), and the origin of the collected specimens (Az, Azores; CV,
Cabo Verde; Lu, mainland Portugal; Ma, Madeira). The number of chromosomes was
retrieved from the following literature: Bramwell & Murray (1972); Borgen (1974);
Zizka (1986); Dalgaard (1994); Grosso et al. (2008); Nowicka et al. (2016); and
Spooner (2019).

g . Previous o
Taxa ZCS\IIDal(Egi - Group %f/m(%e ZC(—I\)/ga;ue Chrg{?ﬂ?ﬁi?me Origin
Daucus carota subsp. azoricus 1.167 + 0.024 abc 4.470 1.064 18 Az
Daucus carota subsp. carota 1.093 + 0.085 a 4.298 0.989 18 Lu
Daucus carota subsp. gummifer 1.173 + 0.036 ab 4.821 1.016 18 Lu
Daucus carota subsp. halophilus 1.205 + 0.028 bcd 4.624 1.154 18 Lu
Daucus carota subsp. maximus 1.244 + 0.062 e 4.897 0.920 18 Lu
Daucus carota subsp. sativus 1.087 + 0.021 abc 4.984 0.960 18 Lu
Daucus crinitus 2.544 £ 0.102 g 3.655 2.403 22 Lu
Daucus muricatus 2.135 + 0.040 g 2.314 2.036 20 Lu
Melanoselinum decipiens 1.591 + 0.046 f 3.431 - 22 Ma
Monizia edulis 1.940 + 0.081 g 2.310 - 22 Ma
Pseudorlaya pumila 0.847 £ 0.031 - 5.990 - 26 Lu
Tornabenea annua 1.235+0.018 de 3.781 - 18 Ccv
Tornabenea bischoffii 1.259 +£ 0.211 abc 3.309 - 22 CcVv
Tornabenea insularis 1.223 + 0.031 de 3.668 - 18 Cv
Tornabenea ribeirensis 1.214 + 0.026 cde 4.016 - - CVv
Tornabenea tenuissima 1.248 + 0.012 def 5.370 - 16 Cv
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Figure 2.4 Boxplot diagram showing the genome size variation across the 16 taxa from
the Daucinae subtribe. The orange box represents the 25th, 50th (median) and 75th
percentiles, while whiskers represent the 10th and 90th percentiles with minimum and

maximum observations. The dots represent the outliers. Different letters indicate group

of taxa with significant differences.
The results of the application of different GLMs (Table 2.4) showed that the most

explanatory factor was the taxon, with the lowest Akaike's An Information Criterion (AIC)
and highest adjusted R?, what was also confirmed using the Kruskal-Wallis test (Chi-

squared= 29.061, df= 3, p= 2.174e-06).

Table 2.4. General Linear Model results for all explanatory variables included in the

analysis. The models were ranked by its Akaike's An Information Criterion (AIC) and
adjusted R? values.
General Linear Model AIC R?
Taxon -387.044 0.9851364
Region + Raunkiaer classification + Habit 63.587 0.3459922
Full 63.587 0.3459922
Region + Raunkiaer classification 63.845 0.3325822
Raunkiaer classification 76.666 0.2203145
Region 79.530 0.2159600
Fruit secondary ribs 89.827 0.1188375
Habit 98.585 0.0548866
Null 103.543 -
Habitat 105.587 0.0004328
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The genome size variation for the studied Daucinae taxa according to fruit
secondary ribs (Figure 2.5A); habit (Figure 2.5B); Raunkiaer classification (Raunkiaer,
1934) (Figure 2.5C) (see Table 2.S1) and regions (Figure 2.5D) is presented in Figure
2.5. With some exceptions, the genomes of herbaceous taxa were smaller than those
from woody taxa, with a similar pattern between taxa with spiny and winged fruits. The
exceptions are obvious in Figures 2.5A and Figure 2.5B. Regarding herbaceous taxa,
two mainland species appear with very high values, therefore originating a high level of
heterogeneity, justifying the low adjustment of the respective GLM (Table 2.4). Likewise,
concerning taxa with spiny fruits, the same taxa from mainland originate a high level of
heterogeneity, justifying the low adjustment of the respective GLM (Table 2.4).

When considering Raunkiaer life-forms (see Table 2.S1), terophytes tended to
show the highest values and hemicryptophytes the lowest. However, one of the
therophytes showed the lowest value and one of the hemicryptophytes showed the
highest, therefore originating a high level of heterogeneity (Figure 2.5C), justifying the
low adjustment of the respective GLM (Table 2.4). When considering the different
regions, the Azores (1.167 £ 0.006 pg) and Cabo Verde (1.238 + 0.059 pg) showed the
lowest mean values, followed by the specimens from mainland Portugal (1.531 + 0.483
pg) and Madeira (1.617 £ 0.183 pg; Figure 2.5D). However, it should be noted that
specimens from mainland Portugal included taxa with a wide range of values, from the
lowest to the highest, as mentioned above when comparing the results by taxon. As also
seen above, the two endemic taxa from Madeira showed intermediate results, while the
smallest values for that archipelago were associated with specimens from Daucus carota
subsp. carota. This heterogeneity justifies the low adjustment of the respective GLM
(Table 2.4).
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Figure 2.5. Boxplot diagram showing the genome size variation for the studied Daucinae
taxa according to (A) morphology of the secondary ribs (winged or spiny); (B) habit
(herbaceous or woody); (C) Raunkiaer classification (chamaephyte, hemicryptophyte, or
terophyte) and (D) regions (Az, Azores; CV, Cabo Verde; Lu, Portugal mainland; and
Ma, Madeira). The orange box represents the 25th, 50th (median) and 75th percentiles,
while whiskers represent the 10th and 90th percentiles with minimum and maximum
observations. The dots represent the outliers. Different letters indicate significant

differences between groups (p<0.05).

2.4. Discussion

The Daucinae subtribe comprises taxa of high economic importance such as
Daucus carota subsp. sativus (cultivated carrot), and its CWR represent invaluable
genetic resources, with genes that can improve traits such as productivity and resilience
in agriculture (Martinez-Flores et al., 2020). Our study provides new cytogenomic data,
for eight endemic taxa from Azores, Madeira and Cabo Verde archipelago, which can
contribute to understand the relationship of the Daucinae subtribe within the
Macaronesian Islands, where several threatened taxa occur. Overall, with the previous
estimates stored at the Angiosperm DNA C-values database (Pellicer & Leitch, 2020),
only one Macaronesian endemic taxon from the subtribe Daucinae is missing

(Tornabenea humillis, endemic in Fogo Island, Cabo Verde).
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In general, the species with the biggest genomes occur in mainland Portugal
(Daucus crinitus and D. muricatus) and the insular taxa presented lower mean 2C-values
compared to the continental ones. This tendency towards small genomes in islands has
been observed in Macaronesia (Suda et al., 2003, 2005) and in Hawaiian and Marquesas
archipelagos (Kapralov & Filatov, 2011). Even though the Azores and Cabo Verde
presented lower mean 2C-values than the mainland Portugal, and this could support the
above-mentioned hypothesis, it is important to note that continental regions also
presented the taxon with the lowest genome size (i.e., Pseudorlaya pumila) and Madeira
presented endemic taxa with larger genome sizes than continental taxa (i.e.,

Melanoselinum decipiens and Monizia edulis).

According to our data, 2C-values are quite homogeneous across the Daucus
carota complex (including Tornabenea species) supporting the close relationship among
the taxa, previously mentioned by several authors (Banasiak et al., 2016; Wojewodzka
et al., 2019; Frankiewicz et al., 2020; Martinez-Flores et al., 2020). Although the use of
genome size as a taxonomical marker has been widely used with other plant lineages
(e.g., Lopes et al., 2021; Chumova et al., 2015), Daucus carota complex is considered
one of the taxonomically most difficult group within Apiaceae family and our 2C-values
were unable to clearly discriminate the Daucus carota subspecies. The high outcrossing
rate (ca. 96%) in wild carrot implies that high frequencies of gene flow may occur among
the different subspecies (Rong et al., 2010). In addition, pollen of wild carrots could be
dispersed by insects over a long distance, and cultivated and wild carrot are fully
interfertile, often overlap in flowering time, and hybrids may sometimes have high fertility
and viability. While gene flow within Daucus carota complex appear extensive, more
work is still needed (e.g., integrative genomic and morphological studies) to clearly
discriminate population structure within the Daucus carota complex, as well as using
additional samples from more diverse geographic origins, to provide future support for
recognizing some species and geographically defined subspecies (Arbizu et al., 2016;
Martinez-Flores, 2020).

Particularly, the molecular relationships between some Tornabenea species and
Daucus carota s.l. have been difficult to established and recent phylogenetic studies
(Banasiak et al., 2016; Wojewddzka et al., 2019; Frankiewicz et al., 2020; Martinez-
Flores et al., 2020), provided all evidence that at least some Tornabenea species should
be included within the Daucus carota complex. As stated above, our results also revealed
very little cytogenomic differentiation between Tornabenea and Daucus carota
specimens, confirming the need for a clarification of the taxonomy of Tornabenea

species (e.g., Martins, 1996). Moreover, the ecological data, including information on
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plant communities (see Table 2.1, Table 2.S2, and Table 2.S3), the currently
recognized Tornabenea taxa are single-island endemics (except Tornabenea insularis),
or ecologically isolated when occurring in the same island. For instance, Tornabenea
tenuissima is restricted to sub-humid montane areas mainly above 1200m on Fogo, while
Tornabenea humilis is found in lowland/coastal areas below 500m altitude in this island
(see Table 2.1). Also, the rare Tornabenea ribeirensis is restricted to shady and
seasonally damp valleys of very few streams in the North side of Sdo Nicolau (Schmidt
& Lobin, 1999) whereas Tornabenea insularis is found in open, non-sheltered and
sometimes extremely exposed habitats and in a different plant communities alliance (see
Tables 2.S2 and Table 2.S3). Directional selection into diverse island environments, is
reported to many of the well-known spectacular examples of adaptive radiation, such as
Echium species in the Southern Cabo Verde Islands in which two lines of speciation
occur (Echium vulcanorum and Echium hypertropicum), each driven by selection within
markedly different ecological zones (Romeiras et al., 2011). The same pattern can be
seen in Madeira Island with Melanoselinum decipiens and Monizia edulis, in which both
occur in a phytosociological very distinct communities (see Table 2.S2 and Table 2.S3),
with the former occurring in forest clearances and the latter in succulent-rich scrub

volcanic rock substrates and walls.

The morphology of the secondary ribs might also provide some indication of the
recent colonization and radiation of the Tornabenea genus (Martins, 1996; Schmidt &
Lobin, 1999). The presence of winged secondary ribs in some taxa is likely to be a
reversal evolution and linked to insular habitats as proposed by Wojewddzka et al.
(2019). In fact, such trait is only seen in insular taxa (Monizia edulis, Melanoselinum
decipiens, Tornabenea bischoffii and Tornabenea ribeirensis). Spiny ribs are seen as an
advantageous trait for epizoochorous dispersion and might have been lost due to the
general absence of native terrestrial mammals in volcanic islands, which were never
connected to the mainland (Wojewddzka et al., 2019). This loss of dispersal abilities
through epizoochory is a common feature in oceanic islands (Gillespie, 2007). On
oceanic islands, there is usually a reversal evolution from spines to wings, as this feature
is ideal for wind dispersal, as well as an increment of the fruit size (Gillespie, 2007).
Alternatively, this characteristic may have been lost by drift. Altogether, we can
hypothesize that the island taxa with winged secondary ribs are older than the ones with
spiny secondary ribs. Our results showed that taxa with spiny ribs have on average
significantly smaller genomes than taxa with winged secondary ribs. The larger genome

of taxa with winged secondary ribs might be related with the increase of mericarp size in
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insular taxa. In fact, such a positive correlation between seed mass and genome size

has been shown by various authors (Caceres et al., 1998; Lopes et al., 2021).

Insular woodiness and a perennial life cycle are a key evolutionary innovation
that drives radiations in insular systems (NUrk et al., 2019). Moreover, it is the lineages
that developed secondary woodiness that diversified more in the Macaronesia (Carine
et al., 2010). Interestingly, chamaephyte taxa presents the highest mean 2C-values
when compared with hemicryptophytes and terophytes. Nonetheless, Beaulieu et al.
(2010) noted that mean genome sizes in the Fabaceae family were significantly smaller

in woody than in herbaceous species and presented a smaller variation.

Overall, this study improved the global knowledge of DNA content for
Macaronesian endemics and shed light into the mechanisms underpinning diversity
patterns of wild carrots in Western Mediterranean Region. Despite the relatively coherent
results revealed by the cytogenomic analyses, based on ca. 320 field-collected samples,
further efforts should be performed to increase the plant collection, namely of

Tornabenea humilis from Fogo Island and of Cryptotaenia elegans from Canary Islands.

Although the Macaronesian Islands harbours a rich diversity of wild carrots, it was
exposed that particularly the endemic species should be protected, as ca. 40% of the
studied taxa are threatened, endemic and red listed species (i.e., 20%: Critically
Endangered and 20%: Endangered; see Table 2.1). Presently, it is widely recognized
that only the conservation of these populations in their habitats (in-situ conservation), will
ensure the continued supply of the novel genetic material, critical for future crop
improvement (Monteiro et al., 2018). Thus, our results revealed that the C-values are
quite homogeneous across the “Daucus-Tornabenea-Monizia-Melanoselinum”,
indicates that these taxa can easily be used in crop improvement. Of these species,
Monizia edulis endemic in Madeira archipelago and all the Tornabenea species should
be prioritized taxa, and urgent conservation actions must be implemented, particularly,
as they have a very limited geographic range (often rare and endemic taxa), and they
were classified in threatened categories (see Table 2.1). Finally, a better understanding
of how the intraspecific diversity is changing over time and space is required, and we
argue that the cytogenomic analyses, can contribute with additional data that can be
useful to make informed decisions for the conservation of Plant Genetic Resources in

the Macaronesian Islands.
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2.6. Supplementary material

Table 2.S1: Raunkier classification of the sampled taxa.

Taxon Raunkier Classification
Daucus carota L. subsp. azoricus Franco Hemicryptophyte
Daucus carota L. subsp. carota Hemicryptophyte
Daucus carota subsp. gummifer (Syme) Hook.f. Hemicryptophyte
Daucus carota L. subsp. halophilus (Brot.) A. Pujadas Hemicryptophyte
Daucus carota L. subsp. maximus (Desf.) Ball Hemicryptophyte
Daucus carota L. subsp. sativus (Hoffm.) Arcang Hemicryptophyte
Daucus crinitus Desf. Hemicryptophyte
Daucus muricatus (L.) L. Therophyte
Melanoselinum decipiens (Schrad. & J.C.Wendl.) Hoffm. Chamaephyte or Microphanerophyte*
Monizia edulis Lowe Chamaephyte
Pseudorlaya pumila (L.) Grande Therophyte
Tornabenea annua Bég. Hemicryptophyte
Tornabenea bischoffii J.A. Schmidt Chamaephyte
Tornabenea insularis (Parl. Ex Webb) Parl. Ex Webb Hemicryptophyte
Tornabenea ribeirensis Schmidt & Lobin Hemicryptophyte
Tornabenea tenuissima (A. Chev.) A. Hansen & Sunding Chamaephyte

* On the statistical analysis we only considered one of the classifications, in which we followed the classification of
Frankiewicz et al. [20].



Table 2.52: Phytosociological vegetation units of the sampled taxa.

Taxa

Phytosociological vegetation |

Daucus carota L. subsp. azoricus Franco

Euphorbio azoricae — Festucion petraeae

Tolpido succulentae — Agrostion congestiflorae

Holco rigidi — Brachypodietum gaditanae

Daucus carota L. subsp. carota

Artemisietea vulgaris

Daucus carota subsp. gummifer (Syme) Hook.f.

Crithmo — Armerietalia

Daucus carota L. subsp. halophilus (Brot.) A. Pujadas

Crithmo maritimi — Daucion halophili

Scrophulario sublyratae — Lavateretum arboreae

Daucus carota L. subsp. maximus (Desf.) Ball

Onorpodion castellani

Daucus crinitus Desf.

Hyparrhenion hirtae

Daucus muricatus (L.) L.

Hordeion leporini

Melanoselinum decipiens (Schrad. & J.C.Wendl.) Hoffm.

Euphorbion melliferae

Isoplexido sceptri — Euphorbietum melliferae

Monizia edulis Lowe

Sinapidendro angustifolii — Aeonion glutinosi

Monizia edulis community

Pseudorlaya pumila (L.) Grande

Vulpietalia

Tornabenea annua Bég.

Globulario amygdalifoliae — Periplocion chevalieri

Echio hypertropici — Euphorbietum tuckeyanae

Dichrostachyo platycarpae — Acacietum caboverdeanae

Heteropogonetum melanocarpi

Tornabenea bischoffii J.A. Schmidt

Globulario amygdalifoliae — Periplocion chevalieri

Loto latifolii — Artemisietum gogonei

Melanoselino bischoffii — Globarietum amygdalifoliae

Dichanthio foveolati — Heteropogonetum contorti

Tornabenea insularis (Parl. ex Webb) Parl. ex Webb

Globulario amygdalifoliae — Periplocion chevalieri

Cocculo penduli — Sarcostemmetea daltonii

Aeonio gorgonei — Sarcostemmetum daltonii

Echio stenosiphonis — Euphorbietum tuckeyanae

Tetraeno waterlotii — Sarcostemmetum daltonii

Launaeo thalassicae — Euphorbietum tuckeyanae

Asterisco smithii — Euphorbietum tuckeyanae

Forsskaoleo procridifoliae — Ficetum gnaphalocarpae

Campanulo bravensis — Launaetum thalassicae

Tornabenearibeirensis Schmidt & Lobin

Dichrostachyo platycarpae — Acacietalia caboverdeanae

Fico gnaphalocarpae — Acacion caboverdeanae

Tornabenea tenuissima (A. Chev.) A. Hansen & Sunding

Globulario amygdalifoliae — Periplocion chevalieri

Echietum vulcanori

Erysimo caboverdeanae — Periplocetum chevalieri
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Table 2.S3: Description of the phytosociological vegetation units of the sampled taxa

Phytosociological Vegetation Unit

Description

Aeonio gorgonei — Sarcostemmetum
daltonii Rivas-Martinez, Lousa, J.C.
Costa & M.C. Duarte 2017

Climactical and edapho-xerophilous dwarf shrub savanna community rich
in succulent plants well-developed on S. Nicolau and S&o Vicente Islands
on skeletal leptosols ancient altered volcanic rocky, in tropical desertic,
thermo-tropical arid bioclimate, often affected by the trade winds from the
north, especially in winter.

Artemisietea vulgaris Lohmeyer,
Preising & Tuixen in Tixen 1950 ex
von Rochow 1951

Pioneer and ruderal sunny vegetation composed by perennial and tall
biennial forbs, grasses, and thistles. These communities prosper in deep
soils enriched in nitrogen (due to man or cattle action). In Mediterranean
pluviseasonal and temperate bioclimate. Holarctic distribution, neophytes
in all tropical areas.

Asterisco smithii — Euphorbietum
tuckeyanae Rivas-Martinez, Lous4,
J.C. Costa & M.C. Duarte 2017

Climactical closed shrub savanna community growing on coluvisols and
leptic andosols.

Campanulo bravensis — Launaetum
thalassicae Rivas-Martinez, Lousé,
J.C. Costa & M.C. Duarte 2017

Thermotropical arid to semiarid chasmophytic association, occurs on
volcanic rocks of Brava Island

Cocculo penduli — Sarcostemmetea
daltonii Rivas-Martinez, Lous4, J.C.
Costa & M.C. Duarte 2017

Micro-shrubland often succulent and deciduous micro-woodland open
savanna of Cabo Verde, mostly with aridic tropical bioclimate; occurring in
desertic, xeric, infra-thermo-meso to lower supratropical ultrahyperarid to
upper dry, strongly euhyperoceanic bioclimate; growing on arenosols,
andosols, leptosols (lithic, skeletic, hyperskeletic) or fluvi-regosols and
sometimes on little altered volcanic materials (lava and tephra).

Crithmo — Armerietalia Géhu & Géhu-
Frank 1984

Atlantic chasmophytic aerohaline pioneer communities of sea cliffs.

Crithmo maritimi — Daucion halophili
Rivas-Martinez, Louséd, T.E. Diaz,
Fernandez-Gonzéalez & J.C. Costa
1990

Rupicolous dwarf-herb vegetation of salt-sprayed cliffs of the
southwestern Iberian Peninsula and Northern Morocco

Dichanthio foveolati —
Heteropogonetum contorti Rivas-
Martinez, Lousa, J.C. Costa & M.C.
Duarte 2017

Xeromorphic perennial grassland savanna, growing on leptic andosols, in
upper thermotropical to lower mesotropical and from lower semiarid to dry
bioclimates.

Dichrostachyo platycarpae —
Acacietalia caboverdeanae Rivas-
Martinez, Lousa, J.C. Costa & M.C.
Duarte 2017

Deciduous micro-woodland climactic savanna (Fico gnaphalocarpae-
Acacion caboverdeanae), growing on lithosols, arenosols, andosols and
tephras, including the edaphohygrophilous coastal palm groves
(Phoenicion atlanticae) and temporary wet tamarisk thickets (Tamaricion
senegalensis), occurring in infra-thermotropical and low mesotropical
upper arid to dry bioclimates, occasionally in lower subhumid; when in arid
bioclimates seems to be necessary a shallow temporary hydromorphism
on soils.

Dichrostachyo platycarpae —
Acacietum caboverdeanae Rivas-
Martinez, Lousa, J.C. Costa & M.C.
Duarte 2017

Climactic phanerophytic deciduous microwoodland savanna community,
growing on andosols and leptosols, on Santiago Island. It occurs in upper
infra and thermotropical, upper arid, semiarid, and lower dry bioclimate

Echietum vulcanori Rivas-Martinez,
Lousé, J.C. Costa & M.C. Duarte 2017

Shrub climactical open savanna community dominated and well
characterized by the local endemic Echium vulcanorum.

Cocculo penduli — Sarcostemmetea
daltonii Rivas-Martinez, Lous4, J.C.
Costa & M.C. Duarte 2017

Micro-shrubland often succulent and deciduous micro-woodland open
savanna of Cabo Verde, mostly with aridic tropical bioclimate; occurring in
desertic, xeric, infra-thermo-meso to lower supratropical ultrahyperarid to
upper dry, strongly euhyperoceanic bioclimate; growing on arenosols,
andosols, leptosols (lithic, skeletic, hyperskeletic) or fluvi-regosols and
sometimes on little altered volcanic materials (lava and tephra).

Crithmo — Armerietalia Géhu & Géhu-
Frank 1984

Atlantic chasmophytic aerohaline pioneer communities of sea cliffs.

Echio hypertropici — Euphorbietum
tuckeyanae Rivas-Martinez, Lous4,
J.C. Costa & M.C. Duarte 2017

Edaphoxerophytic and climatical tall, crowded shrub savanna community
of Serra da Malagueta (Santiago Island), growing on andosols and
coluvisols, in tropical xeric and occasionally some years pluviseasonal,
thermotropical, semiarid to dry euhyperoceanic bioclimate.

Echio stenosiphonis — Euphorbietum
tuckeyanae Rivas-Martinez, Lous4,
J.C. Costa & M.C. Duarte 2017

Climactical shrub savanna community, growing on leptic andosols near
the summit of de S&o Vicente Island, in topographical tropical cloudy,
thermotropical, upper arid, euhyperoceanic bioclimate.

Erysimo caboverdeanae —
Periplocetum chevalieri Rivas-
Martinez, Lous4, J.C. Costa & M.C.
Duarte 2017

Climactical and edaphoxerophillous tall shrub savanna community,
occurring on leptosols and leptic andosols in Fogo Island, in tropical xeric,
thermo-mesotropical, semiarid to upper dry, euhyperoceanic bioclimate.

Euphorbio azoricae — Festucion
petraeae Lipnitz 1976

Vegetation of salt-sprayed coastal cliffs of the Azores.

Termomesotemperate levels.

Euphorbion melliferae Capelo, J.C.
Costa, Jardim, Sequeira, Aguiar &
Lousd 2003

Microphyllous caulirosulate communities with woody habit and large
leaves, proper interrupt the forest canopy.
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Fico gnaphalocarpae — Acacion
caboverdeanae Rivas-Martinez,
Louséd, J.C. Costa & M.C. Duarte 2017

Deciduous open micro-woodlands savanna, climactical,
edaphoxerophilous or seasonally hygrophilous with fleeting superficial
temporal hydromorphy; growing in upper infra and thermotropical arid to
dry bioclimates; developed on lithic or regosolic soils.

Forsskaoleo procridifoliae — Ficetum
gnaphalocarpae Rivas-Martinez,
Lous4, J.C. Costa & M.C. Duarte 2017

Micro-mesophanerophytic woodland savanna community, growing on
seasonal temporary moist shallow soils, on plains and torrents with fleeting
superficial temporary hydromorphy

Globulario amygdalifoliae —
Periplocion chevalieri Rivas-
Martinez, Lousa, J.C. Costa & M.C.
Duarte 2017

Desertic and xeric climactical tropical and edaphoxerophilous tall shrub
savanna community; in thermo-mesotropical, occasionally lower
supratropical, from upper arid to upper dry, locally some years low
subhumid (Fogo Island); developed on leptosols, andosols, colluvial and
tephric sails.

Heteropogonetum melanocarpi
Rivas-Martinez, Lousa, J.C. Costa &
M.C. Duarte 2017

Xeromorphic perennial short grassland savanna, occurring in thermo to
lower mesotropical semiarid to dry bioclimates, in Santiago and Fogo
Islands, growing on leptic andosols

Holco rigidi — Brachypodietum
gaditanae Aguiar & F. Prieto in F.
Prieto, Aguiar & Dias 2012

Thermotemperate or thermomediterranean mesoxerophilous grassland of
Brachypodium gaditanum, in less disturbed habitats co-dominated by
Holcus rigidus. Its habitats are small platforms in rock outcrops with soil
accumulations provided by solifluction and earth flows.

Hordeion leporini Br.-Bl. in Br.-Bl.,
Gajewski, Wraber & Walas 1936 corr.
O. Bolos 1962

Mediterranean ruderal winter-annual grasslands

Hyparrhenion hirtae Br.-Bl., Rozeira &
P.Silva 1956

Grassland rich in perennial tall grasses, deep soils of rocky/ clayey cliffs,
abandoned fields with some nitrification in infra to mesomediterranean
semiarid to subhumid bioclimate; Mediterranean distribution.

Isoplexido sceptri — Euphorbietum
melliferae Capelo, J.C. Costa, Jardim,
Sequeira, Aguiar & Lousa 2003

Microphyllous caulirosulate community, endemic from Madeira Island, on
rocky basaltic walls, in mesotemperate to low supratemperate, humid to
hiper-humid, in laurissilva clearances or places submitted to landslides.

Launaeo thalassicae — Euphorbietum
tuckeyanae Rivas-Martinez, Lous3,
J.C. Costa & M.C. Duarte 2017

Edaphoxerophilous closed shrub savanna community, on leptosols and
basalt on rocks and near vertical walls exposed to moist and wet winds.

Loto latifolii — Artemisietum gogonei
Rivas-Martinez, Lous4, J.C. Costa &
M.C. Duarte 2017

Climactical closed shrub savanna community, growing on leptics
andosols, in upper thermotropical and lower mesotropical, semiarid to
lower dry, euhyperoceanic bioclimate in Santo Antéo Island.

Melanoselino bischoffii —
Globarietum amygdalifoliae Rivas-
Martinez, Lousa, J.C. Costa & M.C.
Duarte 2017

Edaphoxerophilous nanophanerophytic short savanna community,
growing on leptosols and basalt walls exposed to moist and wet winds, in
tropical pluviseasonal, thermotropical, dry, euhyperoceanic bioclimate, in
Santo Ant&o Island.

Monizia edulis community

In vertical basaltic walls in the road for Curral das Freiras, alongside with
other taxa either from moister and higher areas as well as from drier and
lowest parts of the island.

Onorpodion castellani Br.-Bl. & O.
Bolds 1958 corr. Rivas-Martinez, T.E.
Diaz, Fernandez-Gonzalez, Izco,
Loidi, Lousa & Penas 2002

Ruderal indifferent edaphic thistles communities, in abandoned fields and
crops on amended deep soils, with a short period of hydromorphy, in infra
-supra -mediterranean bioclimate with Mediterranean West Iberian, Baetic
and Maghrebi distribution.

Scrophulario sublyratae —
Lavateretum arboreae J.C. Costa,
Capelo, Neto, Arsénio & Lousa 2012

Ornitocoprophilous, nitrophilous and aerohaline association; islands reefs
and coastal cliffs with rough sea, in the Sadensean-Portuguese
Subprovince frontier; indifferent edaphic, in granites, syenites, and
limestones in Mediterranean pluviseasonal -oceanic, euhyperoceanic,
lower mesomediterranean to upper thermomediterranean, dry bioclimate.

Sinapidendro angustifolii — Aeonion
glutinosi Capelo, J.C. Costa, Lousa,
Fontinha, Jardim, Sequeira & Rivas-
Martinez 2000

Madeiran chomophytic and chasmophytic succulent-rich scrub on volcanic
rock substrates and walls.

Tetraeno waterlotii —
Sarcostemmetum daltonii Rivas-
Martinez, Lousa, J.C. Costa & M.C.
Duarte 2017

Climactical and edafoxerophilous close dwarf shrub savanna community,
occurring in Brava Island on leptosols in lower thermotropical arid,
euhyperoceanic bioclimate.

Tolpido succulentae — Agrostion
congestiflorae Aguiar & F. Prieto in F.
Prieto, Aguiar & Dias 2012

Thermomediterranean,  occasionally  thermoremperate,
graminoid communities of cliffs and landslide scarps.

perennial

Vulpietalia Pignatti 1953

Mediterranean and Ibero-Atlantic ephemeral therophytic vegetation on
coastal sand dunes under influence of salt spray.
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Table 2.54: Taxa of the sampled Daucinae tribes and their sampling locations (A, African
Territory, Eu, European Territory; Az, Azores; CV, Cabo Verde; EU, Lu, mainland Portugal; Ma,
Madeira; D, Desertas; F, Fogo; Fa, Faial; Fl, Flores; MA, Madeira Island; Pi, Pico; S, Santiago;
SA (Az), Santa Maria; SA (CV), Santo Antdo; SN, S&o Nicolau; SV, Séo Vicente).

Taxa

Location

Daucus carota subsp.

azoricus

EU, Lu, Az: Fa, Horta, Castelo Branco

EU, Lu, Az: FI, Santa Cruz das Flores

EU, Lu, Az: Pi, Madalena, Areia Larga

EU, Lu, Az: SA, Vila Do Porto, Sao Pedro

Daucus carota subsp.

carota

EU, Lu, Mainland:

Lisboa, Lisboa, Tapada da Ajuda

Daucus carota subsp.

gummifer

EU, Lu, Mainland:

Leiria, Alcobaca, Praia da Polvoeira

EU, Lu, Mainland:

Leiria, Nazaré, Praia do Norte

EU, Lu, Mainland:

Leiria, Peniche, Papba

EU, Lu, Mainland:

Leiria, Pombal, Carrigo

Daucus carota subsp.

halophilus

EU, Lu, Mainland:

Beja, Odemira, Almograve

EU, Lu, Mainland:

Beja, Odemira, Cabo Sardao

EU, Lu, Mainland:

Setulbal, Sines, Porto Covo

EU, Lu, Mainland:

Faro, Vila do Bispo, Cabo de Sao Vicente

EU, Lu, Mainland:

Lisboa, Cascais, Praia do Guincho

EU, Lu, Mainland:

Beja, Odemira, Praia do Carvalhal

Daucus carota subsp.

maximus

EU, Lu, Mainland:

Faro, Loulé, Monte da Charneca

EU, Lu, Mainland:

Faro, Loulé, Benafim Grande

EU, Lu, Mainland:

Faro, Vila do Bispo, Cabo de Sao Vicente

Daucus carota subsp.

sativus

EU, Lu, Mainland:

Lisboa, Lisboa, Tapada da Ajuda

Daucus crinitus

EU, Lu, Mainland:

Setlbal, Setubal, Serra da Arrabida, El Carmen

EU, Lu, Mainland:

Setubal, Setlbal, Portinho da Arrabida

Daucus muricatus

EU, Lu, Mainland:

Faro, S&o Bras de Alportel

EU, Lu, Mainland:

Lisboa, Lisboa, Tapada da Ajuda

Melanoselinum decipiens

EU, Lu, Ma: MA, Ponta de Sol, Paul Serra, Levada 25 Fontes

EU, Lu, Ma: MA, Santana, Caldeirdo Verde

EU, Lu, Ma: MA, Santana, Pico Ruivo

EU, Lu, Ma: MA, Porto Moniz, Ribeira da Janela

EU, Lu, Ma: MA, Séo Vicente, Lameiros, Rota do Cal

EU, Lu, Ma: MA, Sao Vicente

Monizia edulis

EU, Lu, Ma: D, Deserta Grande

EU, Lu, Ma: MA, Camara de Lobos, Curral das Freiras

EU, Lu, Ma: MA, Camara de Lobos, Cabo Girdo

Pseudorlaya pumila

EU, Lu, Mainland:

Faro, Vila do Bispo, Cabo de S&o Vicente

Tornabenea annua

A, CV:S

A, CV: S, Tarrafal Serra da Malagueta

Tornabenea bischoffii

A, CV: SA, Pall, Cova

A, CV: SA, Ribeira Grande, Corda

A, CV: SA, Ribeira Grande, Estraga

A, CV: SA

Tornabenea insularis

A, CV: SN, Vila da Ribeira Brava, Monte da Sentinha

A, CV: SN, Monte Gordo

A, CV: SV, Monte Verde

Tornabenea ribeirensis

A, CV: SN, Tarrafal, Assumada de Mancebo

Tornabenea tenuissima

A, CV:F
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Guilherme Roxo!?, Miguel Brilhante'?, Moénica Moura®*, Miguel Sequeira®, José Carlos

Costal, Luis Silva*, Raquel Vasconcelos?, Pedro Talhinhas?!, Maria M. Romeiras??

1 Linking Landscape, Environment, Agriculture and Food (LEAF), Instituto Superior de Agronomia (ISA),
Universidade de Lisboa, Tapada da Ajuda, 1340-017 Lisboa, Portugal

2 CIBIO, Centro de Investigacdo em Biodiversidade e Recursos Genéticos, Campus Agrario de Vairéo, R.
Padre Armando Quintas, 4485-661 Vairdo, Portugal; Faculade de Ciéncias da universidade do Porto Pr.
Gomes Teixeira, 4099-002 Porto, Portugal.

3 Centre for Ecology, Evolution and Environmental Changes (cE3c), Faculdade de Ciéncias, Universidade
de Lisboa, Campo Grande, 1749-016 Lisboa, Portugal

4 CIBIO Centro de Investigagdo em Biodiversidade e Recursos Genéticos, CIBIO-Azores, Departamento de
Biologia, Universidade dos Acores, Rua Mae de Deus 58, Apartado 1422, 9501-801 Ponta Delgada,
Portugal

5 Madeira Botanical Group, Faculty of Life Sciences, University of Madeira, 9020-105 Funchal, Portugal

Abstract

Angiosperms present an astonishing diversity of genome sizes (GS), that can vary intra-
or interspecifically. Several studies on insular taxa reported that these lineages of plants
tend to have smaller genomes when compared with their continental congeners.
However, few studies have focused on the factors shaping this variation. In this study,
we analyze the genome variation of insular and continental populations of sea fennel or
rock samphire Crithmum maritimum. We present a comprehensive GS dataset of 114
populations of mainland and insular Portuguese populations of C. maritimum. Flow
cytometry cytogenomic GS values showed a considerable intraspecific variation
spanning from less than 4.1 pg in the Azores and Madeira to over 5.0 pg in the north of
mainland Portugal. In the latter, there was a tendency for an increase in GS along the
coast, from south to north, in association with lower temperatures, higher precipitation
and lower precipitation seasonality. However, this gradient might be the result of
historical phylogeographical events associated with previous dispersal and extinction of
local populations. The results indicate that a taxonomic revision of the genus is required
and provide evidence that conservation strategies must be set in place to protect the

putatively distinct populations.

Keywords: DNA flow cytometry; genome-climate interactions; genomic trait;

intraspecific variation; population studies
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3.1 Introduction

A genome is the haploid set of chromossomes in each cell, and it constitutes a biological
level of organization, with a unique evolutionary history that results in an inherited
genome size (GS; Gregory, 2005). The diploid amount of nuclear DNA can be obtained
through Flow Cytometry (FCM), which is an easy and reliable technique for isolating and
count nuclei from solid tissues (Galbraith et al., 1983). Genome sizes (GS) vary
dramatically among plant species (e.g., Pellicer et al., 2018), spanning 1C-values from
0.065 picograms (pg) in Genlisea aurea A.St.-Hill. (Lentibulariaceae, Fleischmann et al.,
2014) to 152.23 pg in Paris japonica Franch (Trilliaceae, Pellicer et al., 2010).
Intraspecific genome size variation has also been reported (Gregory, 2001), for example
a variation of 16% has been reported for Brassica rapa (Boutte et al., 2020), for Sinningia
speciosa a genome size variation of 21 — 26 % was also found in a group of wild
specimens (Zaitli & Pierce, 2010).

This variation of GS can be due to an expansion or contraction (Qiu et al., 2019).
Expansion of GS can be due to polyploidization (Wood et al., 2009) and/ or amplification
of transposable elements (TEs; Hawkins et al., 2008), the latter being facilitated by
recombination processes (Schubert & Vu, 2016). Apart from the impact that the GS has
on the structure of the genome, it can also be significant at the ecological and
evolutionary level (Biémont, 2008), since it correlates with several phenotypic traits, such
as flowering time, flower size, seed mass and photosynthetic rate (e.g., Meagher &
Vassiliadis, 2005; Beaulieu et al., 2007a, b, 2008). Furthermore, it also correlates with
environmental variables, namely altitude, latitude, and temperature (e.g., Knight et al.,
2005, Suda et al., 2005). However, some authors have proposed that the observed
instraspecific C-value variation can be due to the presence of more than one entity within
a species. The taxa Lachnagrostis lyallii and Deyeuxia avenoides, presented a genome
size variation of 1.9-fold in the former and 1.2-fold in the latter, moreover, they are
considered highly variable species, which led to Murray (2005) proposing a more detailed
study in order to access their taxonomy.

It seems that GS is shaped by natural selection, nonetheless, the opposite (i.e., drift) has
also been proposed to explain GS variation (Oliver et al., 2007; Whitney et al., 2010). To
test if GS undergoes selection, population-level analyses are ideal (Diez et al., 2013).
However, up to date, most of the studies were only performed at interspecific scales
(Diez et al., 2013). The sea fennel or rock samphire Crithmum maritimum L. (Apiaceae),
is a monospecific taxon (Castroviejo, 2003; Meot-Duros & Magné, 2009). Therefore, is
a potential model species to test possible environmental correlations with the GS

variation. This species is a facultative halophyte that grows in rocky sea cliffs and
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occasionally in sands and gravel (Figure 3.1). It has a very wide distribution, occurring
along the European Atlantic coasts, the Azores, Madeira, and Canaries archipelagos,
the Mediterranean and Black Sea coast, northwest Africa, and West Asia, with its
distribution limited by temperature (Crawford, 1982, Castroviejo, 2003). However, due to
climate change, its distribution is currently expanding northwards (Metzing & Gerlach,
2001). It is an aromatic herb with therapeutic healing properties known since ancient
times, it was mentioned by Hippocrates in the 4" century B.C to soothe vesical pains

(Pline, 1957), and by sailors who ate its fresh leaves to prevent scurvy (Baytop, 1984).

Figure 3.1 Plants of Crithmum maritimum (A) growing in sands in Castelo Branco; (B)
growing in coastal rocky cliffs in S&o Jorge, Madeira island; and (C) detail of its
inflorescences, specimen from Paul do Mar, Madeira island.

Over the centuries, the use of this plant has decreased, but in the 215 century more
studies have been published suggesting its potential as an emerging crop (e.g., Renna,
2018). In fact, its leaves hold high contents of carotenoids, flavonoids, vitamin C, and
bioactive substances (Ozcan, 2001).

Recent studies identified high levels of both genetic (Latron et al., 2018; 2020) and
phytochemical differentiation among and within Crithmum maritimum populations (e.g.,
Katsouri et al., 2001; Male$S et al.,, 2001; Kulisi¢-Bilusi¢ et al., 2010). However,
cytogenomically C. maritimum was analyzed only from one location (i.e., Strunjan
saltpan in Slovenia), resulting in an estimation of a nuclear DNA amount (2C-value) of
4.38 pg (Koce et al., 2008).
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The present study aims to investigate the cytogenomic variation of C. maritimum at the
population-level, and if it correlates with environmental variables. Namely, we intend to
determine the amount of variation of GS among populations, and if an association with
a geographical gradient or with environmental variables exists. Additionally, we discuss
our results from an evolutionary and taxonomic point of view, in accordance with current
theories of genomic mutations, and provide some conservation considerations regarding

the analyzed populations.

3.2 Material and methods

3.2.1 Sampling

Specimens of Crithmum maritimum were collected for cytogenomic studies during
several field surveys (2017 — 2020), in mainland Portugal and the archipelagos of the
Azores, Berlengas and Madeira. Particularly, fieldwork took place on six Azorean islands
(Corvo, Faial, Pico, Santa Maria, Sao Jorge, Sdo Miguel), three Madeiran islands
(Deserta Grande, Madeira, Porto Santo) and on one island of the Berlengas (Berlenga
Grande). A total of 114 populations was sampled (Figure 3.2; Supplementary Data
Table 3.S1). From each population, a minimum of three specimens was collected. For
each site, we recorded geographical coordinates and altitude with a GPS. Each sample
was collected and preserved in wet tissue paper, wrapped in aluminium foil and zip-lock
bags, then preserved at 5°C, and posted to the laboratory.

Vouchers from most of the samples (at least one per population) were collected
and deposited at Herbarium of Instituto Superior de Agronomia, University of Lisbon
(LISI), at the Herbarium of the University of Madeira (UMAD) and at the Herbarium of
the University of the Azores (AZB).

3.2.2 Environmental data

The 19 climatic variables used in the present study (Supplementary Table 3.S2) were
extracted from CHELSA dataset version 1.2 (Climatologies at High Resolution for the

Earth’s Land Surface Areas, available at https://chelsa-climate.org; Karger et al., 2017).

The geographical coordinates were extracted using a GPS.
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Figure 3.2. Bubble map plot showing the gradient of genome size across the studied
areas. The genome size (in picograms, pg) per sampled populations is mapped

according to the colour of the bubbles.

3.2.3 Cytogenomic analysis

Nuclear DNA content was estimated using FCM. Preparation of suspensions of intact
nuclei for analysis was performed following the method of Galbraith et al. (1983). The
fresh young leaves were chopped with a razor blade in a Petri dish containing 1 ml of
Woody Plant Buffer (WPB 0,2 M Tris-HCI, 4 mM MgCI2, 1% Triton X-100, Na2EDTA 2
mM, NaCl 86 mM, sodium metabisulfite 20 mM, PVP-10 a 1%, pH 7,5; Loureiro et al.,
2007). The nuclear suspension was sieved using a nylon mesh with 30 um to remove
large debris. Then, nuclei were stained with 25 ug ml-1 of propidium iodide (PI; Sigma-
Aldrich, USA). To estimate the nuclear DNA content, it is required the use of a reference
standard of known GS. The following standard was employed: Solanum lycopersicum L.
(2C = 1.96 pg; Dolezel et al., 1992). The acquisition of numeric data and fluorescence
graphs was made by Sysmex FloMax software v2.4d (Sysmex, Gorlitz, Germany), as
described by Guilengue et al. (2020). The histograms for each sample were recorded

and the C-values were calculated with the following formula:

Sample G1 Peak Mean X GS of Reference Standard

Nuclear DNA Content =
uclear ontent (pg) Reference Standard G1 Peak Mean
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3.2.4 Statistical analysis

Statistical analyses and descriptive statistics were performed using RStudio v1.3.1093
software (R Core Team, 2020). Descriptive statistics were calculated for each population,
namely mean and standard deviation (SD) of the genome size (2C-values). For the data
on 2C-values, descriptive analyses were performed using boxplots. Comparisons
between GS values and: i) among populations; ii) island/ mainland populations; and iii)
among mainland districts and archipelagos. Group comparisons were implemented
using non-parametric tests since GS data were not following a Gaussian distribution
(p<0.05 with the Shapiro—-Wilk test; Shapiro & Wilk,1965) even after using Box-Cox
transformation (Box & Cox, 1964) or other conventional transformation techniques (Zar,
2010). Thus, we opted for the Mann-Whitney test for two group comparisons and for the
Kruskal-Wallis test for comparisons of more than two groups, using the respective
functions in R. When the Kruskal-Wallis test indicated the rejection of the null hypothesis,
we applied a non-parametric multiple comparison test (Siegel & Castellan, 1988;
Conover & Iman, 1979) using the function posthoc.kruskal.conover.test of the “The
Pairwise Multiple Comparison of Mean Ranks Package (PMCMR) R package (Pohlert,
2014), including Bonferroni-type adjustment of p-values, and which aims to ensure a
relatively high level of statistical power (i.e., reduction in the probability of committing a
type Il error).

We calculated two different Gaussian Generalized Linear Models (GLMs), to determine
what factors could better explain the observed 2C-values, one including island and
mainland populations and a second model which only included mainland populations:
both included a Null model was used as a benchmark. The model with both island and
mainland populations included a district model (among mainland districts and
archipelagos), an island model (comparing islands with mainland populations) a
Bioclimate model (including the principal components extracted from a Principal
Component Analysis, PCA, applied to the 19 bioclimatic variables, BIOCLIM), and a full
model including all the previous factors, as well as other models resulting from its
simplification. The model with only the mainland populations included a district model
(with only mainland districts), a latitude model, a longitude model, and altitude model, a
BIOCLIM one (including the principal components extracted from a PCA applied to the
19 bioclimatic variables) and a full model including all the previous factors, as well as
other models resulting from its simplification. To extract the principal components of the
bioclim variables we used the vegan package for R and followed the Kaiser — Guttman
and broken stick model criteria to determine the number of components to retain, that is,

those with eigenvalues above the mean eigenvalue and the broken stick model (see
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Borcard et al., 2011). The implementation of the GLMs followed Avila et al. (2018) and
Parelho et al. (2020) (see references therein), using the glm function of R. The best
models were selected based on the maximum likelihood approach using Akaike’s
Information Criterion (AIC, Zar, 2010). The model with the lowest AIC and the highest R?
was considered to best fit the data. The R package “mass” was used to evaluate GLMs.
Although the raw data failed to comply with normality, the calculated GLMs included all
the samples in the analysis. Thus, according to the central limit theorem, when
independent random variables are added, their properly normalized sum tends toward a
normal distribution even if the original variables themselves are not normally distributed.
That is, with a large sample size (i.e., more than 100 observations in this case) the mean
tends to a normal distribution, even if the underlying data are not Gaussian (Kwak & Kim,
2017). Since the GLMs model the mean of the distribution, we considered their
application as correct in this context.

3.3 Results

3.3.1 Genome size variation among populations

The cytogenomic results are summarized in (Supplementary Table 3.52) that shows
the mean 2C-values in picograms (pg) with standard deviation (SD), and sample
coefficient of variation (%) of the 114 analyzed Crithmum maritimum populations across
mainland Portugal, Azores, Berlengas and Madeira. Determinations of GS based on
FCM produced histograms of fluorescence of GO/G1 peaks, the coefficient of variation
(CVva) values ranged from 0.840 to 6.928% (mean= 2.445%). A high cytogenomic
diversity across the different populations was observed (4.710 = 0.294 pg), with mainland
populations presenting the largest GS and variabilities (4.859 + 0.148 pg) compared to
the island populations (4.332 + 0.198 pg; Figure 3.3).
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Fig. 3.3 Boxplot diagram showing the genome size variation in Crithmum maritimum
sampled populations from insular and mainland Portugal. The plot represents the four
quartiles; the dots represent the outliers. Different letters indicate a significant difference
(p<0.05) according to the Mann-Whiteny test (W= 118, p= 2.704e-15). The outliers in the
Islands group correspond to the Berlengas Islands.

The Azorean population presented the smallest mean 2C-values (4.217 + 0.093 pg),
followed by the Madeira population (4.348 + 0.107 pg) and with the largest the Berlengas
population (4.938 £ 0.077 pg; Figure 3.4). In the mainland, a geographical gradient can
be observed, with the northern populations presenting larger genomes in comparison to
the southern ones (Figure 3.2). Overall, Faja das Achadas da Cruz in Madeira Island
presented the smallest genome (4.074 + 0.079 pg), and Praia dos Barcos, Porto, in the
mainland, the largest one (5.047 + 0.145 pg; Table 3.S3; Figure 3.4).
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Fig. 3.4. Boxplot diagram showing the genome size variation in Crithmum maritimum
sampled populations from insular (blue) and mainland (green) Portugal. The plot
represents the four quartiles; the dots represent the outliers. Different letters indicate
significant differences (p<0.05) according to the results of a non-parametric multiple
comparison test applied after the Kruskal-Wallis test (Chi-squared= 87.334, df= 10, p=
1.806e-14). The Berlengas Islands are represented in green, since the respective

followed the pattern found for mainland Portugal.

3.3.2 Genome size and environmental correlates

When considering the whole data set, the best GLM model corresponded to what we
defined as districts (Table 3.1), separating Azores, Madeira and Berlengas from the
districts in the mainland, which is in agreement with the non-parametric analysis shown
in Figure 3.3 and Figure 3.4. Although the differences between islands and the mainland
were significant (Figure 3.3), this model explained less information than the model
discriminating the islands but also the mainland districts (Figure 3.4). The latter model
allowed to clearly separate Azores and Madeira from the mainland populations, but also
incorporated the considerable variation found among the latter. Regarding the bioclimatic
variables, we retained three main components characterizing the climate to be found at
all included populations (Table 3.2, Supplementary Figure 3.S1 A). PC1 was mostly
associated with high temperatures, particularly during the coldest/wettest part of the
year, with low values for temperature variation and with higher precipitation in the
warmest part of the year. PC2 was associated with high temperatures, low precipitation

seasonality, and high precipitation. PC3 was associated with low precipitation on the
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driest part of the year but with high precipitation during the wettest/coldest part of the
year and with high precipitation seasonality. The three retained components explained
51.2%, 26.2% and 13.8% of the variation in the data, respectively. The addition of the
bioclimatic variables in the GLMs (i.e., District + BIOCLIM) also revealed to be an
adequate GLM model (Table 3.1). However, since it did not show any relevant
improvement in terms of AIC or R?values when compared to the model that only included
the districts, it can be inferred that this information seemed to be redundant. In fact, it
mostly identified the geographic differences between mainland regions on one side, and

Madeira and Azores, on the other.

Table. 3.1 Results of the application of Gaussian generalized linear models to the
Crithmum maritimum genome size data for all the samples and for mainland data only.
The null model included the intercept only and is used as benchmark. Models with lowest
AlCc (Akaike’s Information Criterion, corrected) and highest R? (adjusted determination
coefficient) correspond to the best fit (less information loss; models shaded in grey).
Models in bold include significant effects. BIOCLIM correspond to the three (all data) or
two (mainland data) principal components extracted from the 19 bioclimatic variables.
For mainland, some of the models only included the first (BIOCLIM[1]) or the second
(BIOCLIM[2]) principal components.

Data Models AlCc R?

All District -192.6851 0.8960113
District+BIOCLIM -190.8943 0.9013585
BIOCLIM -155.9616 0.8340893
Islands+BIOCLIM -155.5200 0.8366710
Islands -105.6529 0.7320499
Null 42.3698 -

Mainland  pjsirict+Longitude+Latitude+BIOCLIM[2] -129.7283 0.5741775
District+Longitude+Latitude+BIOCLIM -127.6926 0.5789454
District+Longitude+Latitude+BIOCLIM[1] -127.3333 0.5607247
Longitude+BIOCLIM -123.5665 0.4169917
BIOCLIM -121.1520 0.3802646
District -119.0079 0.4556500
Altitude+BIOCLIM -118.9623 0.3810677
Latitude+BIOCLIM -118.9017 0.3805799
Latitude -118.1657 0.336854
District+BIOCLIM -116.5723 0.4760385
Longitude -111.1755 0.2738357
Null -88.70380 -
Altitude -88.56547 0.0259979

When considering mainland data only, the fine information provided by
geographic location (i.e., District, Longitude, Latitude) and climate (i.e., the two main

climatic components extracted from the bioclimatic data, (see Table 3.2,
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Supplementary Figure 3.S1 B), provided the best GLM model (Table 3.1). PC1 was
associated with high temperatures, low precipitation, and high precipitation seasonality.
PC2 was associated with low temperature variation, low temperature in the driest/
warmest part of the year, high temperature in the coldest/wettest part of the year. The
two retained components explained 60.7% and 32.7% of the variation in the data,
respectively. Latitude and longitude provided significant but relatively low fit models,
while altitude provided a non-significant model (Table 3.1). Although a model including
the two main climatic factors was also significant, it originated a lower fit to the data the
model including mainland district, longitude, latitude and the second main climatic
component. This hints to a geographic effect, associated with a climatic gradient that
partly explained the variation in GS. This corresponded to a gradient from south to north
(with GS increasing in that direction, Spearman correlation, r=0.46, p<0.001) and from
east to west (with GS decreasing in that direction, Spearman correlation, r=0.42, p<
0.001). The correlation of GS with the second main climatic component was negative
(Spearman correlation, r=-0.28, p=0.01481) meaning that larger values of GS would be
found at places with high temperature variation, high temperature in the driest/warmest
part of the year, and low temperature in the coldest/wettest part of the year (see Table
3.2). The correlation of GS with the first main climatic component was negative
(Spearman correlation, r=- 0.44, p<0.001) meaning that larger values would be found at
places with low temperatures, high precipitation, and low precipitation seasonality,

reinforcing the possibility of a positive gradient of GS from southern to northern Portugal.
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Table. 3.2 Scores of each environmental variable for each of the first main principal
components (PC) extracted, including all data and only mainland data, respectively.

Variable All data Mainland

Description Code PC1 PC2 PC3 PC1 PC2

Annual Mean Temperature BIO01 1.2055 -0.9658 0.02266 1.3358 0.16801
Mean Diurnal Range BIO02 -1.4892 0.1808 0.32628 0.1413 -1.40061
Isothermality BIO03 -1.4867 0.1874 0.38696 0.2999 -1.30236
Temperature Seasonality BIO04 -1.4565 0.3530 0.03263 -0.2891  -1.36900
Max Temperature of Warmest Month BIO05 -0.9998 -0.7736 0.17144 0.8519 -1.08714
Min Temperature of Coldest Month BIO06 1.4318 -0.5967 -0.14422 0.8354 1.10800
Temperature Annual Range BIO0O7 -1.4903 0.2437 0.17180 -0.0134  -1.41329
Mean Temperature of Wettest Quarter BIO08 1.2873 -0.7814 -0.20812 1.1371 0.75212
Mean Temperature of Driest Quarter BIO09 0.1153 -1.0839 0.84831 1.0554 -0.73100
Mean Temperature of Warmest Quarter BIO10 0.7162 -1.1097 -0.06649 1.0554 -0.73100
Mean Temperature of Coldest Quarter BIO11 1.3715 -0.7382 -0.08218 1.1388 0.77556
Annual Precipitation BIO12 0.9689 1.0162 0.64521 -1.3763 0.06476
Precipitation of Wettest Month BIO13 0.9832 0.8671 0.83583 -1.3488 0.12659
Precipitation of Driest Month BIO14 0.5668 1.0051 -0.89236 -1.3800 0.13383
Precipitation Seasonality BIO15 -0.1833 -0.7656 1.17066 1.3159 0.38142
Precipitation of Wettest Quarter BIO16 0.9683 0.8956 0.82172 -1.3543 0.14575
Precipitation of Driest Quarter BIO17 0.7114 1.0949 -0.67493 -1.3882 0.08775
Precipitation of Warmest Quarter BIO18 1.4198 0.4623 0.16872 -1.3882 0.08775
Precipitation of Coldest Quarter BIO19 0.8290 0.9152 0.92190 -1.3383  -0.10320

3.4 Discussion

The use of flow cytometry (FCM) in population studies has expanded over the years
(Loureiro et al., 2010). However, most studies have focused on the level of polyploid
across the different populations (Padilla-Garcia et al., 2018) or the interspecific variation
in closely related taxa (Ochatt et al., 2017; Kosinski et al., 2019; Erst et al., 2020). Our
study was designed to investigate the intraspecific variation of Crithmum maritimum and
if it relates to geographical and climatic variables. For this purpose, we chose a species
that was monotypic and widely distributed along the coastline, making it possible to have
a thorough sampling across the coastline of the Portuguese territory and assuming that
all variation is intraspecific. Additionally, our sampling allowed to compare mainland
population lineages with insular ones.

The 2C-values of the Crithmum maritimum presented a considerable variation among
populations, in fact, the present findings seem to be consistent with research by Latron
et al. (2018, 2020) that by using nuclear microsatellites observed a high genetic
differentiation between populations. Moreover, our results revealed that the island

populations presented smaller genome sizes and less variation (except the Berlengas),
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when compared to mainland ones. This tendency towards smaller genome size in the
islands has been observed by Suda et al. (2003, 2005) in the Canary Islands, and by
Kapralov and Filatov (2011) in the Hawaiian and Marquesas archipelagos. The latter
authors proposed two theories for these observations: i) genome size miniaturization
during or after its colonization, and ii) predominance of colonizers with small genomes.
Furthermore, and corroborating with both theories, Guingard et al., (2016) showed that
organisms with smaller genomes use fewer resources, having a selective advantage
under insular environments (Kraaijeveld, 2010). Nonetheless, this observation of small
genomes on islands did not hold for Berlengas, probably due to its close proximity (circa
10 km) to mainland (Romé&o, 2009). This proximity could have resulted in a higher
colonization rate by mainland individuals, when compared to Azores and Madeira, which
are, respectively, at 1570 km and 978 km from the Portuguese coast (Fernandez-
Palacios et al., 2010). Hence, it can be assumed that, for C. maritimum, the most
probable hypothesis for the smaller genomes on the island populations, is the downsizing
of genome size during or after its colonization, because the Berlengas populations
presented the largest mean 2C-values.

The relationships between genome size and both bioclimatic and geographic variables
have been widely studied among various groups of plants over time (e.g., Bottini et al.,
2000; Suda et al., 2003, 2005; Diez et al., 2013; Brilhante et al., 2021). Thitherto, during
the various studies carried out, no universal consistency was reached between them. In
our study, relationships were estimated, for the first time, between genome size of C.
maritimum and the 22 predictor variables involving 19 enviromental variables and three
geographic variables. It should be noted that geographic variables can be a proxy or
involve a complex of several climatic variables that are correlated to them (De Frenne et
al., 2013).

The data collection of 114 populations across the Portuguese territory revealed that the
best model corresponded to what we defined as districts, separating Azores, Madeira
and Berlengas from the districts in the mainland. Climatic information seems to be
redundant, since they mostly identify the geographic differences between mainland
regions on one side, and Madeira and Azores, on the other. Therefore, a geographic
element, related to island isolation seems to be important in shaping the genome size,
more specifically in miniaturizing the genome size of island population. In this sense, as
mentioned by several authors, the genome size tends to be smaller on islands compared
to continental parts due to the insular selective pressures (Kapralov & Filatov., 2011,
Suda et al., 2003, 2005). As a matter of fact, smaller genomes are advantageous, since

it reduces genetic instability (Suda et al., 2005).
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When only considering the mainland populations, the climate, and the geographic
position, can partly explain the genome size differences. In fact, larger genome sizes
were found in populations with high temperature variation, high temperature in the driest/
warmest part of the year, low temperature in the coldest/ wettest part of the year but also
in places with low temperatures, high precipitation, and low precipitation seasonality. In
other words, genome size increased from south to north and from east to west. In fact,
in prokaryotes it was already seen that a greater variability of the environment resulted
in genomes with a larger number of genes (Bentkowski, 2015). However, it is important
to note that these observations should be taken into consideration when extrapolating to
other taxa, as a matter of fact for longitude and latitude, negative (e.g., Bottini et al.,
2000; Diez et al., 2013;) and positive (e.g., Chrtek et al., 2009; Basak et al., 2019)
correlations have been observed.

Crithmum maritimum populations presented a considerable variation pattern of 2C-
values. This variability seems to be shaped by both geographical and bioclimatic
variables, that is, some environmental factors such as the characteristics of growing
seasons may be responsible for the presented genome size signature. Moreover, the
observed pattern between genome size and geographic location was not continuous
along the Portuguese coast. A possible reason for this might be the efficient seed
dispersal by hydrochory (Favre-Bac et al., 2016), which agrees with Latron et al. (2018,
2020) who also observed a lack of spatial trends in the genetic diversity of C. maritimum.
These genomic variations may be the result of drift or of selection. However, in the case
of continental populations, the latter appears to be the main evolutionary force in action,
whistle in the case of the more distinct insular populations, drift, more specifically,
founder effect, may have played an important role in the mutations linked to genome size
alteration (Blommaert, 2020).

The distinction observed in insular populations, and also to some extent, in the mainland
ones, suggest that a thorough taxonomic revision should be considered as well as
additional molecular population genetics and genomic data.

The distinction observed between populations suggest that protection measures should
be taken in consideration as it may contain still undescribed endemic taxa. A thorough
inventory of populations and their current number of effectives should be considered,
particularly in the insular populations, since the coastal habitat is one of the most
intensively disturbed and fragile ecosystems in both archipelagos. Moreover, species
that have evolved in relatively stable environments, such as island populations, may face
the greatest risk of extinction under global climate change as genome streamlining
genetically constrains even more their ability to adapt to the new environmental
conditions (Bentkowski, 2015).
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3.5 Conclusions

Our study revealed that C. maritimum, as a monotypic genus widely distributed across
the Mediterranean region, is a good model to study relationships between genome size
and environmental variables, since it shows several strong correlations among them.
Overall, we present for the first time a comparative study between genome size and
environmental variables in C. maritimum. Here, we emphasize that smaller genome sizes
are more advantageous in insular environments compared to mainland ones. Further
studies will enable the understanding of the mechanisms of genome size evolution and

evaluate the merit of re-circumscribing Crithmum as a polytypic genus.
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3.7. Suplementary material

Table 3.S1. Details on the sampling locations of the Crithmum maritimum populations.

Location District/ Island County Locality

Azores Corvo Corvo Corvo

Azores Faial Horta Pedro Miguel

Azores Faial Horta Ponta Furada

Azores Pico Lajes do Pico Companhia de Cima

Azores Pico Madalena do Pico Criagdo Velha

Azores Pico Madalena do Pico Guindaste

Azores Pico Séo Roque do Pico Lajido

Azores Pico Lajes do Pico Poca das Mujas

Azores Pico Sao Roque do Pico Ponta do Boequeirdo

Azores Pico Madalena do Pico Porto do Calhau

Azores Pico Madalena do Pico Sédo Matues

Azores Santa Maria Vila do Porto Anjos

Azores Santa Maria Vila do Porto Furna de Santana

Azores Sao Jorge Calheta Calheta

Azores S&o Miguel Lagoa Caloura
Berlengas Berlenga Grande Berlenga Grande Forte de Sdo Jodo Batista
Berlengas Berlenga Grande Berlenga Grande Melreu
Mainland Coimbra Figueira da Foz Praia da Claridade
Mainland Coimbra Figueira da Foz Praia do Cabedelo
Mainland Coimbra Figueira da Foz Praia Laje do Costado
Mainland Faro Vila do Bispo Cabo de Séo Vicente
Mainland Faro Vila do Bispo Praia do Beliche
Mainland Faro Lagos Praia dos Carneiros
Mainland Faro Portimao Praia dos Trés irmaos
Mainland Faro Portimao Prainha
Mainland Leiria Peniche Farol do Cabo Carvoeiro
Mainland Leiria Peniche Fortaleza de Peniche
Mainland Leiria Caldas da Rainha Foz do Arelho
Mainland Leiria Peniche Papba
Mainland Leiria Nazaré Praia da Nazaré
Mainland Leiria Alcobaca Praia da Polvoleira
Mainland Leiria Alcobaca Praia de Paredes de Vitéria
Mainland Leiria Nazaré Praia do Norte
Mainland Leiria Leiria Praia do Pedrogao
Mainland Leiria Alcochete Praia do Samouco
Mainland Leiria Marinha Grande Praia Vieira de Leiria
Mainland Leiria Alcobaca Séo Martinho do Porto
Mainland Leiria Marinha Grande Séo Pedro de Moel
Mainland Lisboa Sintra Azenhas do mar
Mainland Lisboa Lisboa Belém
Mainland Lisboa Cascais Boca do Inferno
Mainland Lisboa Cascais Guincho
Mainland Lisboa Oeiras Paco de Arcos
Mainland Beja Vila Nova de Milfontes Porto das Barcas
Mainland Lisboa Cascais Praia da Parede
Mainland Lisboa Oeiras Praia da Torre
Mainland Lisboa Cascais Praia das Avencas
Mainland Lisboa Sintra Praia das Macés
Mainland Lisboa Cascais Praia de Carcavelos
Mainland Lisboa Cascais Sao Joao do Estoril
Mainland Porto Pévoa do Varzim Cabo de Santo André
Mainland Porto Pévoa do Varzim Fortaleza da Pévoa de Varzim
Mainland Porto Porto Forte de Sao Franisco Xavier
Mainland Porto Porto Forte de Sdo Jodo Baptista
Mainland Porto Porto Forte de Sao Joao
Mainland Porto Vila do Conde Foz do Rio Ave
Mainland Porto Porto Foz do Rio Douro
Mainland Porto Vila Nova de Gaia Pedra do Cao
Mainland Porto Matosinhos Praia Angeiras Norte
Mainland Porto Vila do Conde Praia Azul Norte
Mainland Porto Matosinhos Praia Cabo do Mundo
Mainland Porto Vila do Conde Praia Castro de S&o Paio
Mainland Porto Matosinhos Praia da Agudela
Mainland Porto Vila do Conde Praia da Arvore
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Mainland Porto Vila do Conde Praia da Laderca
Mainland Porto Matosinhos Praia da Meméria
Mainland Porto Matosinhos Praia da Senhora da Boa Nova
Mainland Porto Pévoa do Varzim Praia de Aver-o-Mar
Mainland Porto Vila do Conde Praia de Mindelo
Mainland Porto Vila Nova de Gaia Praia de Salgueiros
Mainland Porto Vila Nova de Gaia Praia de Valadares Norte
Mainland Porto Vila do Conde Praia de Vila Cha
Mainland Porto Pévoa do Varzim Praia do Fragosinho
Mainland Porto Matosinhos Praia do Funtao
Mainland Porto Matosinhos Praia dos Barcos
Mainland Setubal Alcacer do Sal Praia da Comporta
Mainland Setlbal Grandola Praia do Carvalhal
Mainland Viana do Castelo Caminha Caminha

Mainland Viana do Castelo Caminha Capela de Santo Isidoro
Mainland Viana do Castelo Viana do Castelo Forte da Areosa
Mainland Viana do Castelo Caminha Forte da Lagarteira
Mainland Viana Do Castelo Caminha Foz do Minho

Mainland Viana do Castelo Vila Nova de Foz Cbda Marina de Seixas
Mainland Viana do Castelo Viana do Castelo Moinho do Vento do Canto Marinho
Mainland Viana do Castelo Caminha Praia da Ancora
Mainland Viana do Castelo Viana do Castelo Praia da Insua

Mainland Viana do Castelo Viana do Castelo Praia de Fornelos e Promontério de Montedor
Mainland Viana do Castelo Caminha Praia de Moledo
Mainland Viana do Castelo Caminha Praia do Camarido
Mainland Viana do Castelo Viana do Castelo Praia do Coral

Mainland Viana do Castelo Viana do Castelo Praia do Lumiar
Mainland Viana do Castelo Viana do Castelo Praia do Pacd

Mainland Viana do Castelo Caminha Praia Forte do Céo
Mainland Viana do Castelo Caminha Vila Praia de Ancora
Madeira Desertas Deserta Grande Deserta Grande

Madeira Madeira Ponta Delgada Estrada Antiga Ponta Delgada - Sdo Vicente
Madeira Madeira Santana Faial

Madeira Madeira Porto Moniz Faja das Achadas da Cruz
Madeira Madeira Funchal Lido

Madeira Madeira Machico Machico

Madeira Madeira Porto Moniz Parque de Campismo do Porto Moniz
Madeira Madeira Calheta Paul do Mar

Madeira Madeira Ponta Delgada Piscinas da Ponta Delgada
Madeira Madeira Porto Moniz Piscinas Naturais do Seixal
Madeira Madeira Porto Moniz Piscinas Naturais velhas do Porto Moniz
Madeira Madeira Machico Ponta de S&o Lourenco
Madeira Madeira Ponta do Sol Ponta do Sol

Madeira Madeira Porto da Cruz Porto da Cruz

Madeira Madeira Porto Moniz Praia do Seixal

Madeira Madeira Funchal Praia Formosa

Madeira Madeira Santana Rocha de baixo

Madeira Madeira Santana Ruinas de Sé&o Jorge
Madeira Madeira Sao Vicente Sao Vicente

Madeira Porto Santo Porto Santo Praia da Lagoa
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Table 3.S2. Description of the environmental variables obtained from CHELSA (Karger

et al., 2017), their codes and units.

Description Code Units
Annual Mean Temperature BIOO1 °C*10
Mean Diurnal Range* BIO02 °C
Isothermality? BIO03 dimensionless
Temperature Seasonality® BIO04 °C*100
Max Temperature of Warmest Month BIO05 °C*10

Min Temperature of Coldest Month BIO06 °C*10
Temperature Annual Range* BIOO7 °C*10
Mean Temperature of Wettest Quarter BIO08 °C*10
Mean Temperature of Driest Quarter BIO09 °C*10
Mean Temperature of Warmest Quarter BIO10 °C*10
Mean Temperature of Coldest Quarter BIO11 °C*10
Annual Precipitation BlO12 mm/year
Precipitation of Wettest Month BIO13 mm/month
Precipitation of Driest Month BIO14 mm/month
Precipitation Seasonality® BIO15 coefficient of variation
Precipitation of Wettest Quarter BIO16 mm/quarter
Precipitation of Driest Quarter BIO17 mm/quarter
Precipitation of Warmest Quarter BIO18 mm/quarter
Precipitation of Coldest Quarter BIO19 mm/quarter

IMean of monthly (Maximum temperature - Minimum temperature)

2 (BIO02/BIO07) (*100)

3 Standard deviation of monthly temperature averages

4 (BIOO5 — BIO06)

5 Standard deviation of monthly precipitation averages
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Table 3.S3. Mean 2C-values (in picograms, pg), standard deviation (SD), and coefficient of
variation (CVa, in percentage, %), of Crithmum maritimum populations.

Location Mean SD Sample CVa (%)
(Ma) Madeira (Faja das Achadas da cruz) 4.074 0.079 3.076
(Az) Pico (criacdo Velha) 4.098 0.052 3.434
(Az) Pico (Guindaste) 4.113 0.075 3.053
(AZ) Santa Maria (Anjos) 4.167 0.039 2.739
(Az) Pico (Porto do Calhau) 4.171 0.059 3.069
(AZ) Faial (Pedro Miguel) 4.175 0.100 6.337
(Az) Pico (Poca das Mujas) 4.191 0.036 3.252
(Az) Pico (Ponta do Boqueir&o) 4.217 0.071 3.369
(Ma) Desertas (Deserta Grande) 4.233 0.063 0.840
(AZ) Sao Miguel (Caloura) 4.235 0.044 2.733
(Az) Pico (Lajido) 4.240 0.052 3.238
(AZ) Corvo 4.256 0.041 3.627
(AZ) Sao Jorge (Calheta) 4.258 0.090 2.370
(AZ) Pico (Companhia de Cima) 4.265 0.042 1.345
(Ma) Madeira (Ponta do Sol) 4.283 0.021 2.688
(Ma) Madeira (Praia do Seixal) 4.291 0.079 2.545
(AZ) Santa Maria (Furna de Santana) 4.315 0.025 2.270
(Ma) Madeira (Ruinas de S. Jorge) 4.321 0.081 2.725
(Ma) Madeira (Parque de Campismo do Porto Moniz) 4.323 0.070 2.239
(AZ) Faial (Ponta Furada) 4.329 0.098 6.928
(Ma) Madeira (Praia Formosa) 4.329 0.090 3.008
(Ma) Madeira (Piscinas Naturais do Seixal) 4.331 0.075 2.397
(Ma) Madeira (Porto da Cruz) 4.335 0.074 2.761
(Ma) Madeira (Lido) 4.352 0.069 2.851
(Ma) Madeira (Ponta de S&o Lourengo) 4.353 0.043 2.601
(Ma) Madeira (Rocha de baixo) 4.354 0.063 2.649
(Az) Pico (S&o Mateus) 4.362 0.448 2.609
(Ma) Madeira (Piscinas da Ponta Delgada) 4.363 0.089 2.444
(Ma) Madeira (Machico) 4.377 0.077 3.073
(Ma) Porto Santo (Praia da Lagoa) 4.378 0.109 2.535
(Ma) Madeira (Piscinas Naturais velhas do Porto Moniz) 4.393 0.064 2.281
(Ma) Madeira (Faial) 4.407 0.081 2.519
(Ma) Madeira (Estrada antiga de S&o Vicente) 4.434 0.125 2.349
(Ma) Madeira (Séo Vicente) 4.470 0.082 2.799
(Lu) Lisboa (Praia de Carcavelos) 4.472 0.077 2.766
(Lu) Leiria (Foz do Arelho) 4.499 0.120 2.779
(Ma) Madeira (Paul do Mar) 4511 0.085 2.830
(Lu) Lisboa (Praia da Parede) 4.525 0.075 3.268
(Lu) Lisboa (Sao Joé&o do Estoril) 4.575 0.050 2.746
(Lu) Beja (Praia do Carvalhal) 4.580 0.079 4.830
(Lu) Lisboa (Praia das Magas) 4.582 0.056 2.772
(Lu) Lisboa (Azenhas do Mar) 4.618 0.162 2.618
(Lu) Faro (Praia dos Carneiros) 4.635 0.051 2.601
(Lu) Lisboa (Praia da Torre) 4.652 0.070 3.293
(Lu) Lisboa (Praia das Avencas) 4.658 0.103 2.548
(Lu) Lisboa (Boca do Inferno) 4.679 0.047 3.328
(Lu) Leiria (Praia do Pedrogéo) 4.729 0.112 2.409
(Lu) Faro (Praia do Beliche) 4.729 0.044 2.839
(Lu) Viana do Castelo (Caminha) 4.738 0.228 2.295
(Lu) Faro (Prainha) 4.746 0.093 2.626
(Lu) Leiria (Praia da Nazaré) 4.764 0.066 2.629
(Lu) Beja (Porto das Barcas) 4.764 0.045 4.667
(Lu) Leiria (Praia do Norte) 4.788 0.098 2.306
(Lu) Coimbra (Praia da Claridade) 4.801 0.057 2.684
(Lu) Porto (Pedra do Céo) 4.811 0.087 2.133
(Lu) Viana do Castelo (Praia de Fornelos e Promontdrio de Montedor) 4.817 0.060 2.281
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(Lu) Viana do Castelo (Praia da insua) 4.820 0.065 1.759
(Lu) Viana do Castelo (Praia do Camarido) 4.828 0.075 2.010
(Lu) Lisboa (Guincho) 4.834 0.046 1.357
(Lu) Viana do Castelo (Praia do Pagd) 4.838 0.057 2.096
(Lu) Porto (Praia de Valadares Norte) 4.841 0.105 2.311
(Lu) Porto (Forte de Sao Francisco Xavier) 4.844 0.074 2.115
(Lu) Porto (Foz do Rio Ave) 4.855 0.133 2.230
(Lu) Leiria (Farol do Cabo Carvoeiro) 4.855 0.098 3.019
(lu) Porto (Praia de Aver-o-Mar) 4.857 0.072 1.670
(Lu) Viana do Castelo (Forte da Areosa) 4.857 0.066 1.987
(Lu) Viana do Castelo (Capela de Santo Isidoro) 4.864 0.083 2.375
(Lu) Lisboa (Belém) 4.865 0.038 2.557
(Lu) Faro (Praia dos Trés Irméos) 4.867 0.023 2.230
(Lu) Viana do Castelo (Praia da Ancora) 4.867 0.063 2.277
(Lu) Leiria (Praia Vieira de Leiria) 4.870 0.120 2.224
(Lu) Porto (Cabo de Santo André) 4.872 0.055 1.962
(Lu) Viana do Castelo (Praia do Lumiar) 4.875 0.087 2.343
(Lu) Porto (Praia de Salgueiros) 4.878 0.073 2.171
(Lu) Faro (Cabo de Sé&o Vicente) 4.880 0.228 2.470
(Lu) Leiria (Praia do Samouco) 4.882 0.091 2.722
(Lu) Leiria (Praia da Polvoleira) 4.884 0.128 2.033
(Lu) Leiria (S&o Martinho do Porto) 4.895 0.079 2.001
(Lu) Leiria (Papda, Peniche) 4.897 0.128 2.397
(Lu) Porto (Praia Angeiras Norte) 4.899 0.143 2.207
(Lu) Coimbra (Praia Lajde do Costado) 4.899 0.129 2.294
(Lu) Coimbra (Praia do Cabedelo) 4.901 0.067 2.511
(Lu) Porto (Fortaleza da Pévoa de Varzim) 4.904 0.079 2.431
(Lu) Viana Do Castelo (Foz do Minho) 4.905 0.055 2.237
(Lu) Porto (Forte de Sao Joao Baptista) 4.908 0.141 1.987
(Lu) Leiria (Praia de Paredes de Vitéria) 4.910 0.065 2.388
(Be) Berlenga Grande (Forte de S&o Joao Baptista) 4912 0.095 2.241
(Lu) Viana do Castelo (Praia de Moledo) 4.915 0.075 2.206
(Lu) Lisboa (Pago de Arcos) 4.921 0.045 2.477
(Lu) Porto (Praia do Funt&o) 4.927 0.127 2.094
(Lu) Porto (Praia Azul Norte) 4.928 0.068 2.119
(Lu) Porto (Praia Castro de S&o Paio) 4.933 0.094 2.298
(Lu) Porto (Foz do Rio Douro) 4.934 0.063 1.951
(Lu) Viana do Castelo (Marina de Seixas) 4.935 0.042 1.919
(Lu) Viana do Castelo (Praia Forte do Cao) 4.943 0.065 2.123
(Lu) Viana do Castelo (Moinho do Vento do Canto Marinho) 4.943 0.084 2.114
(Lu) Leiria (Fortaleza de Peniche) 4.945 0.048 2.444
(Lu) Settbal (Praia da Comporta) 4.946 0.099 2.149
(Lu) Porto (Praia Cabo do Mundo) 4.946 0.065 2.052
(Lu) Porto (Forte de Sao Joao) 4.963 0.081 2.303
(Lu) Porto (Praia da Agudela) 4.966 0.103 1.951
(Be) Berlenga Grande (Melreu) 4972 0.037 2.001
(Lu) Porto (Praia de Mindelo) 4.979 0.086 2.059
(Lu) Porto (Praia da Laderga) 4.999 0.097 2.100
(Lu) Porto (Praia da Senhora da Boa Nova) 5.000 0.049 2.041
(Lu) Porto (Praia do Fragosinho) 5.002 0.057 2.201
(Lu) Porto (Praia da Arvore) 5.005 0.054 2.157
(Lu) Porto (Praia da Memoria) 5.008 0.076 2.410
(Lu) Porto (Praia de Vila Cha) 5.017 0.095 2.404
(Lu) Viana do Castelo (Praia do Coral) 5.022 0.070 2.475
(Lu) Viana do Castelo (Vila Praia de Ancora) 5.023 0.073 1.949
(Lu) Leiria (S&o Pedro de Moel) 5.034 0.156 2.424
(Lu) Viana do Castelo (Forte da Lagarteira) 5.041 0.081 2.107
(Lu) Porto (Praia dos Barcos) 5.047 0.145 2.181
Average 4.710 0.294 2.445
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Figure 3.S1. Selection of the number of principal components to be retained in a PCA
applied to the 19 bioclimatic variables, according to the Kaiser-Guttman criterion and the
broken stick model for the full data including islands and mainland (A), and for data
including mainland only (B), respectively. The retained components explain 51.2%,
26.2% and 13.8% (A) and 60.7% and 32.7% (B) of the variation in the data, respectively.

68




Chapter 4

General conclusions
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The amount of nuclear DNA has been a key characteristic used in various
biological fields such as ecology, evolution, and biosystematics (Kron et al., 2007). The
present study focuses on two lineages of the Apiaceae family with different speciation
models (i.e., cladogenesis and anagenesis). The cladogenesis speciation model is
represented by the Daucus complex (Daucus - Tornabenea - Monizia -
Melanoselinum), whereas Crithmum maritimum (a monotypic genus) represents an
anagenesis speciation model. In this work, the cytogenomic diversity observed in both
lineages was studied, using a comprehensive number of samples collected across the

Macaronesian Islands and in mainland regions of Portugal.

Concerning the cytogenomic diversity of the Daucus complex lineage, it was
possible to observe that small genomes are generally found on islands (except in the
case of Madeira Archipelago). This tendency towards small genomes has been reported
for other archipelagos such as Hawaii, Marquesas (Kapralov & Filatov, 2011) and
Macaronesia (Suda et al., 2003, 2005). According to our data, the best predictor of
genome size (GS) variation is the taxon, however, only at species level, as it is unable
to clearly discriminate the Daucus carota subspecies. Finally, the 2C-values of Cabo
Verde endemics (Tornabenea spp.) were very similar to the Daucus carota subspecies,

supporting the close relationship of Daucus and Tornabenea genera.

Although Crithmum is a monotypic genus, the results revealed an unexpectedly
high cytogenomic variation, and distinct populations (or putative cryptic species) were
detected relating to the geographical area (Whittall et al., 2004). Our results revealed a
pattern of variation between genome size variation and environmental data, namely
showing that GS increases from south to north and from east to west, and also larger
GS are associated with temperature and precipitation variation. Nonetheless, it is

important to note that isolation seems to be the most important factor in shaping GS.

Altogether, both studies seemed to support the tendency of small genomes in
islands reported by several authors (Suda et al.,, 2003, 2005, Garnatje et al., 2007,
Kapralov & Filatov, 2011). Moreover, and considering the mean values of both lineages,
Daucus presented a smaller mean genome size than the Crithmum lineage. In addition,
Daucus has 43 accepted species (subspecies not included) distributed worldwide, while
Crithmum has only one accepted species, so the results are in agreement with the
observations of Kapralov & Filatov (2011) who state that the number of species per
genus is negatively correlated with genus-average genome size for island radiations in

Hawaii.
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In conclusion, this thesis provides new cytogenomic data that can contribute to
understand the relationships among nhative Apiaceae species from Macaronesia and also
comparing to samples collected in mainland Portugal and how GS is correlated with the
diversification patterns. Therefore, using flow cytometry in further studies of
morphological and molecular (i.e., molecular markers, Next Generation sequencing)
data will help to clarify the radiation patterns and low-level taxonomies among
Macaronesian native taxa and support informed decisions for the conservation of plant

genetic resources in the Macaronesian Islands.
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Abstract: The families Apiaceae and Brassicaceae are represented by 35 and 64
endemic taxa, respectively, in the Macaronesia region. Genome size analyses was
shown to be an effective method in Taxonomy and Evolutionary Biology. Using flow
cytometry, we analysed the genome size of 93 species (52 from the Apiaceae family,
and 42 from the Brassicaceae family) from all the Macaronesian archipelagos and
Mainland Portugal. Our results revealed a tendency towards smaller genome sizes in
insular endemic species, comparing with the continental ones. Moreover, some native
species (e.g. Angelica lignescens Reduron & Danton, Crithmum maritimum L., Erysimum
bicolor (Hornem.) DC.) present some population genomic diversity. Our data also
support the ancestral relationships between the genera Daucus L. and the endemic
monotypic genus Melanoselinum Schrad. & J.C.Wendl., and Monizia Lowe from the

Madeira archipelago and the endemic genera Tornabenea Parl. from Cabo Verde.
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