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Abstract

MOLECULAR DIVERSITY AND RELATIONSHIPS OF SAFFRON AND WILD
CROCUS SPECIES

Nouf A. Fakieh Alsayied

Crocus sativus L., saffron Crocus, is a sterile triploid (2n=3x=24) species of unknown
relationship to other diploid and polyploid species in the genus Crocus (Iridaceae). The
species have large genomes (typically 3000Mbp 1C), much repetitive DNA, and show
high morphological diversity within and between species, with no clear phylogenetic
patterns below the level of section Crocus, series Crocus. | aimed to examine molecular
diversity in C. sativus and related species by analysis of sequences and IRAPs (Inter
Retroelement Amplified Polymorphisms). Repetitive DNA sequences and genomic DNA
from various species were used for in situ hybridization, with chromosome morphology,
to infer relationships and ancestry of saffron. The IRAP analysis, involving 63 primer
combinations and 4745 polymorphic bands, revealed no polymorphism within 17 saffron
accessions obtained from across the world from Kashmir through Iran to Spain. In
contrast, high levels of polymorphism were identified between accessions of six wild
Crocus series Crocus species, with further variation between the species. Analysis of 123
sequences of the ATP-synthase gene and 107 TC,s gene-SSR sequences from seven
saffron accessions and eight wild species showed that the saffron accessions often carried
three alleles, a result also found with clustering of published EST sequences. The analysis
showed many alleles were shared by Crocus species and did enable a well-resolved
phylogeny. Chromosome analysis grouped saffron chromosomes into 8 groups of 3, but
one chromosome differed from the other two. It was concluded 1) Saffron crocus has
minimal genotypic variation and the triploid hybrid species is most likely to have arisen
only once; 2) Saffron is a allotriploid species, with the most likely ancestors being C.
cartwrightianus and C. pallasii subsp. pallasii (or close relatives). The results may
facilitate resynthesizing saffron with improved characteristics and show the need for
conservation and collection of wild Crocus.
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" We said: 'O Messenger of Allah! What is wrong with us that when we are with you our hearts are softened
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1 CHAPTER I: GENERAL INTRODUCTION

1.1  The family Iridaceae and genus Crocus

Iridaceae is one of the most species-rich and widely distributed families of herbaceous
monocots (Asparagales). The family has a global distribution, and is represented by 65 to
75 genera and some 1800 species (Ali and Mathew, 2000; Goldblatt et al., 2008). Many
species of the family are highly valued as ornamental plants (Figure 1.1), and a few have
medicinal uses. Although none of the Iridaceae is a significant food crop, saffron is
cultivated agriculturally as a spice and dye (Mathew 1982; Petersen et al., 2008; Harpke et
al., 2013), while many other species are prized horticultural specimens, many grown for
the cut-flower industry. The family is characterized by rhizomes/corms, long unifacial
leaves (both sides identical) oriented edgewise to the stem. Plants within the family have a
wide diversity of flowers and can be recognized by their petaloid perianth, or corolla, with
three tepals of the inner whorl and the three of the outer whorl usually alike in texture,
shape and often in colour. Iridaceae is distinguished from other Asparagalean families by
the three stamens in the androecium (Mathew, 1982, 1999; Goldblatt and Manning, 2008).
The family’s monophyletic origin is well defined. Earlier classifications have included the
family within the Liliales or the Orchids, but modern treatments place it in the relatively
new order Asparagales, now defined on the basis of DNA sequence analysis because of its
high morphological diversity (Petersen et al., 2008; Bremer et al., 2009; Lovo et al., 2012;
Souza-Chies et al., 2012).

The genus Crocus encompasses 88-100 small corm-bearing, perennial species,
widely distributed in Central and Southern Europe, North Africa, and from Southwest
Asia to western China, although the majority of taxa are restricted to Turkey and the
Balkan Peninsula (Mathew 1982; Erol et al., 2014 and Table 1.2). In Turkey, 35 Crocus
species are reported as endemic (Mathew, 1984, 2000; Coskun et al., 2012). Greece is the
homeland of 40% of the world’s wild Crocus diversity (Tsoktouridis et al., 2009). Most
species of the genus Crocus inhabit the Northern hemisphere, existing in the wild and are
highly prized for ornamental purposes (drgaard et al., 1995; Frello et al., 2004; Petersen
et al., 2008; Fernandez et al., 2011). A few varieties of C. vernus, C. versicolor and C.
aureus are extensively used in gardening for their attractive flowers (Moraga et al., 2010

and Figure 1.1). The importance of the genus is known to man for more than three



thousand years, primarily due to saffron’s medicinal and nutritive importance (See section
1.2, 1.3 and Figure 1.3).

Figure 1.1: Members of the genus Crocus with beautiful flowers. Al). C. tommasinianus
(Liliac beauty), A2) C. tommasinianus (barr purple), A3). C. tommasinianus (rubinetta),
A4) C. tommasinianus cv. albus, B) C. vernus, C) C. versicolor, D) C. veneris, E) C.
speciosus, F) C. goulimyi (leucanthus), G) C. niveus, H) C. boryi, I) C. laevigatus, J) C.
cancellatus, K) C. korolkowii, L) C. kotschyanus, M) C. flavus, N) C. angustifolius,
0O) C. bhiflorus biflorus. (Source of A, B, C, D, I, J, K, L, M, N, and O are

http://www.alpinegardensociety.net/plants).



Table 1.1: Taxonomic position of Crocus

Division Spermatophyta
Sub-division Angiospermae
Class Monocotyledonae
Order Asparagales
Family Iridaceae
Subfamily Crocoideae
Genus Crocus

Species C. sativus

1.2 Crocus series Crocus

Crocus series Crocus is one of the most well characterised and thoroughly studied series
in the genus Crocus (Frello et al., 2004; Petersen et al., 2008; Harpke et al., 2013).
According to Mathew (1982, 1999) and there are several distinguishing features that
differentiate members of the series. The corm tunics are finely fibrous and mostly
reticulate; flowers in autumn, leaves are usually 5-30 but often numerous that appear with
or shortly after flowers are formed; bracts flaccid, usually not closely sheathing the
perianth tube; anthers are yellow in colour and style has branches 3, usually and often
expanded at the apex; the seed coats are covered with a dense mat of papillae (reviewed in
Caiola and Canini, 2010; Saxena, 2010). Crocus series Crocus includes 10 species all are
diploids (Table 1.2, Figure 1.2), most with basic chromosome number of 8, while C.
sativus is triploid (see result chapter V). Brief description of these species is given below
while detail description of C. sativus is given in (section 1.3).

C. pallasii Gold. (1817), is one of the most variable species in the series,
widespread from Balkans to Iran and from the Crimea to S. Jordan. At the moment at least
four (Caiola and Canini, 2010) to five (Saxena, 2010) subspecies have been recognized
(Table 1.2, Figure 1.2B). The corms are globosely of about 10-25mm in diameter, with
fibrous tunics that are finely reticulate and extended at the apex into a neck up to 2cm
long. Flowers are fragrant, autumnal, 1-6, pale pinkish lilac to deep lilac-blue or purplish
blue and usually slightly veined. Style is divided into three red branches, each branch 3-15
mm long (Saxena, 2010).

C. mathewii Kerndorff and Pasche (1994) has globose corms vary in size from 13-
24mm in diameter and are flattened at the base. Tunics are made of fine fibers, which are
parallel in the lower part, reticulate near the apex of corm, extended into a neck. Flowers




bracteolate, 1-3 in number, fragrant, autumnal with white or rarely pale lilac, often stained
deep violet, throat violet and pubescent. Style divided into three orange to red branches,
each branch 6-10 mm long, usually clearly exceeding, and rarely shorter than the anthers
(see Caiola and Canini, 2010 and Figure 1.2G).

C. thomasii Tenore (1826), corms are 8-15mm in diameter, depressed globose and
flattened at the base. Tunics fibrous, the fibers slender and finely reticulate, extended at
the apex into a neck up to 1cm. Flowers bracteolate, fragrant, autumnal and generally but
not always veined, violet towards the base, throat pale yellow and pubescent. Style is
divided into three bright red branches each of 0.7-2 cm length (see Mathew, 1982 and
Figure 1.2F).

C. cartwrightianus (Herb) Maw (1881), corms vary from 10-20mm in diameter.
Further, the corms are depressed globose, with fibrous tunics, which are finely reticulated,
extended into a neck. Flowers 1-5, bracteolate, autumnal, fragrant, pale to deep lilac-
purple or white, strongly veined darker, sometimes stained darker at the base of the
segments and on the tube, sometimes pure white with no veining (albinos are frequent in
the species); throat white or lilac, pubescent. Style divided into three red branches,
equaling or exceeding the anther (see Saxena, 2010 and Figure 1.2A).

C. oreocreticus B. L. Burtt (1949), corms are ovoid and are of approximately 10-
15mm diameter, depressed globose with tunics made of finely reticulated fibers. Flowers
1-2, autumnal, mid-lilac to purple with darker veining (Figure 1.2E). Style divided into 3
red thickened branches, and about equaling the tips of the anthers, arising at a point at or
just above the throat of the flower (Mathew, 1982; Caiola and Canini, 2010 and Figure
1.2E).

C. asumaniae B. Mathew and T. Bay Top (1976), corms are ovoid and have
approximately 15-20mm diameter. Tunics of C. asumaniae are fibrous and the fibers
finely reticulated, extended at the apex of the corm into a neck. Flowers 1-3, bracteolate,
autumnal, white, occasionally white dark veins near the base of the segments, rarely very
pale lilac; throat whitish or pale yellow (Mathew, 1982). Style divided into reddish-orange
clavate branches, each considerably exceeding the anthers (Saxena, 2010 and Figure
1.2D).

C. hadriaticus Herbert (1845), corms are 10-15mm in diameters, which are
depressed globose and flattened at the base, with tunics fibrous finely reticulated extended
at the apex of the corm into a short neck. Flowers fragrant, autumnal and often stained
externally brownish, yellowish or violet at the base of the segments, throat yellow or



rarely white, pubescent. Style divided into 3 slender branches, each branch slightly shorter
than or exceeding the anthers. (Figure 1.2C)

C. moabiticus Bornmiiller (1912), corms are approximately of 20-30mm diameter,
subglobose, flattened at the base with fibrous tunics parallel at the base and weakly
reticulate at the apex extending into a neck. Flowers 1-6, bracteole, fragrant, veined purple
to varying degrees on all six segments on a white ground colour, sometimes so heavily as
to appear purple, sometimes stained darker at the base of the segments and on the tube;
throat white or purple, pubescent. Style divided into 3 deep red clavate branches, arising at
a point well below the base of the anthers in the throat of the flower. (Figure 1.2H)

C. nagabensis Al-Eisawi and Kisawi (2001) has features similar to C. pallasii but
its corms have reduced tunics that do not form a neck. Moreover, flowers have a globous
throat. C. nagabensis also share homology to the endemic C. moabiticus and C.
cartwrightianus from which it differs for the style branches which are not more than half

as long as the perianth segments (Caiola and Canaini, 2010).



Figure 1.2: Flower morphology of the members of Crocus series Crocus (potential
ancestors of saffron). The accession includes: Al) C. cartwrightianus (CEH613), A2) C.
cartwrightianus (Dixexport), A3)C. cartwrightianus cv. albus, A4), C. sativus
cartwrightianus, B1) C. pallasii subsp. pallasii, B2), C. pallasii subsp. haussknechtii,
B3) C. pallasii subsp. dispathaceus, B4), C. pallasii subsp. turcicus, C1) C. hadriaticus
cv. Hadriaticus, C2) C. hadriaticus cv. lilacinus, D1) C. asumaniae (white flower), D2)C.
asumaniae, E) C. oreocreticus, F) C. thomasii, G) C. mathweii, H) C. moabiticus. Images
of all accession except E and H are from this study. (E, H are modified from

www.alpinegardensociety.net/plants).



1.3  Crocus sativus (Saffron)

All along the human history, Crocus sativus L. (lridaceae) has been cultivated for
obtaining saffron, the most expensive spice on earth (Kafi, 2006; Petersen et al., 2008;
Fernandez et al., 2011). Its long history fluctuates between myths, legendary tales and
traditions but man knew saffron from the Minoan period in Crete some 3000 years ago
(Caiola and Canini, 2010; Fernandez et al., 2011; Harpke et al. 2013). The term “Saffron”
is probably originated from Arabic “zafran”, which means “yellow” (Arsalan et al., 2007)
and today the name saffron applies indistinctly to C. sativus as well as the spice obtained
from its dried stigmas (Caiola et al., 2004; Aytekin and Acikgoz, 2008). The scientific
name of saffron dates back to Linnaeus who in 1762 named it Crocus staivus var.
officinalis (see Caiola and Canini, 2010).

Saffron (stigmas) are harvested manually and the spice is mainly utilized for cooking
(colour, flavour and unique aroma), dye or medicine (D’Agostino et al., 2007; Fernandez
et al., 2007; Gresta et al., 2009). It is the only plant whose product is sold by the gram; on
average 1 kilogram (kg) of saffron is selling for over 2000 US dollars. However, the very
high price of saffron is due to the great direct labour required for its cultivation, harvesting
and handling (Aytekin and Acikgoz, 2008). Production of 1 kg of saffron requires 150,000
to 200,000 flowers (c. 500,000 stigmas), and the low productivity of 6 kg saffron per
hectare limits saffron availability worldwide (Fernandez, 2007; Sharaf-Eldin et al., 2008).

1.3.1 Morphology C. sativus

Saffron is a small autumn flowering perennial geophyte perennial, growing from an
underground tuberous stem (corm) and may reach up to a height of 10-25cm. The plant is
unknown in the wild and its corms are about 5cm in diameter with a globular to sub-oval
shape, lightly flattened at the bottom that looks like an onion bulb in appearance (Molina
et al., 2004). Their sizes vary considerably between accessions (personal observations),
and are well adapted to sustain harsh seasonal climates. Corms are covered with tunic
(expanded leaf bases) of parallel fibres and extended at the apex of the corm into neck
(Erol et al., 2008). Under favorable growing conditions, the apical meristem of corm or
one of the buds close to the apex and extends into an aerial flowering shoot usually
bearing 10-15 foliage leaves. The leaves are needle like and may reach up to 40cm having

green colour and a central white stripe, which is due to the lack of chlorophyll in some



cells (European Saffron White Book, 2006). Each shoot produces 1-4 flowers that are
normally fragrant, purple in colour and usually pale lilac or mauve with darker colour
veins (Figure 1.3). Flowers have an underground ovary, a style of 9-10cm long dividing
into three intense red colour stigmas (25- 30 mm). Each flower has three yellow coloured
anthers and six petals (perianth), three on the inner side and three on the outer side joined
on the long pipe that comes out of the upper part of the ovary (Deo, 2003). Normally, each

corm also produces numerous roots of white colour and variable lengths (usually 5-10cm).
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Figure 1.3: Plant body of C. sativus (saffron). Morphology of corm, tunic, roots, leaves,

and floral parts are indicated.



1.3.2 Origin and domestication of saffron

To date, very little is known about the origin and domestication of saffron, and work on
breeding of saffron for better quality or higher yield are non-existent, primarily due to the
triploid nature (2n = 3x = 24). With basic chromosome number of x = 8, saffron never sets
viable seeds and propagates exclusively by vegetative means (Kafi, 2006; Petersen et al.,
2008; Caiola and Canini, 2010). Despite of the extremely high market value and demands,
saffron as a crop is facing the danger of extinction in many parts of the world (Carmona et
al., 2006; Fernandez, 2007; Fernandez et al., 2011).

Saffron is native to the Mediterranean environments, characterised by cool winters
and warm dry summers and archaeological records indicate that saffron was cultivated and
used as a spice and/or medicinal plant in the Mediterranean basin since late Bronze Age
(Negbi, 1999; Fernandez, 2007; Harpke et al., 2013 and Figure 1.6). However the sites
where the first saffron plants appeared differ according to the opinion of various authors
(see Caiola and Canini, 2010). For most, saffron probably originated in Iran, Asia Minor
or somewhere in Greece and later became widespread in India, China, the Mediterranean
basin and Eastern Europe, and the domestication may have occurred during the Greek-
Minoan civilization between 3,000 and 1,600 B.C (Negbi 1999; Caiola et al., 2004;
Fernandez, 2004; Ghorbani, 2007; D’ Agostino 2007). The Romans introduced saffron into
Great Britain, while the Arabs brought it to Spain (Fernandez, 2007).

Despite of the intensive studies for several decades, even today the evolutionary
processes and the species involved in the origin of saffron are yet to be identified (Maw,
1886; Mathew, 1982; Fernandez et al., 2011; Erol et al., 2014). Today’s domesticated
saffron grown around the world could be one clone that was probably selected by man for
its triploid vigour and long stigmas and has been maintained since then (Mathew 1982;
Fernandez, 2004, 2007; Harpke et al., 2013 and section 1.4). The wild source of
domesticated C. sativus was probably C. cartwrightianus, and originated by fertilization
of a diploid unreduced egg cell by a haploid sperm cell or a haploid egg by two haploid
sperms cells (Caiola et al., 2004; Caiola, 2005). Both C. sativus and C. cartwrightianus
are morphologically very similar and even today, C. cartwrightianus is used as a wild
source of saffron (Mathew, 1982 and result Chapters 1V, V and Fig 1.2 A1, A2).

Classical studies based on morphology have revealed C. cartwrightianus to be the
closest relative of C. sativus (Maw, 1886; Mathew, 1982). Molecular studies based on
flow cytometry (Brandizzi and Caiola, 1998), RAPDs (Caiola et al., 2004), ISSR (Sik et



al., 2008) and AFLPs (Zubor et al., 2004) analysis supported C. cartwrightianus and C.
thomasii as the most closely related species of C. sativus. Furthermore, based on IRAP
markers, C. almehensis and C. michelosnii were shown to be the possible ancestral species
of C. sativus (Alavi-Kia et al., 2008). While the findings of Rubio-Moraga et al., (2009)
revealed C. cartwrightianus cv. albus to be more related to C. sativus than to C.
cartwrightianus and it may be albino saffron. By and large, different species of the Crocus
series Crocus have been suggested as possible ancestors for C. sativus. Studies using
repetitive DNA (Frello et al., 2004), chloroplast, ribosomal and nuclear single copy genes
sequence focused on phylogeny and could not find a clear evidence for the site of
domestication or ancestral species of saffron (Petersen et al., 2008; Harpke et al., 2013;
Erol et al., 2014).

It is very interesting that few studies (for example Caiola et al., 2004) found C.
pallasii and C. asumaniae as more distantly related species of saffron, however my
findings suggest that C. pallasii could be one of the putative parents (see result Chapters
I, 1V, V). Plant domestication although, had set the road to human civilization, but
despite of its immense role, our current understanding about domestication is very limited
(Ross-Ibarra et al., 2007). Although, sequencing large size genomes is still a problem
(Dolezel et al., 2012), many sequencing projects are underway (http://genomesonline.org),
so we hope very soon the whole genomic sequences of diploids and polyploid species of
the series Crocus will be available; this may reveal some important details of the Crocus
genomics and genes that had the most important role in the origin and domestication of
saffron. These sequencing projects may enable us to answer some of the questions that we

are currently unable to address.

1.3.3 Genetic variation in saffron

Genetic diversity is crucial in all breeding programmes as improvements in general could
have been difficult without the existence of variation within these genes (Villalobos and
Engelmann, 1995; Caiola et al., 2004). Desirable genes, which have either been selected
by man or nature itself, are dispersed within both domesticated and wild plant populations
(Vaughan et al., 2007). Thus the ancestral species remain the primary sources of genetic
diversity (Akhunov et al., 2010; Heslop-Harrison and Schwarzacher, 2012). These sources
(wild and cultivated) offer the possibility of gene transfer and exploitation, and traits of

interest may be reintroduced in the form of chromosomal segments through direct crossing
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or through special manipulation techniques in crop improvement programmes (Vaughan et
al., 2007; Heslop-Harrison et al., 2010).

Saffron is a male-sterile triploid plant that multiplies exclusively by vegetative
means without any recombination except for mutation (Nehvi et al. 2007; Rubio-Moraga
et al., 2009; Fluch et al., 2010). Genetic diversity in C. sativus is very limited or largely
unknown (Fernandez, 2007; Harpke et al., 2013). This lack or diversity may be partly
attributed to its sterile nature, lacking pollination and homologous recombination but over
the last 30-40 years land surface assigned to saffron cultivation has reduced significantly,
thus exerting extra pressure and eroding its genetic base (Agayev et al., 2009; Gresta et
al., 2008; Fernandez et al., 2011).

Origin of Saffron is uncertain, but it grows in a wide geographical area since time
immemorial and Saffron breeders believe the existence of limited genetic variability
within the crop. For example, there exist morphological diversity in size of corm, flower,
petal shape and colour intensity, number of style branches, stamens and stigmas in saffron
collected from different areas (Alvarez-Orti et al., 2004; Fernandez, 2004; Nehvi et al.,
2007; Agayev et al., 2009). Still these variations occur at a low frequency and retaining
the same numbers of chromosome (Nehvi et al. 2007; Agayev et al., 2006; Ghaffari and
Bagheri, 2009 and Figure 1.4). Further, there are several reports that describe diversity in
the chemical constituents of the stigma too (Ordoudi et al., 2004; Fernandez, 2007,
Anastasaki et al., 2009; Maggi et al., 2011).

A number of studies carried out over recent years have suggested clonal origin of
world’s saffron. These studies hypothesised an ancient spontaneous hybridization event in
nature resulted in a unique triploid clone of C. sativus or saffron (Mathew, 1977; Caiola et
al., 2004; Rubio-Moraga et al., 2009; Fluch et al., 2010). Due to its sterility it solely rely
multiplication by corms and still continues to be propagated vegetatively (Dhar et al.,
1988, Piqueras et al., 1999) and thus, saffron growing around the world today, may be just
one clone (Jacobsen and @rgaard, 2004 and section 1.3.1 above). Molecular studies that
probed to understand the clonal origin of C. sativus and applied RAPDs, SSRs, ISSR,
AFLPs, IRAPs, ESTs and chloroplast DNA markers, also assumed that there is just one
saffron cultivar grown worldwide (Caiola et al., 2004; Alavi-Kia et al., 2008; Rubio-
Moraga et al., 2009; Fluch et al., 2010; Izadpanah et al., 2014). It seems very likely, that
saffron has undergone artificial selection in the past, a practice that offers advantages in
maintaining its genetic characteristics but causes reduction in genetic diversity (Agayev et
al., 2009; Heslop-Harrison, 2012). In addition, phenotypic differences stated above could

11



be attributed to differences in climate and cultivation practices (Caiola et al., 2004; Rubio-
Moraga et al., 2009; Fluch et al., 2010). While variation in saffron quality is mainly due to
the methodology followed in processing the stigmas or may arise from adulterants (such
as safflower) added to it, and is independent of the species origin (Rios et al., 1996;
Ordoudi et al., 2004; Maggi et al., 2011; Torelli et al., 2014).

Several recent studies have shown the existence of genetic diversity on a limited
scale (see Sik et al., 2008; Nemati et al., 2012). It is difficult to address, how or when
saffron originated and naturalized but my PCR and cytogenetics results also suggest the
existence of limited genetic variability within saffron of different geographical origin and

will be discussed in the result chapters below.

Figure 1.4: Image showing minor morphological variation in C. sativus flowers collected
from different geographical regions. Accession includes, A) C. sativus (Spain), B) C.
sativus (Kashmir), C) C. sativus var. Cashmirianus (Dix Export), D) C. sativus

(Pottertons), E) C. sativus (Dix Export).
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1.3.4 Geographical distribution of Crocus species and cultivation of saffron

Members of the genus are adapted to a wide range of ecological habitats, however
majority of them being endemic to the Mediteranian and Europe (see Table 1.2). Saffron is
perhaps the most economically important and widely distributed species of the genus
(Deo, 2003; Siracusa et al., 2013 and Figure 1.6). With a broad ecological amplitude
showing adaptability to a wide range of different soil types, temperatures, altitudes and
day length over i.e. from South-Western Europe, throughout central Europe to Turkey and
South-western parts of Asia, and as Far-East as Western China (Kafi et al., 2006; Agayev
et al., 2006; Erol et al., 2014).

Saffron possesses unigque characteristics that are absent in other agricultural plants,
and enable its cultivation under adverse climatic conditions (Deo, 2003; Molina et al.
2005; European Saffron White Book, 2006). In the autumn, when cultivated plants
complete their growth phase and go through a dormant state, saffron corms begin to
blossom as the mean air temperature falls below 15-17°C (Plessner et al., 1989; Alvarez-
Orti et al., 2003; Molina et al., 2004). In the spring, when most plants usually begin a new
growth cycle, the leaves of saffron turn yellow and dry up and enter dormancy. The plant
survives the summer heat as an underground corm in its dormant stage but can withstand
substantial frosts and a temperature as low as -10°C (Deo, 2003; Kafi, 2006; de Juan et al.,
2009). However, in control experimental conditions the dormancy may be released and
optimal flower formation achieved 6 weeks earlier than in the open if corms are held at
25°C longer than 55 days followed by forcing at 17°C. Flowering could be further
accelerated (up to 7 days) by curing the corms for 20 days at 30°C prior to 25°C storage
(Molina et al., 2004).

Saffron requires less water and is well adapted to arid or semiarid lands. Fertilizers
and chemical inputs for saffron are very minor, and the overall cultivation of saffron has
barely changed over the last 3,000 years (Fernandez et al., 2007; Gresta et al. 2008). Each
year, saffron passes through a distinct activity and a dormant phase (Figure 1.5) which can
be sub-divided into six developmental stages i.e. C1 to C6. In C1 corms appear as latent
buds attached to the surface of older corms, C2 is defined by floral stem sprouting and
enlargement characterizes C3 corms while drying of the leaves defines C4. During this
phase corms grow independently because the mother corm senesces. Corms at stage C5
maintain sprouting and growth of daughter corms and at stage C6 corms are senescent,

and daughter corms advance to stage C4 and become independent (Alvarez-Orti et al.,
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2003). About approximately 40 days after cultivation, saffron flowers in the autumn, and
depending upon the weather conditions the flowering period may last up to 15 days (Deo,
2003: European Saffron White Book, 2006; Fernandez, 2007).
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Figure 1.5: A) Diagrammatic representation of the production cycle of C. sativus,

B) Developmental stage of saffron corm (modified from Alvarez-Orti et al., 2003). C1:
latent buds on the surface of mother corms, C2: base of the stem from sprouting to the end
of flowering, C3: Daughter-enlarging corm, attached to the surface of mother corms, C4:
daughter corm when become independent, dormancy, C5: corm supporting growth of

daughter corms on its surface, C6: corms senescent.

14



Today Iran, Spain, Morocco, India, Greece, Italy, and China are important producers of
saffron (Gresta et al., 2008; Agayev et al., 2009 and Figure 1.6). Lately, farmers in
Afghanistan profitably started saffron cultivation and replaced the illegal production of
Opium Poppy (Mollafilabi and Aslami, 2010). Small scale production of saffron is taking
place in France, Switzerland, Turkey, Azerbaijan, Japan, Australia, Israel, Pakistan, Egypt
and United Arab Emirates (Fernandez, 2004; Schmidt et al. 2007; Agayev et al. 2009).
However, for a country like Iran, saffron is one of the main sources of its income and is
currently the largest producer of saffron (Gresta et al., 2008; Agayev et al. 2009); in 2005
Iran produced 230 tons of saffron, which was 93.7% of the world’s total saffron
production, followed by Greece 5.7 tons, Morocco and then Kashmir producing 2.3 tons
each (Carmona et al., 2006; Fernandez et al., 2007; Ghorbani, 2007).

Despite the desirable characteristics and high price, over the last few decades, area
for saffron cultivation has reduced significantly in Europe (Gresta et al., 2008, 2009;
Kumar et al., 2008; de Juan et al., 2009). For example Spain, which was once the largest
producer of the world’s saffron, today in Spain the land surface assigned for saffron
cultivation has dramatically reduced from 13,000 ha in 1914 to under 6000 ha in 1972, to
116 ha in 2006 (Fernandez, 2004; http//: CrocusBank.org/). Only 20 years ago Spain and
Iran were producing almost the same amount of saffron, that is 35 to 40 tons (Fernandez,
2006; Kumar et al., 2008), while in 2004, the whole of Europe produced only 4% of the
international saffron (Fernandez, 2004; Gresta et al., 2008). Arduous hand labour during
cultivation and harvesting, lack of modern technology, urbanization and increasing labour
costs may explain a few important reasons for saffron reduced cultivation (de Juan et al.
2003; Fernandez, 2007; Gresta et al., 2008; Agayev et al. 2009).
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SAFFRON ORIGIN AND PRODUCTION COUNTRIES
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Figure 1.6: Origin and distribution of saffron in different countries of the world (modified from http://www.crocusbank.org/).
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Table 1.2: Chromosome number, flowering habit, distribution and distinctive features of the Crocus species.

Serial | Species name Chromosome number Flowering time Distribution Native Climate Distinctive features
1 C. pallasii 2n=14 Autumn S Serbia; SE Bulgaria; Mediterranean Flowers in shades of lilac, often slightly veined darker. Corm tunic
subsp. pallasii Crimea; Aegean Islands; finely netted fibres
Lebanon; Israel; Turkey
C. pallasii 2n=12 Autumn SE Turkey; Lebanon; Syria | Cold winter, long, hot, | Flower shades of lilac, petals often narrow. Corm tunic finely netted
subsp. turcicus dry summer fibres with long fibrous neck
C. pallasii 2n =16 Autumn W Iran; NE Irag; S Jordan Cold winter, hot, dry Flower shades of lilac, often veined darker. Corm tunic finely netted
subsp. haussknechtii summer fibres with long fibrous neck
C. pallasii 2n=14 Autumn S Turkey; N Syria Dry Mediterranean Flower deep reddish purple, petals very narrow. Corm tunic finely
subsp. dispathaceus netted fibres
2 C. mathewii 2n=16 Autumn S Turkey (Restricted to Mediterranean, long Whitish flowers with dark purple zone in the throat. Corm tunic
few locations in Taurus dry summer parallel fibres
mountains)
3 C. thomasii 2n=16 Autumn S Italy; Serbia; Croatia Mediterranean Flower shades of lilac, pale yellow throat. Three red style branches up
to half as long as the petals. Corm tunic thin fibres, finely netted
4 C. cartwrightianus 2n=16 Autumn Greece Mediterranean Three long bright red style branches. Flowers stay open at
night. Finely fibrous corm tunic, reticulated
5 C. cartwrightianus 2n=16 Autumn Greece, Turkey Mediterranean White flower with slightly veined, with intensive golden yellow
cv. albus anthers. Long style branching into three red coloured stigmas. Flowers
are usually smaller than in C. cartwrightianus. Corm tunic finely netted
fibres.
6 C. sativus 2n=16 Autumn Not known Not known Very similar to C. cartwrightianus cv. albus
cartwrightianus*
7 C. oreocreticus 2n =16 Autumn C & E Crete Dry Mediterranean Lilac/purple flower with silvery or buff exterior to three outer
petals. Style divides at or just above the throat of the flower into three
red branches. Corm tunic finely netted fibres
8 C. asumaniae 2n=26 Autumn S Turkey Cool winter, warm dry | Long style branches dividing at anther level. Fibrous corm tunic, fibres
summer. Inrain parallel towards base
shadow of mountains
to the south
9 C. hadriaticus 2n=16 Autumn W and S Greece Mediterranean White or pale lilac flower with yellow throat. Corm tunic fine netted
fibres
10 C. moabiticus 2n=14 Autumn Jordan, Israel Mediterranean Whitish flower with liliac/purple throat. Stigma is divided into two
branches. Corm tunic fine netted fibres
11 C. nagabensis 2n=14 Autumn Jordan, Israel Corms have reduced tunics, no neck with globous throat. Style branches
are not more than half as long as the perianth segments
12 C. sativus 2n=24 Autumn Not known as a wild plant Not known (but grows | Large purple/lilac flower with three very long styles branching into

in Mediterranean)

three bright red stigmas. Corm tunic finely netted fibres
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Table 1.2: continued

Serial | Species name Chromosome number Flowering time Distribution Native Climate Distinctive features
13 C. vernus 2n=16 Spring Austria; Czechoslovakia; Cold winters with Small variable, flower shades of purple, sometimes white or
Hungary; Italy; Balkan snow striped. Corm tunic fine fibres
States; Poland; Romania;
Ukraine
14 C. tommasinianus 2n=16 Early spring Croatia; Serbia; Bosnia; Cold winter with Flower pale lilac to deep purple. Corm tunic fine fibres, mostly parallel
Montenegro; NW snow, warm summer
Bulgaria; S Hungary with regular rainfall
15 C. versicolor 2n=26 Spring SE France; adjacent NW Mediterranean Flower white, lilac, and purple, often with external stripes. Corm tunic
Italy membranous ageing to parallel fibres
16 C. niveus 2n=128 Autumn S Greece Mediterranean Large flower, usually white, occasionally pale lilac or
bicoloured. Corm tunic finely netted fibres
17 C. goulimyi 2n=12 Autumn S Greece (Mani peninsula, Mediterranean Long tubed lilac flowers. Coriaceous corm tunic
Peloponnese)
18 C. kotschyanus 2n=_8,10 Autumn C and S Turkey; NW Cold winter. Cool Lilac flower with deep yellow blotches at the base of each petal. Corm
Syria; Lebanon montane summer tunic thin, membranous
19 C. korolkowii 2n=20 Spring Afghanistan; N Pakistan; Cold winter with Glossy yellow flowers variously marked dark brown. Corm tunic
Tajikistan; Uzbekistan snow, dry summer membranous ageing to many parallel fibres
20 C. flavus 2n=8 Spring Serbia; Greece; Bulgaria; Mediterranean with Bright yellow flowers, sometimes with brownish exterior
Romania; NW Turkey continental influences | markings. Corm tunic membranous with fibrous point at tip
21 C. speciosus 2n=6, 8, 10 Autumn Crimea; Caucasus; N Iran; Cold winter, warm Flower lilac blue, veined darker, many branched style.
C & N Turkey summer but with Corm tunic coriaceous splitting into rings at base
regular rainfall
22 C. laevigatus 2n= 26, Autumn to early Greece (including Mediterranean Flowers lilac or white usually with a dark vein or veins. Style much
spring Cyclades islands); Crete divided. Corm tunic coriaceous, older layers splitting into long pointed
tipped teeth
23 C. boryi 2n=24,30 Autumn W and S Greece; Crete Mediterranean Large creamy white flower, prominent many branched orange
style. Papery corm tunic
24 C. veneris 2n=16 Autumn Cyprus Mediterranean Flower small, starry, and white with some purple veining on outer
petals. Corm tunic membranous with parallel fibres
25 C. cancellatus 2n=8,10, 12,16 Autumn S Turkey; Lebanon; N Mediterranean Finely netted corm tunic, Much divided style which exceeds the anthers
Israel; Jordan
26 C. biflorus 2n=8, 10,12,18,20,22 Spring Italy; Sicily; Rhodes; NW Mediterranean Long leaves at flowering, striped flowers with a yellow throat.

Turkey

Sometimes with some lilac/violet staining on outer petals

* is a garden name, the accession was purchased under this unrecognized name and has similarities with C. cartwrightianus cv. albus (see results Chapter IlI, IV, V).
Sources: Brighton et al., 1973; Mathew, 1999; Al-Eisawi, 2001; Agayev et al., 2009; Saxena, 2010; Harpke et al., 2013; Erol et al., 2014.
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1.3.5 Quality and uses of saffron

Saffron contains in excess of 150 volatile and aroma-yielding compounds, and the value of
saffron is attributed to these characteristic phytochemical compounds (Kumar et al., 2008;
Srivastava et al., 2010; Makri et al., 2013). The chemistry of saffron has been thoroughly
investigated and considerable insights have been gained about the constituents of saffron
(Rios et al., 1996; Winterhalter and Straubinger, 2000). The unique components of saffron
are crocins, picrocrocin and safranal (Figure 1.7). Crocin is responsible for the colour of
saffron, whereas picrocrocin is responsible for its bitter and exquisite taste while safranal
is the main essential oil component responsible for odor and aroma (Rios et al., 1996; de
Juan et al., 2009; Hosseinzadeh and Nassiri-Asl, 2012).

With its high value, adulteration of saffron with other plant products and dyes is a
major problem in world trade and fraudulent mislabelling of the origin is also frequent
(Torelli et al., 2014); the Saffron trade is regulated by several quality standards, which
take into account several parameters (1ISO, 2003). The quality of saffron is dependent on
its colouring power, odour and taste. Saffron is dry, glossy and greasy to the touch when
freshly dried, turning dull and brittle with age. It is easily bleached if not stored in the
dark, and also stores better under conditions of low temperature and low relative humidity
(Winterhalter and Straubinger, 2000; Kumar et al., 2008). The best quality saffron has
high safranal content (Deo, 2003; de Juan et al., 2009). During drying and processing
saffron may lose some of the morphological, anatomical or chemical characteristics (Raina
et al., 1996; Ordoudi et al., 2004). But owing to the incredible utilization and very high
demand of saffron from different sectors (food, medicine, dye, and flavouring industries),
saffron is sometimes mixed with other plants or plant parts intentionally (Fernandez,
2004). However, absorption spectrum analysis and molecular techniques using unique
DNA sequences can be used to identify the high quality saffron if mixed up with
adulterants (Ma et al. 2001; Agayev et al., 2009).

It is very difficult to enumerate all the uses of saffron, as there is barely any

sector of life where saffron has got no utilization. However, a few points summarizing the

significant uses of saffron are given in brief below.
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Figure 1.7: Chemical structure of crocin, picrocrocin and safranal (modified from
Srivastava et al., 2010)

1.3.5.1 Use of saffron in cooking

Saffron has a long history in European cuisine and there are no comparisons as for as the
value of its spice is concerned (Agayev et al., 2009). Its unique aroma and taste has no
parallel and this property was recognized in ancient times, and has remained a valuable
spice ever since (de Juan et al., 2009; Hosseinzadeh and Nassiri-Asl, 2012). Saffron is
used in traditional fish and seafood dishes (Risotto alla Milanese in Italy, Bouillabaisse in
France or Paella Valenciana in Spain) as well as in Gugelhupf the traditional German
saffron cake (reviewed in Winterhalter and Straubinger, 2000). Similarly in Iran, India,
Pakistan, Middle East saffron and several other countries, it is used for seasoning, as a dye
in confectionery, sweets, puddings, ice creams and in making Biryanee, a very special
type of rice cooked on important occasions (Kafi, 2006; Kumar et al., 2008; Agayev et al.,
2009; Caiola and Canini, 2010).
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1.3.5.2 Medicinal uses of saffron

As a curative plant, saffron is mentioned in the oldest available traditional medicines (Rios
et al. 1996; Abdullaev et al., 2004; Giaccio, 2004; de Juan et al., 2009). Along with other
uses, Hippocrates and Dioscorides mentioned saffron for treating ophthalmic disorders
(see Makri et al., 2013). Avicenna (980-1037 AD), one of the most influential
philosophers and physicians in Islamic history, wrote a monograph “Al-Qanun Fe-Tib” or
“Canon of Medicine” that describes more than 760 drugs, where saffron is described such
as remedy for many disorders such as antidepressant, hypnotic, anti-inflammatory,
hepatoprotective, bronchodilatory, aphrodisiac, inducer of labour, emmenagogue etc.
(reviewed in Hosseinzadeh and Nassiri-Asl, 2012). Descriptions of saffron are available in
the pharmacopoeias of many countries. Low doses of saffron work as a stimulant but high
doses of saffron are reported to be toxic and abortifacient (Winterhalter and Straubinger,
2000). Saffron has been used in traditional medicines for insomnia, depression,
bronchospasm, cardiovascular diseases, gastrointestinal disorders, menstrual pain,
menopausal problems, as analgesic, anti poisonous, aphrodisiac, carminative, diaphoretic,
diuretic, febrifuge, stimulant, sedative, retina-degeneration, immunomodulation and even
against different kinds of tumours and cancers (Premkumar et al., 2003; Abdullaev et al.,
2004; Giaccio, 2004; Fernandez, 2007; de Juan et al., 2009; Poma et al., 2012; Makri et
al., 2013; Siracusa et al., 2013)

1.3.5.3 Miscellaneous uses of saffron

Saffron is mostly used as a spice, food colorant or in medicines. Nevertheless, to some
extent it is used in textile, perfume making and flavoured tobacco industry (Fernandez,
2007; Ordoudi et al., 2009; Poma et al., 2012). Similarly on a small scale saffron is used
in food processing units in sausage, butter, cheese, alcoholic, and non-alcoholic beverages
(Kumar et al. 2008; Agayev et al., 2009; Caiola and Canini, 2010).

21



1.4  Taxonomy of the genus Crocus

Being a genus of medicinally rich and attractive plants, the genus has always fascinated
taxonomists (Figure 1.1). However, taxonomy of the genus has been extremely difficult,
mainly due to the lack of absolute boundaries and unavoidable arbitrariness among
different species along the wide range of habitats and heterogeneity of morphological
traits (Caiola et al., 2004; Rubio-Moraga et al., 2009; Caiola and Canini, 2010). Based on
multigene plastid DNA analysis, the genus Crocus was assigned to the Croceae tribe of
the subfamily Crocoideae, and the three genera Crocus, Romulea Maratti, Syringodea D
comprise the sub tribe Romuleinae (Goldblatt et al., 2006).
Over the last 200 years a number of different classifications have been proposed for the
genus. Most early attempts at Crocus taxonomy focused on morphological and anatomical
characteristics or chromosome number (Maw, 1886; Mather, 1932; Karasawa, 1935;
Mathew, 1977; Mathew, 1982; Rudall and Mathew, 1990; Goldblatt and Takei, 1997;
Ozhatay, 2002; Coskun et al., 2010). Haworth (1800) was among the first to classify the
genus Crocus into two sections making presence/absence of hairs in the throat of the
flower as the basis for his classification, later on Sabine (1829) proposed classification of
the genus based on presence/absence of prophyll (basal spathe) and corm tunic. Similarly,
Herbert’s (1847) and Maw’s (1886) classification of the genus relied on morphological
and geographical features of the taxa, along with the presence/absence of basal spathe and
flowering period (spring or autumn).

Based on Maw’s (1886) classification, Mathew (1982) classified the genus Crocus
into 80 species. Among these 80 species, 6 were identified in 1700, 54 in 1800 and 20
species were acknowledged in the 1900 (reviewed in Grilli Caiola and Canini, 2010).
Further, Mathew (1982) divided the genus Crocus into two subgenera, the monotypic
subgenus Crociris consisting only of C. banaticus and the subgenus Crocus. The subgenus
Crocus was further divided into two sections and 15 series based on the existence of the
prophyll, division of style, corm tunic and flowering time. One of the most interesting
features of this classification was the introduction of subspecies concept for many species,
an aspect that was missing in the earlier systems (see Mathew, 1982 and Figure 1.9).

Crocus is a highly complex genus with a wide range of variation in chromosome
numbers and genome sizes (i.e. 11,000 Mbp 1C in Crocus vernus, 2n= 8) (Frello et al.
2004; Candan et al. 2009). Among different species of the genus, chromosome number

has been reported similar (Table 1.2) while intra-specific variation occurs in a number of
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species and has been described in detail in the C. vernus aggregate (Brighton et al., 1973;
Caiola and Canini, 2010). Therefore, classification based on chromosome number alone
might not be very helpful in understanding the relationships of the different species within
the genus. Several attempts using molecular approaches have been made to underpin the
phylogenetic relationship among Crocus species by analysing series and the whole genus
(Frello and Heslop-Harrison, 2000a; Caiola et al., 2004; Frello et al., 2004; Petersen et al.,
2008; Harpke et al., 2013). Petersen et al. (2008) classified the genus Crocus using
nucleotide sequence data from three protein-coding (ndhF, accD, rpoC1) and two non-
coding (trnH-psbA, rpl36-rps8) regions of plastid. The results obtained were contradictory
to that of Mathew (1982) at subgenera and sections level. Interestingly the C. banaticus
(subgenus Crociris) that is highly different morphologically was embedded within
subgenus Crocus rather than keeping it as a sister group. The grouping of taxa into series
is not entirely but considerably matched (Figure 1.9). Eight out of the fifteen series
recognized by Mathew (1982), are confirmed as monophyletic in origin, and only one
taxon altered the monophyletic origin of another two series. Species-rich series Reticulati
and series Biflori that comprise almost one third of all species are clearly non-
monophyletic. Today almost 100 species of Crocus have been recognized (Harpke et al.,
2013) and a variety of molecular analysis, including small and large scale genomic
sequencing projects are underway (see also result chapters). Conclusions from these will
be very helpful not only in the classification but also in understanding the affinities of

different species within the genus (see also result Chapters 11, IV and V).

L: CROC C. asumaniae

CROC C. mathewii

CROC C. paflasii subsp. palfasii

87 CROC C. paflasii subsp. dispathaceus
96 — CROC C. moabiticus

_: CROC C. pallasii subsp. furcicus
CROC C. pallasii subsp. haussknechtii
CROC C. hadriaticus
— CROC C. cartwrightianus C1641
95 ——— CROC C. thomasii

CRQOC C. oreocreticus C1614
————— CROC C. oreocreticus C2378

_: CROC C. sativus
CROC C. cartwrightianus C1996
Figure 1.8: Phylogeny tree of Crocus series Crocus based on five plastid regions shows

C.sativus cluster with C. cartwrightianus with 96 % nodal support (Source Petersen et al.,
2008).
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Subgenus Crocus

Section Crocus

Series Verni (VERN)
C. vernus, C. tommasinianus, C. etruscus,
C. kosaninii, C. baytopiorum
Series Scardici (SCAR)
C. scardicus, C. pelistericus
Series Versicolores (VERS)
C. versicolor, C. malyi, C. imperati, C. minimus,
C. corsicus, C. cambessedesii
Series Longiflori (LONG)
C. longiflorus, C. nudiflorus, C. serotinus,
C. niveus, C. goulimyi, C. ligusticus** (syn.
C. medius hort, non Balbis) (Mariotti, 1988)
Series Kotschyani (KOTS)
C. kotschyanus, C. scharojanii, C. vallicola,
C. autranii, C. karduchorum, C. gilanicus,
C. ochroleucus
Series Crocus (CROC)
C. sativus, C. pallasii, C. thomasii, C. cartwrightianus,
C. moabiticus, C. oreocreticus, C. asumaniae,
C. hadriaticus, C. mathewii* (Kerndorff &
Pasche, 1994), C. nagabensis* (Al-Eisawi, 2001)

Section Nudiscapus

Series Reticulati (RETI)
C. reticulatus, C. veluchensis, C. cvijicii,
C. dalmaticus, C. sieberi, C. robertianus,
C. cancellatus, C. hermoneus, C. abantensis,
C. angustifolius, C. ancyrensis, C. gargaricus,
C. sieheanus, C. rujanensis* (Randjelovi¢ & al.,
1990)
Series Biflori (BIFL)
C. biflorus, C. chrysanthus, C. almehensis,
C. danfordiae, C. pestalozzae, C. aerius,
C. cyprius, C. hartmannianus, C. adanensis, C.
leichtlinii, C. caspius, C. kerndorffiorum* (Pasche,
1993), C. wattiorum* (Mathew, 1995; 2000), C.
nerimaniae* (Yizbasioglu & Varol, 2004)
Series Orientales (ORIE)
C. korolkowii, C. michelsonii, C. alatavicus
Series Flavi (FLAV)
C. flavus, C. antalyensis, C. olivieri, C. candidus,
C. vitellinus, C. graveolens, C. hyemalis,
C. paschei* (Kerndorff, 1993)
Series Aleppici (ALEP)
C. aleppicus, C. veneris, C. boulosii
Series Carpetani (CARP)
C. carpetanus, C. nevadensis
Series Intertexti (INTE)
C. fleischeri
Series Speciosi (SPEC)
C. speciosus, C. pulchellus
Series Laevigati (LAEV)
C. laevigatus, C. boryi, C. tournefortii

Subgenus Crociris (CROCI)

C. banaticus

Incertae cedis

C. boissieri

Figure 1.9: Classification of Crocus species based on morphology following Mathew

(1982) including seven species described (*) and one nomen novum (**). Yellow

highlights the species used in the current study. (Source Petersen et al., 2008).
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1.5  Cytogenetic investigation of the genus Crocus

Over the last two decades, major advances have been made in the field of molecular
biology, which essentially became possible due to better insight into the structural
organization of the DNA and chromosomes (Heslop-Harrison, 1991, 2000b; Pires and
Hertweck, 2008). Physical organization of DNA sequences and locating them on
chromosomal regions is crucial for understanding genomic organization and evolution in
plants (Kubis et al., 2003; Contento et al., 2005). The science concerned with genetic
implications of chromosome structure and behaviour is referred to as cytogenetics. The
discipline has deep roots in understanding of DNA sequences and the molecular structure
of the chromosome and chromatin (Schwarzacher et al., 1992; Schmidt and Heslop-
Harrison, 1998; Gill and Friebe, 1999; Heslop-Harrison, 2010). Today, cytogenetics is an
integral part of genome mapping projects as knowledge about karyotype and linkage
groups comes from cytogenetics, and DNA sequence information is one part of the puzzle
in such studies (Gill and Friebe, 1999; Heslop-Harrison and Schwarzacher, 2011).

A number of techniques such as C-banding, differential Giemsa staining,
recognition of gene-rich and gene-poor regions as well early and late replicating regions
have been developed over time and are still employed in cytogenetic research (see
Schwarzacher, 2003b). However, the development of fluorescent DNA: DNA in situ
hybridization techniques that exploit DNA sequence composition and molecular data to
the structure and organization of chromosomes has redefined the field of molecular
cytogenetics (Gall and Pardue, 1969; John et al., 1969; Schwarzacher and Heslop-
Harrison, 2000; Frello et al., 2004). To date, fluorescent in situ hybridization (FISH) is the
most powerful cytogenetic technique for chromosomal mapping and genomic analysis,
which is available to scientists. It allows rapid identification of chromosomes and
structural rearrangements in chromosomes such as deletions, duplications, translocations
and inversions (Castilho et al., 1995; Gill et al., 2011; Patel et al., 2011).

Karyologically the genus Crocus is very heterogeneous and the chromosome
number varies from 2n = 6 to 2n = 70 (Mather, 1932; Karasawa, 1935; Brighton et al.,
1973; Goldblatt and Takei, 1997). At the moment parental species of saffron are unknown,
although its cytogenetic structure and polyploid nature is well understood (see result
Chapter VI). The first cytological studies of the genus Crocus were carried out 1930s,

when Sugiura (1931) and Mather (1932) reported chromosome numbers for C. sativus as
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2n=24 and 2n=15 or 2n=14, respectively. Karasawa (1935) analysed C. sativus and related
species and reported 2n=24 for C. sativus. Furthermore, Pathak (1940), Feinbrun (1958),
Brighton et al., (1973), Brighton (1977), Mathew (1977), Ghaffari (1986), Goldblatt and
Takei, (1997), Ebrahimzadeh et al. (1998), Frello and Heslop-Harrison, (2000b), Frello et
al., (2004), Schneider et al., (2013) have studied the chromosome number and karyotype
evolution of C. sativus and its allied species. Their results confirmed C. sativus as triploid
with 2n=3x=24, x=8 (Figure 1.10), but whether C. sativus is auto or allotriploid is yet to
be determined.

Since cytogenetic analysis provide direct insight into the plant genomes and
karyotype evolution they play a critical role in reconstructing phylogenies (Schmidt and
Heslop-Harrison, 1998; Schwarzacher, 2003a; Markova and Vyskot, 2009). Therefore, a
variety of molecular cytogenetic approaches were applied to answer the fundamental
question of saffron origin, evolution and diversity (see results Chapters 1V, V, VI). |
reason to believe that understanding the diversity and parental species of saffron will open
an exciting era of saffron molecular breeding with more precise and predictable outcomes.
Thus the current project will be helpful to renew optimism among saffron growers and to
re-establish saffron as an important crop around the world particularly, where its
cultivation is abandoned.
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Figure 1.10: An ideogram of C. sativus Karyotype (2n=3x=24, x=8), showing relative
size and position of heterochromatin. 1-8 indicating to morphologically similar
chromosome (triplet8), chromosomes1,2,5(2,3): Subacrocentric, chromosomes 3,4,5(1),8:
Metacentric, chromosomes 6,7: Submetacentric, (modified from Agayev, 2002) for
further details (see section 5.3.1, and Table 5.1).
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1.6 Ecology and evolution of plant mating systems

Angiosperms are intriguing models for studying the evolutionary biology of reproductive
systems. In spite, most flowering plants are sessile in nature and have co-sexual
(hermaphrodite) flowers still; the reproduction of vast majority is unique in a sense that
they are heavily dependent on pollen vectors for their mating (Goodwillie et al., 2004,
Hiscock and Allen, 2008). This reliance on vectors for the transfer of pollen loads
promotes the evolution of diverse floral adaptations associated with agents responsible for
pollination. With biotic pollination, floral structures have evolved that facilitates both
pollen delivery and pollen uptake with a single visit by the animal vector (Ollerton et al.,
2011; Devaux et al., 2014). However, who is mating with whom is not random, but highly
specific and genetically determined, and this is how the mating patterns have evolved
(Hiscock and Mclnnis, 2003; Charlesworth, 2006).

The ratio of pollen to ovule is the most frequently used character to infer mating
system (Scalone et al., 2013). Angiosperms have developed two clearly opposite
mechanisms for mating in their flowers. Selfing species, are defined by their ability to
successfully self-fertilize, while outcrossing species have acquired morphological,
physiological or genetic mechanisms that prevent selfing (Barret and Harder, 1996;
Goodwillie et al., 2005). Still, others have evolved mixed matting system, where a mixture
of self and cross-fertilization determines the range between strict inbreeding and out
breeding (Carrio and Guemes, 2013; Devaux et al., 2014). Previously, mixed mating
system was regarded as a transient and non-adaptive state. But more recently, it has been
shown that mixed mating system may become evolutionarily stable. Thus plants with
mixed mating system have an edge, as it combines the advantages of both reproductive
strategies by promoting outcrossing as well as assures reproductive success when out
breeding chances are limited (Goodwillie et al., 2005; Carrio and Guemes, 2013).

The evolutionary transition from out breeding to predominant selfing has occurred in
many plant groups. Further, selfing has evolved numerous times in flowering plants, and
has biologically critical and long lasting consequences (Goodwillie et al., 2005;
Charlesworth, 2006; Scalone et al., 2013). This evolutionary shift toward selfing was
associated with modification in floral biology, life history, and ecology (Devaux et al.,
2014). Several aspects that address the importance of selfing and outcrossing on fitness
through in breeding depression and heterosis are well documented. Similarly, the

frequency of outcrossing is crucial to the overall population genetic structure, as it affects
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the genetic diversity within a mating population. Nonetheless, the acquisition of selfing
profoundly influences floral evolution, affecting floral design and resources allocation
within sexes (Barret and Harder, 1996; Goodwillie et al., 2005).

On the contrary, the aggregation of flowers in inflorescences, is likely to favour both
intra-floral and geitonogamous self pollination. Therefore, it is not surprising, that many
angiosperms have also acquired adaptations that prevent selfing (Charlesworth, 2006). For
example, the physical separation of female and male gametophytes gave greater powers of
maternal mate discrimination and has resulted in the evolution of a complex series of
cellular and molecular interaction between the haploid pollen and the diploid pistil
(Heslop-Harrison and Shivanna, 1977). These complex series of pollen-pistil interaction
constitute a form of ‘courtship’ where; various recognition processes for the discrimination
or rejection of ‘incompatible’ pollen take place. Such kind of self sterility may be
regulated by various mechanisms, but in some plants the rejection of self-pollen or pollen
tubes inhibition is due to genetically determined self-incompatibility. Among all pollen—
pistil interactions studied so far at the molecular level, self-incompatibility is perhaps the
best understood mechanism (Goodwillie et al., 2004; Hiscock and Allen, 2008).

Our current knowledge about saffron reproductive biology is limited and the
mechanisms underlying its sterility are not fully understood. However, comparative studies
on the pollen and pistil of C. sativus, C. cartwrightianus, C. thomasii and C. hadriaticus
revealed highest percentage of anomalous and lower percentage of viable pollens in C.
sativus (Grilli Caiola et al., 2011). Only a small proportion of saffron pollens germinate on
stigma, from where still a fewer number could penetrate the ovules, and a direct
relationship exist between defective germination and abnormal pollens division
(Chichiricco and Grilli Caiola, 1986). RNase and peroxidase activities are responsible for
self incompatibility in dicots, both RNase and peroxidase analyses were carried out in C.
sativus L. aggregate which revealed pollen growth was not inhibited on the stigma surface
or style but in another region of the gynoecium (Zanier and Grilli Caiola, 2011). Besides
saffron, microspore of the other diploid Crocus species may also germinate on saffron
stigma. Further, interspecific hybridization is possible and viable seeds have been obtained
from all diploid species after free and cross-pollination as well as from a cross between C.
sativus with C. cartwrightianus (Grilli Caiola et al., 2010; 2011). Therefore, it will be very
interesting to see if sterility in saffron could be broken by doubling its chromosomes and to
see if the pollens are still viable and self compatible. Such a possibility may open a new
and exciting era for the development of genetically improved saffron varieties.
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Nonetheless, how competition for pollination might be altered in future or new
mechanisms evolves in scenario of a changing world, where alien species are spreading,

climate is changing and pollinator declines.

1.7  Genome analysis, diversity and evolution

In the last two decades, study of the genomes of plants has become ubiquitous for
understanding diversity and relationships within and between species. These results
address the long-standing questions about relationships and evolution of species back to
the origin of plants (Soltis et al., 2009; Jiao et al., 2011; Buggs, 2013). The nuclear DNA
and its associated proteins in a nucleus are divided among the chromosomes, where a
single unbroken linear DNA molecule runs from one end to the other (Heslop-Harrison
and Schwarzacher, 2011). Chromosomes provide physical structure for genetic linkage
groups that allows faithful transmission of hereditary characters (Schmidt and Heslop-
Harrison, 1998; Schwarzacher, 2003a; Frello et al., 2004). The packaging of DNA within
chromosomes prevent DNA from becoming unmanageable, and ensures that it is readily
available for various cellular processes of replication and repair (Heslop-Harrison, 2000b,
Fuchs et al., 2006; Heslop-Harrison and Schwarzacher, 2011).

The structural and functional description of eukaryotic chromosomes into
heterochromatin and euchromatin, telomeres, and nucleolus organizing regions (NORS)
has been known for a long time (Bedbrook et al., 1980; Jiang et al., 2003; Carvalho et al.,
2009). Euchromatin, stains lightly in cytological preparations and lies at the interstitial and
distal regions of the chromosomes, while the heterochromatin has highly condensed
chromatin that stains strongly in cytological preparations (Cuadrado and Jouve, 1995;
Schwarzacher, 2003b; Ma et al., 2007). The heterochromatic blocks generally lie at the
telomeric and pericentromeric regions of chromosomes (Heslop-Harrison and
Schwarzacher, 2011). Euchromatin is a gene dense region of the chromosome, with high
meiotic recombination and transcriptional activity. It lies at the interstitial and distal
regions of the chromosomes. By contrast, heterochromatin in general is rich in repetitive
DNA and transposable elements (TEs). It lacks meiotic recombination and has relatively
fewer numbers of genes (Burgess 2013; Senerchia et al., 2013).

In higher plants, unlike genome size and chromosome number, which vary widely,
gene content is uniform (Schmidt and Heslop-Harrison, 1998; Devos, 2010; Bennett and

Leitch, 2011). For example, the nuclear DNA content shows as much as 2350 fold range
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among the measured 6288 species and chromosome number varies between n = 2 to n=
approximately 600 chromosomes (Bennett and Leitch, 2011; Schwarzacher, 2011b). Most
flowering plants have undergone a series of whole genome duplication (WGD) events that
have played a significant role in their evolution and diversification (Heslop-Harrison,
2000a, 2000b; Soltis et al., 2009; Jiao et al., 2011; Buggs, 2013). The availability of
nucleotide sequence data has added a lot to our understanding of plant genome
duplications, their evolution and relationships (see section 1.7, 1.8). A variety of
functional molecular marker systems have been developed over time, by exploiting the
molecular DNA diversity within genomes (Korzun, 2002; Varshney and Dubey, 2009).
These molecular markers are playing an increasingly important role in the management
and utilization of plant genetic resources by allowing more objective and precise
quantification of genetic diversity and deducting their phylogeny (Villalobos and
Engelmann, 1995; Fu, 2003; Todorovska et al., 2005). By 2009, the Angiosperm
phylogeny group (APG) revised and updated the classification for families of flowering
plants based on their affinities. Many formerly unplaced families were assigned into
orders as well as new orders were adopted, that greatly reduced the number of unplaced
taxa and resolved the everlasting shortcomings associated with morphological markers
(Bremer et al., 2009).

1.8 Molecular DNA diversity: significance and exploitation of novel

resources

Global population levels are expected to reach from 6 to 9 billion by 2050. Handling this
rapid increase in human population and shrinkage of agricultural land will remain a
challenge for the mankind (http://www.fao.org). On the one hand, when efforts are
underway to increase crops productivity, in several countries yield has been affected by
global rise in temperature. Similarly, in crops that propagates vegetatively, lack of genetic
variation is limiting our abilities to develop higher yielding varieties (Chakraborty and
Newton, 2011; King et al., 2013). Thus identification and exploitation of novel genetic
variation for the development of superior varieties that are better adapted to the changing
environment and new crop uses such as bio-fuels are critical (Takeda and Matsuoka, 2008;
Heslop-Harrison and Schwarzacher, 2012; King et al., 2013).

Useful genes were inherited from a common ancestor, and are distributed in both

wild and domesticated taxa. Improvement in crops is possible by exploiting diversity
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within these genes (see Takeda and Matsuoka 2008 and section 1.3.2 above). Maintaining
this diversity is crucial to breeding programmes as the loss of it may result in
susceptibility to different types of stresses and extinction (Holt and Pickard, 1999;
Fernandez 2007; Gresta et al., 2008). Conversely, decades of intensive selection in
domesticated taxa for only few quality traits have narrowed down their genetic base and
the process may be still ongoing (Li et al., 2004; Andrabi and Maxwell, 2007; Heslop-
Harrison, 2010; Fernandez et al., 2011). Therefore, precise screening to identify and
maintain the diverse germplasm resources is highly important.

The bulk of variation at the nucleotide level is often not visible at the phenotypic
level and since phenotype is the interaction of genotype with environment and therefore,
very often the same genotype (Crocus sativus, for example see Figure 1.4) display
diversity when maintained in different ecological or growth regimes (Macchia et al.,
2013). Thus, selection purely based on phenotypic traits may be inaccurate (Heslop-
Harrison, 2000b; Fu, 2003; Todorovska et al., 2005). On the other hand molecular
markers are numerous in every genome and can be selected to be polymorphic. Further,
DNA-based markers are stable, reproducible and provide a diagnostic approach (Korzun,
2002; Saeidi et al., 2008). Being DNA markers, they are neither affected by
developmental stages nor environmental factors (Todorovska et al., 2005; Heslop-
Harrison, 2010). Application of the various types of molecular markers has definitely
played a major role in our understanding of the heritable traits and has increased the
efficiency of our crop species tremendously. Few examples of the molecular markers that
are generally applied to perceive diversity and relationships or tagging genes of interest
are described below:

1.8.1 RFLPs

Restriction fragment length polymorphism (RFLP) analysis was among the first large-
scale methods to analyse DNA sequence diversity. This method relies on the variations in
homologous DNA sequences, differing in restriction enzymes sites (Grodzicker et al.,
1974; Kubis et al., 2003). Identification of the variable size DNA fragments is made by
Southern blotting, a procedure whereby DNA fragments, separated by electrophoresis, are
transferred to positively charged nylon membranes (Southern, 1975; Heitkam and
Schmidt, 2009). The membrane is hybridized with radioactive or chemiluminescent
homologous probes and exposed to an X-ray film, where the different fragments are
visible on autoradiography (Staub et al., 1996; Woolrab et al., 2012).
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1.8.2 RAPD markers

Random amplified polymorphic DNAs (RAPDs) are PCR-based short (commonly 10 bp)
single primer technology of DNA finger printing (Williams et al., 1990). RAPDs are
produced by using genomic DNA with arbitrary primers to amplify DNA segments
between closely spaced sequences (Yang et al., 2013). Polymorphism results from
changes in the primer-binding site in the target DNA sequence (Devos and Gale, 1992;
Yang et al., 2013). Amplified products can be separated by electrophoresis on agarose or
polyacrylamide gels and visualized by staining with ethidium bromide (Staub et al., 1996;
Yuetal., 2013).

1.8.3 SCARs

RAPDs are generally regarded as unreliable with many questions about reproducibility
and application to DNA extracted at different times or reactions from different
laboratories. However, the efficacy of RAPD markers can by enhanced by sequencing the
specific RAPD generated products and designing primers within the sequenced amplicons,
to obtain a more specific marker for amplification (Zhuang et al., 2013). Such sequenced
characterized amplified regions (SCARs) are similar to sequence-tagged sites (STS) in
construction and application, and are very useful in genotyping (Talbert et al., 1996;
Geetha et al., 2013).

1.8.4 AFLPs

Amplified fragment length polymorphisms (AFLPs) exploits selective amplification of the
restriction enzyme digested DNA fragments (Vos et al., 1995). Restricted genomic DNA
with sticky ends are ligated with adaptors and amplified with specified primers that are
complementary to the sequence on the adaptors (see Yang et al., 2013). Multiple bands are
generated in each amplification reaction that contains DNA markers of random origin.
AFLPs are quantitative and genotypes can be differentiated by the intensity of the
amplified bands. The ability of this technology to generate many markers and its high
resolution are features that make AFLPs very attractive among the genetic markers (\Vos et
al., 1995; Frascaroli et al., 2013).
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1.8.5 Microsatellite DNA markers

Microsatellites or simple sequences repeats (SSRs) or short tandem repeats (STRs) are a
class of short (1-6 bp), repetitive DNA element dispersed in all organisms and are
abundant in plants (Heslop-Harrison, 2000a, 2000b; Nemati et al., 2012; Yang et al.,
2013). These repeats occurring on average every 6-7 kb and the di-, tri- or tetra-nucleotide
repeats are arranged in tandem arrays consisting of 5-50 copies (Tautz, 1989; Cardle et al.,
2000; Ozkan et al. 2005). The repeat motifs are flanked by conserved nucleotide
sequences from which forward and reverse primers can be designed to PCR-amplify the
DNA section containing the SSR (Tautz, 1989; Cardle et al., 2000; Frascaroli et al.,
2013).

1.8.6 ESTsand EST-SSR

Expressed sequence tags (ESTs) are fragments of cDNA sequences complementary to
MRNA and represent parts of expressed genes (Adams et al., 1991, Varshney et al., 2005).
However, because of their conserved nature of genes in related lineages, ESTs may reveal
low levels of polymorphism (Qi et al., 2003; Gao et al., 2004; Xue et al., 2008). In silico
mining of the ESTs databases allows discovery of SSRs from the coding region of these
genome. EST-SSR or genic microsatellites markers are thus potential candidates for gene
tagging and comparative studies in related species. For Crocus, a large number of ESTs
have been placed in the GenBank database by D’Agostino et al. (2007) and exploited in
the current study (see Chapter V).

1.8.7 IRAP and REMAP markers

Inter-retrotransposon amplified polymorphism is a PCR-based method for amplification of
genomic DNA between closely located sequences of retrotransposons with the help of
outward-facing primers designed from the conserved domains between the long terminal
repeat (LTRs) of a retrotransposon (Teo et al., 2005; Biswas et al., 2010). The IRAP
markers are generated by the proximity of two retrotransposons using outward facing
primers annealing to their long terminal repeats. IRAP can be amplified with a single
primer matching either the 5°or 3" end of the LTR but oriented away from the LTR itself,
or with two primers (Figure 1.11). Thus the PCR products therefore, represent
amplification of hundreds of the target sites within a genome.
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The retrotransposon microsatellite amplified polymorphism (REMAP) method is similar
to IRAP, but one of the two primers matches an SSR motif with one or more non-SSR
anchor nucleotides present at the 3" end of the primer (Mandoulakani et al., 2012).
Microsatellites are abundant in plant genomes (see above) and are often associated with
retrotransposons (Kalendar and Schulman, 2007). Of the various techniques IRAP and
REMAP detect high levels of polymorphism and are more frequently used in diversity
analysis (Teo et al., 2005; Nair et al., 2005; Kalendar and Schulman, 2007; Saeidi et al.,
2008; Mandoulakani et al., 2012).

A IRAP (Inter- Retrotransposon Amplified Polymorphism
RETROTRANSPOSON RETROTRANSPOSON
TR LTR TR LTR
— 4
RETROTRANSPOSON i RETROTRANSPOSON
LTR LTR N g
—
B PCRPRODUCT )
_

Figure 1.11: Schematic representation of IRAP markers amplification using two different
primers (A) and the same primer as both forward and reverse (B). Arrows (grey and blue)
in the right or leftward orientation indicating to the direction of amplification and priming
sites of IRAPs marker within the LTR retrotransposons (modified from Barsirnia et al.,
2014).



1.8.8 DNA barcoding markers

DNA barcodes are short orthologous DNA sequences from a standardized region of the
genome and are used with an objective, to use large-scale screening of genes or a standard
short genomic region that is universally present in lineages (Hebert et al., 2003; Kress et
al., 2005). Further, the target sequences are supposed to have enough sequence diversity
and can discriminate among species (Kress and Erickson, 2007; Yang et al., 2013). The
nuclear ribosomal DNA internal transcribed spacer 2 (ITS2) region and MaturaseK gene
(MatK) of the chloroplast are regarded as universal DNA barcodes (Hollingsworth et al.,
2009; Yao et al., 2010). DNA barcoding genes including rbcL, ITS, matK and trnH-psbA
are also applied in the current study to address the phylogeny of C. sativus and detailed

results are given in (Chapter V).

1.8.9 RAD sequencing

Restriction-site associated DNA (RAD) sequencing is a form of genotyping by sequencing
strategy developed over the recent years for cost effective in-depth genomic analyses
(Hipp et al., 2014). RAD genotyping utilizes DNA fragments that lie adjacent to a
particular restriction enzyme recognition site in a genome. Sequencing adapters are ligated
to the restriction digested DNA prior to shearing and then sequencing of the tagged
restriction sites is employed, rather than random sequencing of the whole genome.
Further, RAD does not require the prior development of any genomic resources for the
organism and allow parallel sequencing of millions of DNA fragments flanking individual
restriction enzyme sites (Baird et al., 2008). This approach has dramatically increased the
coverage for a given sequenced site, and allows the discovery of thousands of single
nucleotide polymorphisms (SNPs). So far, RAD genotyping has been effectively applied
to resolve relationships among closely related as well as highly heterogeneous populations
in both model and nonmodel organism, genetic mapping and quantitative trait loci (QTL)
analyses, phytogeographic and population genomics (Hohenlohe et al., 2010; Emerson et
al., 2010; Hipp et al., 2014).
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1.8.10 SNPs

Single nucleotide polymorphisms (SNPs) refer to genomic variation caused by a single
nucleotide mutation at a specific locus (Lander et al., 1996). SNPs may result from single
base transitions, transversions, insertions or deletions and are distributed in both coding
and non-coding regions of genomes (Vignal et al., 2002; Yang et al., 2013; Frascaroli et
al., 2013). A large number of SNP markers are now available for detailed analysis of
genome structure, genome-wide association mapping and precision breeding. In both
plants and animals. The 1000 Genome Project Consortium in the pilot phase revealed
around 15 million SNPs in humans (see 1000 Human Genome Project Consortium, 2010
and Chapter 1V).

1.8.11 Whole genome sequencing

Whole genome sequencing gives direct insights and provides a complete picture of the
total genetic variation and gene content present in a population (Stein, 2007; Devos, 2010;
Yang et al., 2013). The current advancements in sequencing technologies at reduced costs
have allowed the sequencing of 6870 complete genomes (August, 2013) including
important species of plants, animals and microbes (http://genomesonline.org). Most
progress in crop improvement over the few last decades and the better understanding of
genomics today has been essentially possible due to the availability of these DNA
sequences and it will continue to further enhance our understanding of the key biological
phenomenon like domestication, hybridization and polyploidization (Varshney and
Dubey, 2009; D’Hont, et al., 2012).

1.9 Polyploidy in flowering plants

Most flowering plants have undergone one to several rounds of whole genome duplication
(WGDs) events occurring near or at the time of their origins, suggesting that WGD has
played a significant role in the origin of key novel traits that drove species evolution and
diversification (Soltis et al., 2009; Jiao et al., 2011; Eric Schranz et al., 2012; Buggs,
2013). For a long time the origin of novel traits in plant groups has fascinated scientists,
including Darwin in his ‘The Origin of Species’ (See Heslop-Harrison, 2012). Nearly 80%

of the existing angiosperm species are considered polyploids, while in pteridophytes the
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frequency of this polyploidy may be as high as 95% (Leitch and Bennet, 1997; Soltis and
Soltis, 2000; Soltis et al., 2010). Today, angiosperms represent the largest and most
successful group of plants, with more than 300,000 living species. Their widespread
occurrence and success may be attributed to the potential advantages they acquire through
whole genome duplications (Bremer et al., 2009; Harper et al., 2012; King et al., 2013).
Besides WGDs, the subsequent evolutionary phenomena including later migration events,
changing environmental conditions and differential extinction rates have also contributed
to the ultimate success of angiosperms (Eric Schranz et al., 2012).

Polyploidy is a recurrent, multiple-origin phenomenon, while the single-origin being
the exception and not the rule (see Soltis and Soltis 1999, 2010). It is widely accepted that
polyploidization either took place through genomic doubling or through non-reducing
gametes, and during the process; the chromosomes doubled may involve a single genome
(autopolyploidy) or a combination of two or more (allopolyploidy) genomes (Bardil et al.,
2011; Harper et al., 2012; Buggs, 2013). However, based on meiotic behaviour analysis
some allopolyploids such as Leucaena confertiflora, L. pallida, L. leucocephala and L.
involucrate may have originated from somewhat similar species with some kind of
genomic similarity, and are referred to as segmental allopolyploids (Boff and Schifino-
Wittmann, 2003).

Most of the polyploidization events are several million years old (paleopolyploidy)
while others may be relatively recent (neopolyploidy). However, both result in variation
and in due course lead to speciation (Ortiz et al., 2009; van der Peer and Pires, 2012). The
first evidence of genomic duplication came from the analysis of the rice genome project
(reviewed in Devos, 2010). Several of our important crop plants, such as bread wheat,
oats, cotton, canola, coffee, and saffron are polyploids. In evolutionary terms, polyploid
species have advantages over their diploid progenitors because it increases the net
diversity (Heslop-Harrison, 2010; Jiao et al., 2011; Arrigo and Barker, 2012; King et al.,
2013). However, inspite of the frequent incidence of polyploidy, recent analysis have
found that newly formed polyploid species have higher extinction rates than their diploid
relatives. These results suggest that despite leaving a substantial legacy in plant genomes,
only rare polyploids survive over the long term (Arrigo and Barker, 2012). But how the
possession of two or more than two complete sub-genomes from different parental species
might contribute to their high yields is not fully understood, but for sure it adds to
complexity of the genomes and transcriptomes of these crops (Harper et al., 2012; Buggs,
2013). Nonetheless, a better understanding of the mechanisms of plant genome evolution
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will be of critical value, as we could use that information to build a better and more
sustainable crop and may conserve the huge biodiversity present within the plant kingdom
(Heslop-Harrison, 2012; Van de Peer and Pires, 2012).

1.10 Germplasm collection resources and its exploitation

Genetic diversity in plants is present in natural resources, and during the recent years,
failure to secure the local land races or substitution of local genotypes with improved
varieties as well as changes in agricultural practices have caused a rapid erosion of this
genetic diversity (Villalobos and Engelmann, 1995; Fu and Somers, 2009). Beside these,
urbanization, pollution, habitat destruction, spread of invasive aliens and climatic changes
are other factors that have endangered plant survival (Pitman and Jorgensen, 2002;
Heslop-Harrison and Schwarzacher, 2012). In domesticated species of plants and animals
lack of diversity and extinction may be related to their intense selection or inbreeding
depression imposed by management techniques or market demands (Andrabi and
Maxwell, 2007). A major step to prevent the loss and sustainable utilization of the
valuable genetic resources is to ensure conservation of representative diversity of taxa
(Fernandez et al., 2011). A global response in the form of Convention on Biological
Diversity (CBD 1993) is a milestone toward achieving this goal, as the convention’s main
goal is “conservation of biological diversity” (Maxted et al. 2007).

In general plant genetic resources may be secured in the form of in situ and ex situ
conservation (Engelmann et al., 2002; Paunescu, 2006; Fernandez et al., 2011). In situ
conservation is on site conservation, while ex situ conservation involves the maintenance
of genetic resources away from their natural habitats in facilities called gene banks or
botanical gardens (McGregor et al., 2002; Vaughan et al., 2007; Fernandez et al., 2011).
The genetic resources for ex situ collections may include local landraces, inbred lines and
hybrids as well as open pollinated populations (see Paunescu, 2009). The principal aim of
ex situ germplasm is to conserve the genetic diversity and stop the loss of potentially
valuable material, which had barely been explored (Perrino et al., 1991; Andrabi and
Maxwell, 2007; Duc et al., 2010). However, not only collection but, the accurate
preservation of this germplasm and subsequent evaluation are highly important for future
exploitation (Borner 2006; Heslop-Harrison, 2010).

Today the worldwide existing germplasm collection for food and agriculture
comprises of around 7.5 million accessions (see Borner et al., 2011). One of the most
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challenging jobs in gene banks is proper maintenance of genetic variation that was initially
reported in accessions (Vencovsky and Crossa, 1999). The major constraint is avoiding
contamination by cross pollination especially for insect-pollinated outcrossing species
(Ellstrand and Hoffman, 1990; Duc et al., 2010). Molecular marker approaches are
playing an increasingly important role in the management and utilization of plant genetic
resources held in gene banks worldwide (Ayad et al., 1997; Hodgkin and Rao, 2002). A
major objective for the molecular germplasm characterization is to identify germplasm
and duplicated accession (Villalobos and Engelmann, 1995; McGregor et al., 2002). With
the advent of new molecular tools and techniques, not only the precise genotypic
characterisation but also accession that may have duplicates is becoming attainable (Karp
et al., 1997; McGregor et al., 2002; Fu, 2003).

Although, extinction and speciation of living taxa is part of a natural process of
evolution, the rate of extinction today, is much faster than speciation and human activities
may be held responsible for this irreversible process (Holt and Pickard, 1999). In the latest
Red List launched by the International Union for Conservation of Nature (IUCN-
http://www.iucnredlist.org/) Crocus cyprius and Crocus hartmannianus are listed as
vulnerable, while Crocus etruscus as nearly threatened (see CrocusBank project section
1.10.1). To some extent, the genetic diversity of many crops has been well preserved ex
situ, but some vegetatively propagated crops such as saffron etc. have limited or unknown
genetic diversity and require extra attention (Frello, and Heslop-Harrison, 2000;
Fernandez et al., 2007; Petersen et al., 2008). Future food security is a major challenge for
mankind, and efforts to maintain and secure our germplasm resources are Vvital.
Fortunately, germplasm conservation is attracting more and more public concern, as it
seems to be the only way to guarantee food supplies for future human generations
(Villalobos and Engelmann, 1995; McGregor et al., 2002; Borner et al., 2011).
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1.11  Preserving genetic resources of Crocus and its allies

The immense socioeconomic significance of saffron and potential threats to its survival
implies that security of the worldwide Crocus germplasm is of paramount significance.
Therefore, creation of a germplasm bank, to preserve the global genetic diversity of
Crocus species may be considered as a great achievement (see section 1.9 above). The
overall aim of such collection will be to maintain the required biodiversity which is a
prerequisite for any future saffron breeding and improvement programmes to take place
(Fernandez et al., 2011). Further, every single species on earth has a unique role to play,
and disappearance of it, affects functioning of the global ecosystem (Andrabi and
Maxwell, 2007). Understanding the implications of Crocus germplasm security, the
European Commission took initiatives to ensure preservation of the world’s saffron
germplasm diversity, and then to utilize the newly developed “omics” technologies for the

better understanding and improvement of saffron at molecular level.

1.11.1 CROCUSBANK project

In 2007, the European Commission AGRI GEN RES 018 action approved a framework
for World Saffron and Crocus Collection (WSCC), the ‘“‘CROCUSBANK’’ project
(http://www.crocusbank.org). The objective of this project was to create, characterise and
exploit a germplasm collection (bank) of Crocus species, including saffron at a global
scale. This was perhaps the first ever mega project of its nature in Europe assigned to
Crocus conservation and diversity. The CROCUSBANK project included 14 best research
groups at the World scale with expertise in saffron Agronomy, Breeding, Botany,
Genetics, Chemistry, Food Technology and Commercialisation. The total budget of
CROCUSBANK project was €2,634,137 and the project was co-financed with a
contribution of €929,507 from the European Union. The project started on 01 June 2007
and the final technical report was submitted by December 2011
(http://www.crocusbank.org).

At present the germplasm collection of CROCUSBANK project is housed at the
Bank of Plant Germplasm of Cuenca (BGV-CU, Spain), and currently consists of 761
effectively preserved accessions, 225 correspond to saffron material and 536 to other
Crocus, including 62 different species (see Figure 1.12). The preserved biodiversity of

saffron (Crocus sativus L.) covers a wide range of the genetic variability of the crop from
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15 countries, 169 of these accessions come from European cultivation countries, 18 from
commercial areas in non EU countries, 26 from regions of minimal or relict production
and/or from abandoned fields and 7 from commercial nurseries. The non-saffron Crocus
collection currently comprises 352 accessions: 179 were collected from the wild in 12
countries of natural distribution, 24 from donations of public and private institutions, 91
from commercial nurseries and 58 acquired from BGV-CU collection management
(Fernandez et al. 2011; http://www.crocusbank.org). The CROCUSBANK project for the
first time has resulted in a relational database with all sorts of data generated during the
conservation and characterisation of Crocus. There was no list of descriptors for saffron
and other Crocus, therefore lists of descriptors were elaborated and published to describe
the variability observed in the most important crops and wild related species at World
scale (Fernandez et al., 2011; http://www.crocusbank.org). Being part of the
CROCUSBANK project, my thesis also addressed characterization of genetic diversity
and ancestry of saffron and my conclusions are given in the results chapters below.

Figure 1.12: A view of various C. sativus accessions maintained at Bank of Plant
Germplasm of Cuenca (BGV-CU, Spain).
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1.11.2 SAFFRONOMICS project

Once the CROCUSBANK project provided the baseline for Crocus research, it was highly
important to maintain, carryover and exploit the Crocus germplasm available at BGV-CU,
Spain (see http://www.crocusbank.org). Further, the remarkable progress in crop
improvement would have never been possible without the development of new genomic
technologies like next generation sequencing, high-throughput marker genotyping, omics
and an understanding of the variation at the DNA, RNA and protein level (Varshney and
Dubey, 2009; Heslop-Harrison and Schwarzacher 2012). Therefore, the European
Cooperation in Science and Technology Food and Agriculture approved
“SAFFRONOMICS COST Action FA1101” with an aim to build up a network of
collaborative research in order to increase our knowledge of the structural organization of
saffron genome DNA fingerprinting, chemical fingerprinting, proteomics, transcriptomics,
and metabolomics. This integrated knowledge will be the basis for the development of
saffron genetic improvement, and the maturity of reliable techniques for traceability
applications, determination of authenticity, and for fighting against fraud of origin in
saffron (http://www.saffronomics.org/).

To achieve the objective of the COST Action, international coordination,
cooperative research, and a multidisciplinary approach has been adopted. This project join
together geneticists, molecular biologists, biochemists, biotechnologists, analytical
chemists, food technologists, plant breeders, but also manufacturers and experts in Saffron
business. Furthermore, SAFFRONOMICS COST Action FA1101 allows the exchange of
experts, scientists, and graduate students for training, especially through Short-Term
Scientific Missions (STSMs), that for surely will facilitate the Action to achieve its
objectives and to re-initiate saffron cultivation as a highly important and beneficial crop in
the European countries.
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1.12  Aims of thesis

As a curative plant, saffron is mentioned in the oldest available traditional medicines. On
the other hand saffron is the most expensive spice on earth, and has been consumed since
antiquity. Since the origin of agriculture, crop improvement has been a continuous process
driven by the human needs for improved quality, yield, resistance and adaptation to new
and changing climates. However, limited knowledge of saffron genetic diversity and
shrinkage of land surface assigned to saffron cultivation are the main bottlenecks in
saffron improvement and these made me to design a project to confront the potential
challenges of future saffron. 1 was also interested to understand the possible genomic and
evolutionary implications of the saffron polyploid nature and the genomes that comprise
today’s saffron. Chief aims of the project include:

The aims of this thesis are thus: -

% Assessment of potential diversity in saffron accessions and understanding the
relationships of saffron with wild Crocus species to pinpoint ancestral species of
saffron.

% Characterization of potential diversity and relationships of wild Crocus species and
saffron using IRAPs markers.

% To exploit online Crocus EST databases and design novel PCR markers to
understand the diversity and relationship among wild Crocus species and saffron.

% Exploit cloning and sequencing technology to identify new SNPs markers within
Crocus ESTs and universal barcoding genes.

%+ Based on the results of IRAPs, ESTs, SNPs data, apply GISH with genomic DNA
as a probe from potential parents, to identify the ancestor of saffron.

% Characterization of novel repeated DNA sequences from wild Crocus species and
saffron.

s Use repetitive DNA sequences to understand the genomic organization, diversity,
and chromosomal localization of repeated DNA sequences and to understand the

phylogeny of saffron.
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2 CHAPTER II: MATERIALS AND METHODS

2.1 Materials

2.1.1 Plant material

Forty-four different accessions from 24 species of the genus Crocus were used in the
current study. Corms of all accessions were purchased commercially or were obtained
from the CrocusBank germplasm collection (www.crocusbank.org/). For a few Crocus
species and accessions DNA was kindly provided by Marcela Santaella-Tenorio
(Biotechnology, IDR-UCLM, Albacete, Spain). All these Crocus species and accessions
along their University of Leicester identification code, CrocusBank accession number and
source they were obtained from, are listed in Table 2.1. The taxonomy (and authorities for
naming) follows Petersen et al. (2008). When plants were received and grown, corm and
flower morphology were generally checked to be in accordance with published

photographs and descriptions (Philips and Rix, 1989).

2.1.2 Germination of Crocus corms

Two to five healthy corms per plant (both Crocus species and accessions) were grown at a
depth of about 10-15 cm in labelled pots, on a mixture of compost (Scotts Professionals,
UK) and sand (Sinclair Horticulture Ltd. UK) mixed in a ratio of 2:1. The corms were
grown in a green house at the University Of Leicester, UK on 20-25°C temperature. Since
most of the Crocus species and hybrids grow on well drained soils grit (Horticulture Grit,
UK) was added to these pots to improve drainage. With few exceptions all corms sprouted

very well in the laboratory conditions.
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Table 2.1: List of Crocus species and accessions along CrocusBank accession number, University of Leicester identification code and source

of origin used in the current study.

CrocusBank

University of Leicester

No. | Subgenus | Section Series Species Sub taxa / variety - Source
accession Number
1 Crocus Crocus | Crocus C. sativus - BCU002746 CsatP09 Pottertons Nursery (United Kingdom
2 Crocus Crocus | Crocus C. sativus - BCU002744 CstvVD09 JW Dix Export (The Netherlands)
3 Crocus Crocus | Crocus C. sativus. CstPER09 J.Perez (Spain)
4 Crocus Crocus | Crocus C. sativus. - CstSUSDO09 Suttons Nursery (United Kingdom
5 Crocus Crocus | Crocus C. sativus cashmeriensis BCU002584 CstCD09 JW Dix Export (The Netherlands)
6 Crocus Crocus | Crocus C. sativus Kashmir Cstkf09 Srinagar, Kashmir
7 Crocus Crocus | Crocus C. sativus cartwrightianus* | Albus BCU002754 CstcP09 Pottertons Nursery (United Kingdom)
8 Crocus Crocus | Crocus C. cartwrightianus - BCU002747 CcwBD09 JW Dix Export (The Netherlands)
9 Crocus Crocus | Crocus C. cartwrightianus. albus BCU002766 CcwADO08 JW Dix Export (The Netherlands)
10 | Crocus Crocus | Crocus C. cartwrightianus CEH.613 BCU002771 CcrCR09 Rare plant Nursery(United Kingdom)
11 | Crocus Crocus | Crocus C. pallasii turcicus BCU002748 CpltR09 Rare plant Nursery(United Kingdom)
12 | Crocus Crocus | Crocus C. pallasii pallasii BCU002767 CplvD09 JW Dix Export (The Netherlands)
13 | Crocus Crocus | Crocus C. pallasii dispathaceus BCU002759 CpIDD09 JW Dix Export (The Netherlands)
14 Crocus Crocus | Crocus C. mathewii CmatD08 JW Dix Export (The Netherlands)
15 | Crocus Crocus | Crocus C. mathewii HKEP.9291 CmtHR09 Rare plant Nursery(United Kingdom)
16 Crocus Crocus | Crocus C. thomasii BCU002751 CtmVDO09 JW Dix Export (The Netherlands)
17 | Crocus Crocus | Crocus C. thomasii MS 978 Ctoml09 Matera Italy
18 Crocus Crocus | Crocus C. asumaniae white BCU002757 CaswD09 JW Dix Export (The Netherlands)
19 Crocus Crocus | Crocus C. asumaniae ‘alba’ BCU002760 CasAD09 JW Dix Export (The Netherlands)
20 | Crocus Crocus | Crocus C. asumaniae S9104 CasAT09 Aseki Turkey
21 | Crocus Crocus | Crocus C. oreocreticus VV.CR.114 BCU002774 CorVR09 Rare plant Nursery(United Kingdom)
22 Crocus Crocus | Crocus C. oreocreticus BCU002756 CorVD09 JW Dix Export (The Netherlands)
23 Crocus Crocus | Crocus C. hadriaticus BCU002764 ChdWD09 JW Dix Export (The Netherlands)
24 | Crocus Crocus | Crocus C. hadriaticus 'Indian summer' BCU002770 ChalR09 Rare plant Nursery(United Kingdom)
25 | Crocus Crocus | Crocus C. hadriaticus Alepohori (AH8682) ChdARDO09 Rare plant Nursery(United Kingdom)
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Table 2.1: continued.

Crocus bank University of
No. Sub genus Section Series Species Sub taxa Leicester Source
Acc.Number
Number
26 Crocus Crocus Verni C. vernus BCU001842 VERO01/10
27 Crocus Crocus Verni C. tommasinianus 'lilac beauty" BCU002765 CtmLDO09 JW Dix Export (The Netherlands)
28 Crocus Crocus Verni C. tommasinianus ‘barr purple’ BCU002768 CtmBD09 JW Dix Export (The Netherlands)
29 Crocus Crocus Verni C. tommasinianus 'rubinetta’ BCU002762 CtmTDO09 JW Dix Export (The Netherlands)
30 Crocus Crocus Verni C. tommasinianus ‘albus’ BCU002763 CtmADOQ9 JW Dix Export (The Netherlands)
31 Crocus Crocus Versicolores C. versicolor ‘picturatus’ BCU002761 CvrPP09 i?;tggf:s Nursery (United
32 Crocus Crocus Longiflori C. niveus CnivD08 JW Dix Export (The Netherlands)
33 Crocus Crocus Longiflori C. goulimyi 'leucanthus’ BCU002755 CgulD08 JW Dix Export (The Netherlands)
34 Crocus Crocus Kotschyani C. kotschyanus kotschyanus CkotP09 i?;tge{j?:s Nursery (United
35 Crocus Crocus Kotschyani C. kotschyanus Zonatus Ckot/z08 Garden Source
36 Crocus Nudiscapus Reticulati C. angustifolius CangP09 i?;tggf:; Nursery (United
37 Crocus Nudiscapus Orientales C. korolkowii gold-colored CkrGD10 JW Dix Export (The Netherlands)
38 Crocus Nudiscapus Flavi C. flavus CflaP09 Pqttertons Nursery (United
Kingdom)
39 Crocus Nudiscapus Speciosi C. speciosus speciosus BCU002753 CspP09 i(i);tgcritg;; Nursery (United
40 Crocus Nudiscapus Laevigati C. laevigatus Clae08 JW Dix Export (The Netherlands)
41 Crocus Nudiscapus Laevigati C. boryi Chor08 JW Dix Export (The Netherlands)
42 Crocus Nudiscapus Aleppici C. veneris Creamy CvenD10 JW Dix Export (The Netherlands)
43 Crocus Nudiscapus Reticulati C. cancellatus cancellatus CcanD10 JW Dix Export (The Netherlands)
44 Crocus Nudiscapus Biflori C. hiflorus CbfaD10 JW Dix Export (The Netherlands)

* The accession was purchased under this unrecognized name. It has similarities to C. cartwrightianus but is probably not this species.
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2.1.3 Standard solutions and media used

Table 2.2: Unless indicated otherwise all solutions were made up with purified water
(ELGA LabWater, High Wycombe, UK), autoclaved and stored at room temperature

(RT).
Solution Preparation/final concentration
CTAB buffer 2% (wi/v) cetyltrimethylammonium bromide, 100mM Tris-HCI, 1.4M NaCl, 20mM
(pH 7.5-8.0) EDTA.

DNA Wash buffer

76 % ethanol, 10mM ammonium acetate. No autoclaving.

10x TE buffer *
(pH 8.0)

100mM Tris (tris-hydroxymethylamino-methane)-HCI, 10mM EDTA (ethylene-
diamine-tetra-acetic acid).

6x Gel loading buffer

0.25% Bromophenol blue, 0.25% Xylene cyanol FF, 60% Glycerol. No autoclaving
and stored at 4°C.

50x TAE ¢
(pH 8.0)

242g of Tris-base, 57.1ml of glacial acetic acid, 100ml of 0.5M EDTA. Final volume
1000ml with sterile distilled water.

Ethidium Bromide
(20 mg/ml)

1g Ethidium bromide, 100ml of sterile distilled water. No autoclaving and stored at
4°C.

Ampicillin

10mg/ml (dissolved in distilled water). No autoclaving and stored at -20°C.

20x SSC (saline sodium citrate,
pH7.0)™"

0.3M NaCl, 0.03M sodium citrate.

0.5 M EDTA (pH 8.0)

186.1g disodium ethylenediamine tetraacetate.2H,0O into 800ml of distilled water.
Adjust pH to 8.0 with NaOH. Final volume 1 litre.

Detection buffer (FISH)

4x SSC, 0.2% (v/v) Tween 20.

20% SDS

2g Sodium dodecyl sulfate (SDS) with 8ml water Not autoclaved

10x Enzyme buffer (pH 4.6) T

40mM citric acid, 60mM tri-sodium citrate. No autoclaving, stored at 4°C.

1x Enzyme solution

3% (w/v) pectinase (Sigma), 1.8% (w/v) cellulase (Calbiochem), 0.2% (w/v)
cellulase (Onozuka RS) in 1x enzyme buffer. No autoclaving and stored at -20°C.

2 mM 8-hydroxyquinoline

2 mM 8-hydroxyquinoline: 0.15 g 8-hydroxyquinoline, 500 ml ddH,O. Store in the
dark at 4°C.

Alpha bromonaphthalene

1 litre of standard a—bromonaphthalene solution in sterile distilled water

4% Paraformaldehyde (pH 7.0)

4g paraformaldehyde (Agar Scientific) dissolved in distilled water. Final volume
100ml, no autoclaving and used fresh.

Mcllvaine's buffer (pH 7.0)

0.1M citric acid, 0.2M di-sodium hydrogen phosphate.

Blocking DNA™

Autoclaved at 114°C for 5min

47




Table 2.2: continued

100ug/ml DAPI ™3

5g of DAPI (4’ ,6-diamidino-2-phenylindole) dissolved in Sigma water. Final
volume 50ml. No autoclaving and stored at -20°C.

50x Denhardts solution

1% Ficoll type 400 (Sigma), 1% polyvinylpyrrolidone (Sigma) and 1% bovine
serum albumin (Amersham Biosciences). Filter sterilized and stored at -20°C.

Southern denaturing solution

0.25M NaOH, 1M HCI.

Southern depurinating solution

0.25M HCI.

Southern neutralizing solution
(pH 7.5)

0.5M Tris-HCI, 3M NacCl.

Southern Transfer buffer

0.4M NaOH.

Buffer 1 (probe detection, pH 7.5)

100mM Tris-HCI, 15mM NacCl

Buffer 2 (probe detection)

0.5% (w/v) Blocking Reagent (Roche Diagnostics) in buffer 1

Buffer 3 (probe detection, pH 9.5)

100mM Tris-HCI, 100mM NaCl, 50 mM MgCl,

Salmon sperm DNA™

Img/ml of sheared salmon sperm DNA.

Wash buffer 1
(Southern hybridization, pH 7.5)

0.1M Maleic acid, 0.15 M NaCl, 0.3% (v/v) Tween 20

Buffer 1
(Southern hybridization, pH 7.5)

0.1M Maleic acid, 0.15 M NaCl

Buffer 2
(Southern hybridization)

1% (w/v) Blocking Reagent (Roche Diagnostics) in buffer 1

Buffer 3
(Southern hybridization, pH 9.5)

0.1M Tris-HClI, 0.1 M NaCl

SOB medium
(super optimal broth, pH 7.0)

20g of Tryptone, 5g Yeast extract, 0.5g NaCl, 10ml 250mM KCI. Final volume
1000ml with sterile distilled water.

LB medium
(Luria-Bertani, pH 7.0)

10g Tryptone, 59 Yeast extract, 10g NaCl. Final volume 1000ml with sterile
distilled water and autoclaved

LB medium Agar

10g Tryptone, 5g Yeast extract, 10g NaCl. Final volume 1000ml with sterile
distilled water and 1.5% Agar.

200 mM IPTG 476mg/ml isopropyl-B-D-thiogalacto-pyronoside (dissolved in 10ml distilled
water). Filter sterilized and stored at -20°C.
40mg/miXgal 1g of 5-Bromo-4-chloro-3-indolyl B-D-galactopyranoside with 25ml of

Dimethylformamide. Filter sterilized, stored at -20°C.

50% Dextran sulfate

50 gm Dextran sulfate with 100 ml distilled water, Filter sterilized and stored at -
20°C.

*1
*2

*3

*4

Diluted with distilled water to appropriate concentration

Genomic DNA from Crocus sativus was sheared into pieces and applied
4-20x of the probe concentration to block the repetitive DNA sequences.

DAPI was diluted in water for stock of 100ug/ml and then diluted with Mcllvaine’s buffer to final
concentration of 4pg/ml.

Salmon sperm DNA was denatured in boiling water for 10 min and placed on ice for 10 min before
adding it to the hybridization mixture.
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2.2 Methods

2.2.1 Isolation of total genomic DNA

Genomic DNA was extracted from freshly collected green young leaves of Crocus
sativus and related species (Table 2.1) using cetyltrimethylammonium bromide (CTAB)
method modified from Doyle and Doyle (1990). The figures in this chapter give a
simplified graphic overview of the key points of the procedures, with Figure 2.1
showing the steps in DNA extraction. One to two grams of young leaves were collected
from a single individual and ground to a fine powder using a pestle and mortar in liquid
nitrogen to prevent enzymatic degradation. A small amount of fine sand was added to
help the grinding process. Half spatula of PVP (Poly Vinyl Pyrrolidone, Sigma, c. 0.2g)
was added before the powdered leaf was taken into a 50ml Falcon tube with 5ml of pre-
heated CTAB buffer (Table 2.2) containing 50ul of B-mercaptoethanol. Tubes were
incubated at 60°C for lhr in a shaking water bath. An equal volume of absolute
chloroform : isoamyl alcohol (24:1) was added to each tube and mixed by repeated
inverting for 3 min, followed by centrifugation at 5000 rpm at RT for 10 min. The
aqueous supernatant was carefully transferred to a new Falcon tube using 1ml blue tip
cut at the end. The chloroform : isoamyl alcohol washing and centrifugation steps were
repeated and the DNA was precipitated with 0.6 volume of pre-chilled isopropanol
added to the supernatant, mixed gently by inverting and then kept on ice for 10 min.
Precipitated DNA was spooled out with a sterile glass rod or spun down at 2000
rpm for 2 min, dried and washed with 5ml of wash buffer (Table 2.2) for 20 min, and
then air dried before resuspending DNA in 1ml of 1x TE buffer (Table 2.2). The
extracted DNA was then incubated at 37°C for 1 hr with 1ul of 10mg/ml RNase A
(Bioline) to get rid of RNA. A diagrammatic representation of the process is given as
Figure 2.1 below. Adequate measures were taken at all the times to avoid contamination
of the genomic DNA samples from any DNA or dust present in the surrounding. Stocks

of genomic DNA were stored in a -20°C freezer.
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Figure 2.1: Flow diagram showing the standard extraction of genomic DNA procedure

using CTAB method, modification of Doyle and Doyle (1990).
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2.2.2 Agarose gel electrophoresis and purification of PCR products

Both genomic and PCR-amplified DNA products (section 2.2.5) were separated by
agarose gel electrophoresis. Agarose gels [1-3% (w/v)] were prepared by boiling agarose
in a microwave oven (Molecular Grade, Bioline or Hi-Res Super AGTC Agarose,
Geneflow, UK) in 1x TAE buffer (Table 2.2) and poured into sealed gel trays after
adding ethidium bromide (final concentration of 0.5ug/ml). Gel combs were placed to
make wells for loading DNA samples and then left at RT to solidify. Genomic DNA
samples were mixed with appropriate amount of 6x gel loading buffer (Table 2.2). While
for PCR products 6x gel loading buffer was diluted 1:3 with 70% glycerol and loaded
along DNA length marker, 5ul/lane Hyperladder | (Bioline) or Q-Step 2 (YorkBio) and
run on 7V/cm for 45-60 min or at a slow speed of 15V for 15hrs and visualized with
GeneFlash (Syngene, UK) gel documentation system. For IRAPs markers 2% (w/v)
agarose gels were prepared by mixing normal (Molecular Grade, Bioline) and Hi-Res
Super AGTC Agarose, (Geneflow, UK) in ratios of 3:1 respectively, while SNPs, EST-
SSRs, barcoding markers electrophoresis were carried out on 2-3% (w/v) agarose gels
(Molecular Grade, Bioline).

After analyzing agarose gels, selected PCR bands were excised and purified with
the QIAquick Gel extraction kit (Qiagen) following the manufacturer's protocol
(www.giagen.com). Once the residual contaminants were removal, 1pl of the recovered
DNA was reloaded on 1% (w/v) agarose gel to confirm the size and concentration,

before using the eluted DNA in probe labelling, cloning or for direct sequencing.

2.2.3 DNA guantification

The concentration and quality of DNA (genomic and eluted) was assessed through gel
electrophoresis and using a NanoDrop 8000 Spectrophotometer (Thermo Scientific). For
electrophoresis 1ul DNA was loaded on 1% (w/v) agarose gel (section 2.2.2), while for
the NanoDrop, 1ul of the genomic DNA was measured directly using default
wavelength spectrum that ranged from 220-750nm. High molecular weight DNA
samples with no visible shearing on gels and NanoDrop spectrophotometer
0.D.260/0.D.280 ratio of 1.8 or above was used for subsequent PCR amplifications and

restriction digestion experiments (section 2.2.13).
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2.2.4 PCR markers and primer design

PCR markers including, IRAPs (Inter Retroelements Amplified Polymorphism), SNPs
(Single Nucleotide Polymorphism), EST-SSRs (Expressed Sequence Tags Simple
Sequence Repeat) and barcoding genes were applied in the current study. Crocus ESTs
were downloaded from National Centre for Biotechnology Information (NCBI) and
microsatellites (SSR) sequences were identified using Tandem Repeat Finder package
(http://tandem.bu.edu/trf/trf.htmlUnless obtained from published sources, primer pairs
were designed using the online program Primer 3 (http://www.frodo.wi.mit.edu/cgi-
bin/primer3/primer3_www.cgi) with the annealing temperature set from 50-60°C, and
optimal length of 20 bases preferably with 50% GC content for the amplification of
products between 100-400bp size, and ordered from Sigma (www.sigmaaldrich.com/).

Complete details of markers are given in the respective results chapters.

2.2.5 Polymerase Chain Reaction (PCR)

DNA was amplified using a Tprofessional Gradient Thermocycler (Biometra) in a 15ul
reaction mixture containing 50-100ng of template DNA, 1x Kapa Biosystems buffer A
[750mM Tris-HCI pH 8.8, 200mM (NH4),S04, 15mM MgCl,, 0.1% Tween 20], 1.5mM
MgCI, 200uM of dNTPs (Bioline), 0.6uM of each primer and 0.5U of Kapa Tag DNA
polymerase (Kapa Biosystems, USA). IRAP primer amplification was carried out as
described in Teo et al. (2005) and PCR conditions were: 95°C for 2 min, followed by 30
cycles at 95°C of 1 min, 40-60°C for 1 min (depending upon optimized annealing
temperature of different primer sets), ramp +0.5°C to 72°C, for 2 min and adding 3 s per
cycle with a final extension of 10 min at 72°C was followed by holding the block at
16°C.

PCR conditions for EST-SSR, SNPs and barcoding primers were: 94°C for 4
min, followed by 30 cycles at 94°C for 1 min, 45-60°C (depending upon the annealing
temperature of different primer sets) for 45 s, 72°C for 2 min, and final extension of
72°C for 7 min was followed by holding the block at 16°C. Similarly, plasmid and
colony DNA was amplified in a final volume of 50ul containing 1x PCR buffer [16mM
(NH4)2SO4, 67mM Tris-HCI, 0.1% Tween 20 (Bioline)], 1.5mM MgCl,, 200puM of
dNTPs (Bioline), 0.4uM of each M13 primers (forward: 5-GTA AAA CGA CGG CCA
GT-3’, reverse: 5’-GGA AAC AGC TAT GAC CAT-3’), 05U of Tag DNA
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Polymerase (Bioline) and 0.5ul of recombinant plasmid DNA. PCR cycling conditions
were: 94°C for 5 min, 35 cycles of 94°C 30 s, 50°C for 30 s and 72°C for 45 s, followed
by 72°C for 5 min and holding the block at 16°C. Amplification and polymorphism of
the PCR products were analyzed by electrophoresis on 2 % (w/v) agarose gels as
described above (section 2.2.2).

2.2.6 Cloning of PCR products

Purified PCR fragments (section 2.2.2) were cloned in pPGEM®-T Easy vectors, using
PGEMC®-T Easy Vector System | kit (Promega) following the manufacturer’s protocol
with little modification. The cloning site of pGEM®-T Easy vector has a single
overhanging 3’ deoxythymidine (T) nucleotide that can be ligated to a single base
deoxyadenosine (A) to the 3’ end of the PCR products generated by Taq polymerase.
Since both Haelll and Dral produces blunt end fragments, thus deoxyadenosine was
added through a single step PCR in a total of 20ul solution containing 1x Kapa
Biosystems buffer A, 2mM MgCl,, 0.2uM of dATP (Bioline), 10U of Kapa Tag DNA
polymerase (Kapa Biosystems, USA) and 6ul of eluted DNA. The reaction was
incubated at 70°C for 30 min followed by holding the block at 16°C.

2.2.6.1 Ligation reaction and transformation of competent E. coli cell

Ligation reactions of 10ul were set up in a small 300ul tube, that comprised of 5ul of 2x
Rapid Ligation Buffer [60mM Tris-HCL pH 7.8, 20mM MgCl,, 20mM DTT, 2mM
ATP, 10% PEG (Promega)], 0.9ul of the pGEM-Teasy vector, 1.2ul of T4 DNA Ligase
and 5.4pl of purified PCR product were mixed and incubated at RT for 1 hr, or at 4°C
overnight. The insert: vector ratio was calculated below following guidelines provided
by Promega (http://www.promega.com/). For transformation, 5ul of the ligation
reaction was added to 50ul of the competent E. coli cells (o -Select Bronze Efficiency,
Bioline) and was kept on ice for 20 min before a heat shock of 42°C for 45 s, which was
again followed by 2 min on ice. Pre-warmed 750ul of Super Optimal Broth media SOB
(Table 2.2) was added to each reaction tube on ice and then incubated at 37°C for 1.5 hr
in an orbital shaker at 230 rpm to allow the growth of transformed competent cells. After
the incubation, 50ul, 100ul & 200ul of culture was plated on three LB agar plates,
containing  100pg/ml Ampicillin,  40pg/ml  5-bromo-4-chloro-3-indolyl-B-D-
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galactosidase (X-gal) and 500uM isopropyl-B-A-thiogalactopyranoside (IPTG). Plates
were incubated on 37°C for 14-16 hrs (Figure 2.2).

ng of vector x kb size of insert X insert: vector molar ratio= ng of insert

kb size of vector

2.2.6.2 Screening for recombinant clones

Recombinant clone selection was based on screening for blue and white colonies. The
PGEM®-T Easy vector contains lacZ gene encoding for B-galactosidase that breaks
down the chromogenic X-gal substrate and results in blue colonies. Successful
transformation results in the disruption of the plasmid B-galactosidase gene (lacZ) and
colonies appear white due to their inability to metabolize X-gal. Single white colonies
were picked with a sterile toothpick and inoculated in 5ml LB medium (Table 2.2) with
40ug/ml of Ampicillin and incubated overnight at 230 rpm in an orbital shaker at 37°C.
For sequencing five white colonies per plate were selected and commercially sequenced
(see below). To recover transformed E. coli cells, 750l of medium were spin down in a
1.5ml Eppendorf tube at 13000 rpm for 1 min, the supernatant was carefully decanted
and this process was repeated 3-4 times until a pellet of appreciable size was obtained.

2.2.6.3 Plasmid DNA purification, insert confirmation and storage of E. coli cells

Recombinant plasmid DNA was recovered from the pellet of E. coli cells with a
Minprep Kit (QIAGEN) following manufacturer's protocol. Size of insert was confirmed
either with PCR (section 2.2.5) using universal M13 primers or by digesting the plasmid
DNA with EcoRl, to release the cloned fragment. Both M13 and EcoRlI sites are located
near the multiple cloning site in pGEM®-T Easy vector (Figure 2.2). For restriction
~300ng of plasmid DNA (pGEM®-T Easy vector) was digested with EcoRI (New
England BioLabs) in a final volume of 20ul, according to manufacturer guidelines in the
presence of appropriate NEB buffer at 37°C for at least 2 hrs. Once the clone sizes were
confirmed, 500ul of the overnight culture was mixed with 500ul of sterilized 50%

glycerol in a 1.5ml Eppendorf tube and stored in -80°C freezer.
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Figure 2.2: Flow diagram showing the standard cloning and colony selection procedure

(Maniatis et al., 1982) modified in the Molecular Cytogenetics laboratory.




2.2.7 Sequencing of PCR amplicons and sequence analysis

Purified DNA fragments were sequenced commercially at Source Biosciences
(Nottingham, UK) either by sending the PCR products directly using custom primers or
with universal M13 forward or reverse primers, using recombinant plasmid DNA and
following the company’s guidelines for dilution and concentration etc.

DNA sequences in the form of chromatograms were obtained from Source
Biosciences, and opened using bioinformatics software Geneious R6 (Kearse et al.,
2012). The DNA sequences were copied and saved in FASTA format, the pPGEM®-T
Easy vector sequences flanking the inserts were identified and deleted from the FASTA
file. Multiple sequence alignment of the sequences was performed using ClustalW
multiple alignment tools embedded in Geneious R6, and improved by eye when
necessary. Phylogenetic reconstruction and estimation of nucleotide variability were
carried out using GENEIOUS R6 or MEGA5 program (Tamura et al., 2011). The
evolutionary history was inferred with Neighbour joining method (NJ) method based on
Tamura 3-parameter model (Tamura, 1992). Nodal support was assessed via
bootstrapping, and the bootstrap consensus tree was inferred from 1000 replicates
(Felsentein, 2005) using default settings of the software applied (for details see result
Chapter V).

2.2.8 Probes used

Probe used Included;

pTa7l contains a 9kb EcoRI fragment of the repeat unit of 25S-5.85-18S rDNA
isolated from Triticum aestivum (Gerlach and Bedbrook, 1979) and linearised with
EcoRlI before labelling (see section 2.2.6.3 above).

Total genomic DNA was sheared to 3-5kb pieces by autoclaving before labelling.

Details of the genomic probe used are given in result (Chapter V, Table 5.2)

2.2.9 Probe labelling

For in situ hybridization both cloned and genomic DNA was labelled with biotin-16-
dUTP and digoxigenin-11-dUTP (Roche Diagnostics) in separate reactions as described

by Schwarzacher and Heslop-Harrison (2000).
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2.2.9.1 M13-PCR labelling

Cloned repetitive DNA, such as pTa794, was labelled through PCR amplification using
universal M13 primers, by adding 1pl of biotin-16-dUTP or digoxigenin-11-dUTP
(ImM, Roche Diagnostics) or 1ul of water as a control to the standard PCR mixture and

amplified as described above in (section 2.2.5).

2.2.9.2 Random primers labelling

Total genomic DNA, large clones such as pTa71, was labelled with BioPrime® Array
CGH Labelling System (Cat. No. 18095-011, www.invitrogen.com). Labelling reactions
were performed in a final volume of 50ul, following manufacturer’s instruction with
little modifications. Genomic DNA was sheared to 3-5kb pieces by autoclaving at 110°C
for 4 min before labelling. The fragment sizes were estimated by running the autoclaved
DNA on 1% agarose gel (section 2.1.5). Labelling was achieved with 200ng of the
purified clone DNA (section 2.2.2.) or 1ug of sheared genomic DNA mixed with 20ul of
2.5x Random Primer Solution, denatured in boiling water for 5 min and then placed on
ice for 5 min. To this mixture, 5ul of 10x dNTP Mix, 1pl of labelled nucleotids and 1l
40U Exo- Klenow Fragment was added and incubated at 37°C for 2 hrs or kept at RT
overnight. The polymerization reactions were stopped by adding 5ul of Stop Buffer
(0.5M EDTA pH 8.0) to each tube. Labelled probes were purified to remove any
unincorporated nucleotides, enzyme and salts using NucleoSpin® Extract Il Kit
(MACHERY-NAGEL), following manufacturer's instructions (http://www.mn-
net.com/tabid/1452/default.aspx) and stored at -20°C freezer.

2.2.9.3 Testing of the incorporated labelled nucleotides in probes

Efficiency of the incorporated labelled nucleotide was estimated by a colorimetric dot
blot reaction (Schwarzacher and Heslop-Harrison, 2000). Positively charged nylon
membrane (Hybond-N*, Amersham Biosciences) of appropriate size was marked with
pencil at the edge and soaked in buffer 1 (Table 2.2) at RT for 5 min, and dried between
filter papers. Labelled probes (1pl), along with a positive control, were micro-pipetted
on to the membrane, air-dried again for 5 min and then re-soaked in buffer 1, for 2 min.
The membrane was incubated at RT for 30 min in buffer 2 (Table 2.2). Excess of buffer

2, was drained and the membrane was then incubated under a plastic cover slip at 37°C
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for 30 min, with 0.75U/ml of conjugated antibody solution (anti-biotin-alkaline
phosphatase and anti-digoxigenin-alkaline phosphatase, Roche Diagnostics) diluted
1:500 in buffer 1. During incubation the membrane was slowly agitated from time to
time and then washed with buffer 1 for 15 min. The membrane was equilibrated in
buffer 3 (Table 2.2) for 3 min and then detected with INT/BCIP (Roche Diagnostics).
The stock solution of INT/BCIP [33mg/ml 2-(4-iodophenyl)-5-(4-nitrophenyl)-3-
phenyltetrazolium chloride and 33mg/ml 5-bromo-4-chloro-3-indolyl-phosphate,
toluidine-salt in DMSO] was diluted 1:500 in buffer 3 and the membrane detected at RT
for 10-15 min in the dark. Labelled probe(s) appeared as a dark brown dot on the
membrane due to the colorimetric reaction of the detection reagents. Labelling
efficiency was judged by colour intensity in comparison to the control. The efficiency of
unclean PCR-labelled probes was checked by agarose gel electrophoresis, 1l of PCR
product was loaded on a 1% agarose gel (section 2.2.2). Successful incorporation of
label nucleotide was revealed by retardation of the same size band in biotin and

digoxigenin incorporated probes compared with the unlabelled control reaction.

2.2.10 Chromosome preparations
2.2.10.1 Collection and fixation of root tips

Actively growing saffron roots of around 1-2cm length were collected from corms
growing at the University of Leicester between 9:00AM-5:00PM. However, roots
collected between 11-11:30 AM were the best with highest mitotic division, and put into
the metaphase arresting agent, 2mM 8-hydroxyquinoline and a-Bromonaphthalene
(Table 2.2) for 2-3 hrs at room temperature before transferring the roots to 24 hrs at 4°C.
The root tips were partially blotted dry on filter paper before transferring into freshly
prepared fixative consisting of 100% (v/v) ethanol and glacial acetic acid in 3:1 ratio and

transferring the roots to 4°C for short term or -20°C for long term storage.

2.2.10.2 Metaphase chromosomes preparation

Fixed root tips were washed twice for 10 min in 1x enzyme buffer (Table 2.2) to get rid
of the fixative and then digested at 37°C for 45 min, with 3% (w/v) pectinase (Sigma,
450U/ml), 1.8 % (w/v) cellulase (Calbiochem, 4000U/g) and 0.2 % (wi/v) cellulase
(Onozuka RS, 5000U/g). The digestion enzyme was not discarded and stored at -20°C
for re-use. After digestion, root tips were washed in 1x enzyme buffer for 15 min.
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Chromosomal preparations were made on clean glass slides (SuperFrost®, Menzel-
Glaser, Thermo Scientific) under a stereo microscope as per Schwarzacher and Heslop-
Harrison (2000). A single root tip was put in a drop of 60% glacial acetic acid, the root
cap and other differentiated tissues were removed by using fine needles and forceps. The
meristematic tissue was dissected, separated and then squashed under a No. 1, 18mm X
18mm cover slip by applying thumb pressure.

For meiotic chromosomes, buds of 7mm containing 2-3 florets were dissected
from 11:00AM till 3:00PM. Anthers of 2.5-3.5 mm were checked with 45% acetic acid
for appropriate stages and then fixed directly in absolute ethanol : glacial acetic acid
(3:1) at RT for at least 4hrs. These anthers were processed on the same day or kept at -20
°C in a freezer. Chromosomal preparations were made from single anther by dissecting
an anther and squeezing the content out with the help of a needle in 60% acetic acid and
squashed as described above. The cover slips (from both mitotic and meiotic slides)
were removed with a razor blade after freezing the slides on dry ice for 5-10 min. Slides
were air dried at RT, scanned and then used for in situ hybridization or stored at -20°C in

slide boxes together with silica gel for future use.

2.2.11 Fluorescent in situ hybridization

Fluorescent in situ hybridization (FISH) followed the protocol of Schwarzacher and

Heslop-Harrison (2000) and is summarized in the following sub-headings.

2.2.11.1 Pre -hybridization

Slides were re-fixed in fresh absolute ethanol : glacial acetic acid (3:1) for 10-15 min
and dehydrated with absolute ethanol twice for 5 min. Slides were allowed to air-dry and
then incubated under a plastic cover slip with 200ul of RNase A (100ug/ml, Bioline)
diluted in 2x SSC (Table 2.2) At 37°C for 1 hr. The slides were washed in 2x SSC at RT
for 5 min and re-fixed in freshly prepared 4% (w/v) paraformaldehyde (Table 2.2) at RT
for 10 min and then washed twice in 2x SSC for 5 min. Slides were then dehydrated in a
series of 70%, 85% and absolute ethanol for 2 min. Slides were air dried and re-scanned

before probing for the possible loss of cells that may occur during the above steps.
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2.2.11.2 Hybridization

A total of 40pl probe mixture was applied per slide, containing 50% (v/v) formamide,
20% (w/v) dextran sulphate, 2x SSC, 25-100ng probe, 0.025ug/ul of salmon sperm DNA
and 0.125% SDS as well as 0.125mM EDTA . In certain genomic in situ hybridization
(GISH) experiments, autoclaved genomic DNA from Crocus sativus was added to the
mixture as blocking DNA (Table 2.2). The hybridization mixture was denatured at 80°C
for 10 min followed by immediate cooling on ice for 10 min. Probe and chromosomal
DNA was denatured together on a Hybaid Omniblock at 72°C for 7 min under a plastic
cover slip and slowly cooled to the hybridization temperature of 37°C for 16-20 hrs.

The formamide concentration, Na* ions amount in SSC and temperature of the
probe mixture determine stringency of hybridization. Unlabelled blocking DNA and
salmon sperm DNA out-compete nonspecific hybridization or binding of probe, while
dextran sulphate increases the volume without diluting the probe. SDS helps the
penetration of probe and EDTA stops nucleases (Schwarzacher and Heslop-Harrison
2000). The above concentrations of formamide and salt at 37°C for hybridization and

washing allowed sequences of 75-80% homology to form duplexes.

2.2.11.3 Post-hybridization washes and detection

Post-hybridization washes were carried out to remove the hybridization mixture and any
unbound probe from the slides. Both high and low stringency washes were carried,
depending upon the probes. A slightly higher stringency than the hybridization
stringency was used to remove non-specific or weakly bound probes and to minimize
background signal. Cover slips were floated off by incubating the slides in 2x SSC at 35-
40°C. For genomic DNA probes two high stringency washes were carried out with 20%
(v/v) formamide and 0.1x SSC at 42°C of 5 min each, an equivalent to 85% stringency
(Schwarzacher and Heslop-Harrison, 2000). While, for repetitive DNA probes
(microsatellites) low stringency washes with 0.1x SSC at 42°C of 5 min each, an
equivalent to 73% stringency were carried out. Slides were then washed twice in 2x SSC
at 42°C for 5 min, followed by cooling down to RT. Slides were incubated in detection
buffer (Table 2.2) for 5 min and then blocked at 37°C for 30 min with 200ul of 5%
(w/v) BSA (bovine serum albumin, Sigma) made in detection buffer. Hybridization sites
were detected with 40-50ul of 2ug/ml streptavidin conjugated to Alexa594 (Molecular
Probes) and 4ug/ml antidigoxigenin conjugated to FITC (flourescein isothiocyanate,
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Roche Diagnostics) made up in 5% BSA solution. Slides were incubated at 37°C for 1hr

in humid chamber, followed by two washes in detection buffer at 42°C for 10 min each.

2.2.11.4 Mounting of slides, photography and image processing

Chromosomes were counterstained with 100ul of 4pug/ml DAPI (Table 2.4) diluted in
Mcllvaine’s buffer (Table 2.2) for 30 min in dark. The slides were then rinsed in
detection buffer before final mounting in 80ul of antifade solution (Citifluor, Agar
Scientific) under a No. 0, 24mm x 40mm coverslip. The slides were stored at 4°C
overnight, to allow binding of the antifade solution to the fluorophores that stabilizes the
fluorescence when viewed under the microscope. The processed slides were analyzed on
Nikon ECLIPSE N80i fluorescent microscope (Nikon, Japan) with single band pass
filters equipped with a DS-QiMc monochromatic camera (Nikon) and an X-Cite Series
120Q xenon lamp (Lumen Dynamics Group, Mississauga, ON, Canada). NIS-Elements
BR3.1 software (Nikon) and Adobe Photoshop CS3 software were used for
chromosomal analysis. Only those functions that treat all pixels of the image equally
were used for colour balance, contrast/gain adjustment, and other processing without

noise or other filters.

2.2.12 Reprobing of slides

FISH/GISH slides were re-probed as per Schwarzacher and Heslop-Harrison (2000) to
see probes with different labels and label combinations sequentially on the same cell
with little modification. Traces of immersion oil were carefully wiped from cover slips
of selected slides. Slides were kept at 37°C for 10 min to reduce the viscosity of the
antifade mount and coverslips were removed by lifting them with a razor blade. Slides
were washed in 4x SSC containing 0.2% (v/v) Tween 20 at RT once for 5 min and then
twice for 30-60 min, followed by two washes in 2x SSC at RT for 5 min. Preparations
were denatured with 70% formamide 2x SSC at 70°C for 2 min and then dehydrated in
an ice-cooled ethanol series of 70%, 85% and absolute for 2 min and air dried.
Hybridization, washes and detection then followed the standard protocol from (section
2.2.11.2 onward).
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2.2.13 lsolation of repeated DNA sequences

For characterization of novel repetitive DNA sequences in genus Crocus, about 15-30
pHg good quality genomic DNA (section 2.2.2) was digested with Haelll, Hindlll,
BamHI, Sau3A 1, Dral and EcoRlI restriction enzymes (New England BiolLabs) in the
presence of appropriate buffers following manufacturer's instructions in a final volume
of 20ul (see also Table 2.3). Although, all restriction enzymes could digest genomic
DNA and given clear band(s) but Haelll and Dral derived fragments were further
analysed (see below). Digested DNA was loaded on 1-2% agarose gels and
electrophoresis was carried out at a slow speed of 30V in 1x TAE buffer for 2-4hrs, and
then visualized by staining with 0.5ug/ml of ethidium bromide as described above. Clear
bands of high molecular weight were eluted and cloned into pGEM-Teasy vectors as
described (see section 2.2.6 and Appendix 5,).

Table 2.3: Restriction endonucleases, source, restriction recongnition sequence site,

DNA cut end type and enzyme type.

Enzyme Source Recognition Restriction recognition site | Cut DNA Endonuclease
Sequence in double-strand DNA end enzyme
EcoR1 Escherichia coli 5'GAATTC 5---G  AATTC---3' Sticky type 1l
3CTTAAG 3---CTTAA G---5' restriction
enzyme
Haelll Haemophilus influenzae | 5'GGCC 5---GG CC---3' Blunt type Il
biogroup aegyptius 3'CCGG 3---CC GG---5' restriction
enzyme
HindllI Haemophilus influenzae 5AAGCTT 5---A  AGCTT---3' Sticky type 1l
3TTCGAA 3---TTCGA A---5 restriction
enzyme
BamHlI Bacillus 5'GGATCC 5---G GATCC---3' Sticky type I
amyloliquefaciens 3'CCTAGG 3---CCTAG G---5' restriction
enzyme
Sau3Al Staphylococcus aureus 5'GATC 5---  GATC---3' Sticky type Il
3CTAG 3---CTAG ---% restriction
enzyme
Dral Deinococcus radiophilus | 5' TTTAAA 5 ---TTT AAA--3 Blunt type Il
3 AAATTT 3 ---AAA TTT---5' restriction
enzyme

2.2.13.1 Selection of plasmid clones for dot blot hybridization

About 50-100 white colonies were chosen and replicates of LB agar plates were
obtained by labelling Petri plates from below and inoculating them with the same colony
at a respective position in both plates using a sterile tooth pick. Control blue colonies
were also inoculated at several respective positions in both plates to check efficiency of

the experiment. The bacterial colonies were allowed to grow at 37°C in an oven for 12-
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16 hrs. The purpose of replicated plates was to use one plate for colony transfer and the

second plate for selection of potential colonies for plasmid DNA isolation (Appendix 5).

2.2.13.2 Transfer of bacterial colonies onto charged nylon membrane

Positively charged nylon membrane (Hybond N*, Amersham Biosciences) of
appropriate size (90mm Petri dish) was marked with a pencil at three asymmetric
locations to identify the orientation of the membrane in the Petri dish. The membrane
was then placed carefully upside down on the surface of LB-agar plate and ensured
contact of the membrane with the bacterial colonies until the membrane became
completely wet. Four pieces of 3MM Whatman filter papers of Petri dish size were cut
and placed inside clean Petri dishes containing 5ml of 10% SDS, denaturing solution,
neutralization solution and 2x SSC (Table 2.2) to soak the 3MM Whatman filter papers.
Excess of solution was drained and the membrane was placed (colony side facing up) for
3 min in the Petri dish with 10% SDS, followed by 5 min into the denaturing solution,
neutralization solution and 2x SSC respectively. The membrane was dried for 30 min
between two sheets of 3MM Whatman filter papers at RT before it was heated at 80°C
oven for 3 hrs and stored at 4°C overnight (Appendix 5).

2.2.13.3 Membrane hybridization

The membrane was brought to a working desk from 4°C and kept at RT for 10min
before being re-hydrated with 2x SSC for 5 min and washed with 0.1x SSC, 0.1% (w/v)
SDS for 1 min, before it was pre-hybridized at 55°C for 5 hrs in a Thermohybaid
Hybridization oven (Ashford, UK) using 5ml of pre-hybridization solution containing 1x
Denhardts solution (Table 2.4), 5x SSC, 0.2% (w/v) SDS, 10mM EDTA and 100pg/ml
of sheared Salmon sperm DNA (Table 2.4). 1ml of pre-hybridization solution was taken
and mixed with 3-4ul (corresponding to ~150ng) of digoxigenin-labelled probe and
freshly denatured salmon sperm DNA and replaced along with 1ml of 50% (w/v)

dextran sulphate and then hybridized at 55°C for 16 hrs with constant rotation .

2.2.13.4 Post-hybridization washes and detection

High stringency washes were carried out by washing the membrane twice in 2x SSC x
0.1% (w/v) SDS at 56°C for 5 min (64% stringency) and then twice in 0.5x SSC x 0.1%
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(w/v) SDS for 15 min each at 56°C (equivalent to 82% stringency). Detection was
carried out at RT. Membranes were washed briefly for 5 min in 10ml of washing buffer
1 (Table 2.2), followed by 10ml of buffer 2 (Table 2.2) for 30 min and then incubated
for 30 min with 10ml of antibody conjugate solution [anti-digoxigenin conjugated to
alkaline phosphatase (Roche Diagnostics)] with a final dilution of 150U/ml (1:5000) in
buffer 2. After antibody incubation, the membranes were washed twice for 15 min with
10ml of buffer 1 (Table 2.2), and then equilibrated for 5 min with buffer 3 (Table 2.2).

The membranes were finally incubated in the dark for 5 min in with 500ul of
CDP-star solution (Roche Diagnostics) diluted 1:100 in buffer 3. The excess of CDP-
Star solution was drained and then the membrane was wrapped in a cling film and
transferred to an autoradiographic cassette in complete darkness. The
chemiluminescence was recorded by keeping X-ray film (Fuji Medical X-Ray film) of
appropriate size below the membrane. Different exposure times from 1-15 min, were
given to detect all possible signals. X-ray films were developed using an automatic
photographic developing machine and scanned with EPSON Expression Pro 1600, and
images were processed with Adobe Photoshop CS3 (Appendix 5).
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3 CHAPTER IIl: GENETIC VARIABILITY AND PHYLOGENY
OF CROCUS SATIVUS L. (SAFFRON) BASED ON
RETROELEMENT INSERTIONAL POLYMORPHISMS

3.1 Introduction

Complete genome sequencing of several important plant species such as rice, maize,
sorghum, brassica and banana etc. has dramatically improved our understanding of the
organization of angiosperm genomes. These studies have revealed relatedness of the
gene order and content, and also the enormous instability at the level of repetitive DNA
within plant genomes (Bennett and Leitch, 2011; Heslop-Harrison and Schwarzacher,
2011). The number of genes within angiosperms is typically 25,000 to 40,000 but the
amounts of DNA present in plant genomes show over 2300 folds variation (Heslop-
Harrison and Schmidt, 2012). The majority of the difference is associated with genome
duplication or various classes of repetitive DNA, and that could possibly be the main
evolutionary force responsible for biological diversification (Kubis et al., 2003; Bennett
and Leitch, 2011; Estep et al., 2013). Therefore, understanding the role and nature of
these repeated DNA elements are pivotal, particularly for investigating organizational
and phylogenetic relationships as well as evolutionary dynamics of the genomes
(Heslop-Harrison, 2000b; Kalendar et al., 2011).

Repetitive DNA is broadly classified by the way it is organized structurally and
in plants, a significant proportion of repetitive DNA comprises sequences of various
motifs and lengths, which are tandemly organised and form long arrays extending from
few to tens of kilobases (Schwarzacher, 2003a; Heslop-Harrison and Schwarzacher,
2011). These sequences concentrate at one or more distinct genomic locations and are
referred to as satellite DNAs (Vershinin et al., 1996; Schmidt, 1999; Contento et al.,
2005). Similarly, transposable elements (TEs) are also part of the repetitive DNA, but
they have a more dispersed distribution and found throughout the genome (Kapitonov
and Jurka, 2008; Sergeeva et al., 2010). TEs are dynamic in nature and are capable of
shuffling their locations within the genomes; they are divided into two main types based
on their transposition intermediate (Kazazian, 2004; Salina et al., 2011). Class I, also
known as retrotransposons, replicate via reverse transcription of an RNA intermediate

before integrating into the genome; Class Il, or DNA transposons, transpose directly
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from DNA to DNA, these elements excise from one region and reintegrate into another
genomic location, following “cut and paste” mechanism (Finnegan, 1989; Wessler,
2006; Sergeeva et al., 2010). Variability of the non-genic sequences that make the bulk
of angiosperm nuclear DNA is primarily due to these TEs (Gaut and Ross Ibarra, 2008;
Bennet and Leitch, 2011). Moreover, TEs have the ability to affect genome composition
and functioning through genetic (directly changing the nucleotide order) as well as
through epigenetic repatterning (Slotkin and Martienssen 2007; Fedoroff, 2012) and thus
to what extent TEs may be regarded as “junk or selfish DNA” when compared with
coding regions for their role in genome evolution needs further addressing (Charles et
al., 2008; Senerchia et al., 2013).

Within plant genomes retrotransposons are perhaps the most ancient components
and are present in virtually all eukaryotes (Brandes et al., 1997; Kalendar et al., 2011).
They are either flanked by long-terminal repeats (LTR) at both their ends (LTR
retrotransposon) or terminate at a poly-A tail (non-LTR retrotransposon) at their 3"end
(Kumar and Bennetzen, 1999, Kazazian, 2004; Burgess, 2013). In addition to LTRs,
these elements also contain regulatory sequences for gag and pol genes, whose protein
products are essential for the formation of virus-like particles (VLPs) where replication
of the elements take place (Syomin and Ilyin 2005; Begum et al., 2013). Gag gene codes
for a VLP structural protein while the pol gene codes for several enzymatic activities
that include protease, reverse transcriptase, RNase H, and integrase. Products of these
genes are required for making cDNA copy and then reintegration of this element into a
new genomic site (Kazazian, 2004; Kalendar et al., 2011). The common non-LTR
retrotransposons include SINEs (short interspersed repetitive elements) and LINESs (long
interspersed repetitive elements), where SINEs are non-autonomous and rely on LINES
machinery for their transposition (Kumar and Bennetzen, 1999; Dewannieux et al.,
2003; Ohshima, 2013).

The LTR-retrotransposons make up the bulk of angiosperms genomes. They
contribute over 75% of the nuclear DNA even in a genome of moderate size such as
maize (Schnable et al., 2009) and show a direct correlation with genome size (Devos,
2010; Estep et al., 2013). Although most LTR-retrotransposon families exist in low copy
number, amplification of certain families may contribute individually >100Mb of DNA
to a genome and it responsible for ‘genomic obesity’ in plants (see Estep et al., 2013).
Integration of LTR-retrotransposons typically produces a new insertion of 5-10kb cDNA
(reviewed in Carvalho et al., 2010) in which the LTRs, conserved within a
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retrotransposon family, lie next to the anonymous host sequences (Saeidi et al., 2008;
Salina et al., 2011). With time, the accumulation, fixation and incomplete excision of
retrotransposon insertion cause genomic diversification (Wessler, 2006; Heitkam et al.,
2009). Furthermore, the ubiquitous nature, high copy number and widespread
chromosomal distribution of retrotransposons make these elements ideal for the
development of molecular markers (Flavell et al., 1992; Teo et al., 2005). Since the
insertional polymorphisms due to retrotransposons allow one to infer the evolutionary
history and phylogeny of species, they may be applied to establish pedigrees of lines as
well as serving as biodiversity indicators (Saeidi et al., 2008; D’Onoftrio et al., 2010).

In recent years, several molecular markers based on retrotransposons have been
developed. However, among them inter-retrotransposon amplified polymorphism
(IRAP) detects high levels of polymorphism and does not require DNA digestion,
ligations or probe hybridization and are frequently used in genomic analysis (D’Onofrio
et al., 2010; Kalendar et al., 2000, 2011). The IRAPs marker system exploits two basic
principles within the LTR-retrotransposon i.e. the large insertions due to their
transpositional activity and presence of the conserved domains from which PCR primers
can be designed. The primers are generally designed within the LTRs near to the
insertion site (see section 1.8.7 and Figure 1.11). The LTR sub-domains are conserved
within a retrotransposon family, but differ between retrotransposon families (Teo et al.,
2005; Kalendar and Schulman 2006). Although regions internal to the LTR also contain
conserved regions, that may be PCR amplified, but generally the LTRs are chosen to
minimize the size of the target to be amplified and to analyze insertion site
polymorphism rather than internal sequences of the element (Ellis et al., 1998; Kalendar
etal., 2011).

In spite of the enormous socioeconomic impact of saffron on various cultures,
there are potential threats to its survival and it is mostly due to its narrow genetic base,
which may be explained by its sterile nature along shrinkage of the land surface assigned
to saffron cultivation (see Chapter | for details). Moreover, polyploids with known
ancestral species, offer a possibility of re-introducing genetic variation from the diploid
progenitor species. However, in the case of saffron, the parental species are poorly
defined and known genetic variability within saffron accessions itself is very limited,
and this further undermines our abilities for genetic improvement (Caiola and Canini
2010; Fernandez et al., 2011 and Chapter ).
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The IRAPs method has been successfully applied to genome mapping, diversity
and phylogeny analysis in fungi, wheat, cereals, banana, grapevines as well as saffron
(Flavell et al., 1998; Kalendar et al., 1999, 2000; Vicient et al., 2001; Teo et al., 2005;
Nair et al., 2005; Kalendar and Schulman, 2006; Alavi-Kia et al., 2008; Saeidi et al.,
2008; Carvalho et al., 2010; D ‘Onofrio et al., 2010; Mandoulakani et al., 2012; Santana
et al., 2013). Therefore, in this chapter, IRAPs makers have been applied to various
species and accessions of the genus Crocus including saffron, to (1) detect diversity
within saffron accessions and between Crocus species (2) identify closely related species
to saffron. The results shown here will be particularly helpful in identifying diversity
and tracing potential ancestry of saffron. Further, the current work in the long run will be
helpful in re-synthesizing saffron from its potential diploid ancestors, and thus novel

useful diversity may be introduced into saffron germplasm.

3.2 Material and methods

3.2.1 Plant material and genomic DNA extraction

Thirty nine accession of saffron and other sexual Crocus listed in (Table 2.1), except
C.korolkowii, C. veneris, C. cancellatus and C. biflorus were not used in the current
study. Corms of all Crocus species were grown in glasshouse at the University Of
Leicester, UK. Total genomic DNA was extracted from the young leaves and floral buds
all plants, using standard CTAB technique. Details about plant growing conditions and

DNA extraction procedure are given above in material and methods (Chapter 2).

3.2.2 IRAP markers

A total of 11 IRAP primers (also referred to as IRAP markers) previously designed to
the conserved LTR regions of retrotransposons were applied in the current study.
Nucleotide sequences of the IRAP markers, GenBank accession number, position and
orientation along the original sources are given below (Table 3.1). IRAP primers were

tested alone as well as in all possible 66 combinations.
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3.2.3 PCR amplification and gel electrophoresis

PCR reaction mixtures, amplification conditions and gel electrophoresis were as
described in materials and methods (Chapter Il section 2.2.5). All primers except three
are designed from non-Crocus species and therefore, melting temperatures given here
varied from the published sources. IRAP markers alone and in combinations
successfully amplified multiple loci from saffron and related species. Optimum melting
temperatures for successful amplification are given in (Table 3.2). The reproducibility of
amplified fragments was confirmed by repeating all reactions twice.

3.2.4 Genetic variability and phylogenetic analysis

A presence/absence analysis of clear and distinguishable IRAP fragments was
performed for all markers. Presence of a DNA band was considered (1) and absence as
(0). Gels were scored manually from gels images opened in Adobe Photoshop CS3 and
binary matrices were assembled as Excel sheets. Basic statistics including the total
number of alleles, major allele frequency, genetic diversity and polymorphism
information content (PIC) values were determined by categorizing the data set into two
levels as accessions, and species using PowerMarker version 3.25 (Liu and Muse, 2005).
PIC values provide an estimate of the discriminating power of a locus by taking into
account the number of alleles generated by each reaction unit and their frequency
distribution in the population. PIC values range between 0 to 1, where 0 indicating to
minimum and 1 to maximum diversity and the values above 0.5 are considered as useful
and informative. The allele molecular weight data was also used to determine the
phylogenetic relationship of the Crocus species based on the Neighbor Joining (NJ)
method (Saitou and Nei, 1987) with 1000 bootstrap replicates PowerMarker and the tree
viewed using TreeView (Page 1996). The consensus 1000 bootstrap tree was generated
using PHYLIP (Phylogeny Inference Package) version 3.69 programs (Felsenstein,
2005).
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Table 3.1: List of IRAP primers, orientation, sequence, GenBank accession number, source and crops they are applied.

Retrotransposon name and ' o . - Reference/source
No. Marker name orié)ntation Sequence ( 5'-3") Accession Position Applied/tested in
BARE-1 Z17327 Barley, Banana, goat
1 LTR6150 == CTGGTTCGGCCCATGTCTATGTATCCACACATGGTA 418-439 Kalendar et al., 1999 grass, wheat, saffron
2 | LTR6149 BARE-1  mmmp CTCGCTCGCCCACTACATCAACCGCGTTTATT 2113zt 12%9132' Kalendar et al., 1999 (in Barley) gB;rs'sey\'NE:Qf”a' goat
Nikita A AA AY078073 Barley, Banana, goat
3 Nikita CCCATTTGTTCAAGCCT ce AY078074 1-22 Leigh et al., 2003 grass, wheat, saffron
AY078075
Modified after Leigh et al. (2003) by Crocus
4 'ﬁﬁ‘(ﬁfmcus Nikita CAGTTTTGATCAAGTCATAACC AJ131448 ;gﬁgé’; Heslop-Harrison, Vikgren and
Qrgaard (unpublished)
5 | Sukkula Sukkula  wmmp GATAGGGTCGCATCTTGGGCGTGAC AY034376 | 10662 | 1 nnien et al., 2000 Banana, goat grass,
10685 wheat, saffron
Modified after Leigh et al. (2003) by Crocus
6 | gh SO Sukkula AACAGAAGTAGTGGCAGCTTGAGAG AY245374 | 1023 | Heslop-Harrison, Vikgren and
@rgaard (unpublished)
WI, W3, W7, W8 AF416815 Banana, goat grass
AF416816
7 ReverseTyl <4== CCYTGNAYYAANGCNGT AFA16817 1-17 Teo et al., 2005
AF416818
W1, W3, W7, W8 AF416815 Banana
8 | Reverse TY2 TRGTARAGRAGNTGRAT AFA16816 | 559 969 | Teo etal., 2005
) AF416817 N
AF416818
BARE-1 mmp 2112- Banana, wheat, goat
9 3'LTR TGTTTCCCATGCGACGTTCCCCAACA Z17327 2138 Teo et al., 2005 grass
Modified after Leigh et al. (2003) by Crocus
10 LF,{L'L}ZCVOCUS CCATAGCTTGTAGGGCGTCTCCCCA AY245373 | 5100 | Heslop-Harrison, Vikgren and
@rgaard (unpublished)
BARE-1 «umm Banana, wheat, goat
11 5'LTR1 TTGCCTCTAGGGCATATTTCCAACA Z17327 1-26 Teo et al., 2005 grass

Arrows indicate primer direction with respect to the first open reading frame of each retrotransposon;
Y=C+T,N=A+G+C+T,R=A+ G nucleotides
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3.3 Results

3.3.1 IRAP amplification and diversity within Crocus species

Out of 66 IRAP primers combinations tested, 63 allowed successful amplification of
multiple and distinguishable fragments from the genomic DNA of all Crocus species
and accessions (Table 3.2). The overall analysis included 40 assays and resulted in
amplification of a total of 4745 IRAP fragments (bands); all of them were polymorphic
and were absent in one or more accessions (Table 3.3) and the average Major Allele
Frequency was 0.87. On average, the LTR primer alone produced 75 distinct bands,
while the two primers combination resulted in 76 bands. Among the primers, Sukkula
and Nikita produced consistently the largest number of clearly separated DNA
fragments. The Sukkula and Nikita primer combination yielded the maximum number of
113 bands, while 5’LTR1 and RTY1 primer combination produced the minimum 40
bands. The Sukkula and Nikita primer combination produced the maximum number of
polymorphic bands; while 5’'LTR1 and RTY1 combination was least polymorphic and
produced only 40 bands from the Crocus species (see Table 3.3). The polymorphic
information content (PIC) values that reflect allele diversity and frequency among the
Crocus species used, varied from ~0.4 to ~0.05 with an average PIC value of 0.17+0.1
(see section 3.2.4 and Table 3.3). Similarly, the genetic diversity for each IRAP marker
associated with the number of alleles amplified. The higher the PIC value for a locus, the
higher the number of alleles detected (Table 3.3). These results are consistent with the
previous reports obtained for banana, rice and wheat (Teo et al., 2005; Lapitan et al.,
2007; Saeidi et al., 2008).

Although, only eight representative gel images are given below (Figures 3.1-3.3),
four for the 12 Crocus species (17 accessions) representing 9 series of both section
Crocus and Nudiscapus (see Figure 1.9), and four for the 24 Crocus accessions (9
species, including C. sativus) confined to the Crocus series Crocus only (Figures 3.1-
3.3). All gel images have been treated equally for analysis, and a summary of all gel
images is given (Table 3.3) and used for understanding the phylogenetic relationships of
the genus Crocus (Figures 3.5, 3.6).

Reproducible IRAP banding patterns were achieved for Crocus species and
accessions. IRAP bands ranging in size from 100bp to ~4kb were obtained (Figure 3.1

and Table 3.3). Several of the IRAP amplified fragments were shared among saffron and
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other sexually reproducing diploid Crocus species and indicated conservation of the
organization of retroelement insertion among members of the genus (arrow in Figures
3.1-3.3). Further, the relatedness of C. sativus with other members of the Crocus series
Crocus was evident, and a significant number of the amplified bands were shared among
the series (for example see arrow in Figure 3.1C, 3.2B). High levels of polymorphism
between species (Figures 3.1-3.3) as well as within accessions of the sexually
reproducing Crocus accessions (see C. tommasinianus in Figure 3.1B) were evident. In a
few cases IRAP markers alone as well as in combination with other IRAP primers
produced relatively fewer but strong PCR bands, amplified from almost all accessions
and species (arrow in Figure 3.2B). Furthermore, the banding pattern of section Crocus
was different from that of the section Nudiscapus. Further, Nikita and IRAP Crocus
Sukkula primers combination resulted in maximum bands from the section Crocus
(Figure 3.1B) while LTR6150 from the section Nudiscapus (Figure 3.1C). IRAPs could
also produce unique bands limited to species other than C. sativus (arrow head in Figure
3.2B). By and large, the PCR profile of C. sativus was different from all species applied.
However, informal observation revealed greatest similarity to C. pallasii subsp. pallasii
(compare banding in Figure 3.2 and 3.3). Similarly, “C. sativus cartwrightianus”,
purchased under this unrecognized name, had a banding pattern more similar to C.
cartwrightianus albus than any other species used here (compare symbol # in Figure 3.2,
3.3). Furthermore, it was remarkable to see most of these LTR-markers are designed
within non-Crocus species (Table 3.1) still all markers alone as well as in combination
could successfully produce multiple loci from Crocus species, and indicating to the

transferable nature of the retrotransposon-based marker within angiosperms (Table 3.3).

3.3.2 IRAP amplification and diversity within saffron accessions

To estimate the exact level of diversity within C. sativus (saffron), 17 saffron accessions
originating from different geographical areas were subjected to IRAP analysis (Table
3.1). As C. sativus was applied in both analyses that included 12 Crocus species as well
as 9 species (see above and Figures 3.1-3.3), therefore, IRAP primers in combination
were not used here. All the 11 IRAP markers generated multiple bands of
distinguishable sizes from the genomic DNA of all saffron accessions; four (04)
representative gel images are given below for the 17 saffron accessions (Figure 3.4). The
range of IRAP bands varied in size from 100bp to ~4kb. Further, all bands obtained with
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11 IRAP markers were monomorphic and no polymorphism within the 17 accessions of
saffron could be confirmed (Figure 3.4). By comparing the banding patterns obtained
with Sukkula, it could be seen that a prominent ~1800bp IRAP fragment is missing in a
few saffron accessions (see * in Figure 3.4C). However, later the same accessions were
re-PCR amplified and an identical IRAP banding pattern was generated. Thus the
missing bands were most probably due to adding a less than optimum amount of
template DNA during the initial round of PCR. Moreover, high levels of IRAP
polymorphism were evident within and among the sexually reproducing Crocus species
(Figures 3.1, 3.2). Along with 17 saffron accessions, ‘C. sativus cartwrightianus’ was
used and its amplification pattern was different from typical saffron C. sativus (lane 18
Figure 3.4). This accession has morphological similarities to C. cartwrightianus cv.
albus (Figure 1.2A3 and A4). And the IRAP profile for C. sativus cartwrightianus based
on IRAP Crocus Nikita primer was very similar to that of C. cartwrightianus cv. albus
(Figure 3.3D). The overall results indicate that IRAPs constitute a suitable marker

system for the detection of genetic variability among the Crocus species.

3.3.3 Genome diversity and phylogenetic relationships among Crocus species

In order to evaluate the genetic relationships among members of the genus Crocus, the
binary data (0, 1) obtained from IRAP fragments was pooled for the construction of
phylogeny using Neighbor Joining (NJ) method in PowerMarker (Saitou and Nei, 1987).
The analysis involved 20 Crocus species and a total of 39 accessions (Table 2.1). The
phylogenetic analysis of IRAP polymorphisms separated the 20 different Crocus species
into groups and sub-groups (also referred to as clusters or clades below Figure 3.5).
Further, multiple accessions of Crocus species were also used for phylogenetic
reconstruction, and irrespective of the species, most accessions clustered together (see
Figure 3.6). Most groups had strong nodal support as indicated by the high bootstrap
support values, often close to 100%, and thus IRAPs provided good discrimination both
at the species as well as at the accession level.

Based on the IRAP tree, the 20 Crocus species were resolved both section
Crocus and Nudiscapus into three main clades A, B and C (Figure 3.5), although clade
A and B may be merged together into one clade. The clade C was further divided into
two sub-clades C1 and C2. Clade A consisted of three diploid Crocus species and

included C. oreocreticus, C. hadriaticus and C. cartwrightianus radiating out as single
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branches from the tree (see clade A Figure 3.5). While, clade B comprised six species,
including the diploid C. asumaniae, C. thomasii, C. mathewii, C. pallasii as well as the
triploid C. sativus. Similarly, “C. sativus cartwrightianus”, is an unrecognized species
for which ploidy level is not clear but based on the preliminary cytogenetic investigation
carried out here, it is most likely to be a diploid species and is grouped with C. sativus
(clade B Figure 3.5). Clade C is constituted by 11 out of the 20 Crocus species and
contained representative species of both section Crocus and Nudiscapus. This clade
consisted of C. vernus, C. tommasinianus, C. kotschyanus, C. versicolor, C. goulimyi, C.
niveus, C. speciosus, C. angustifolius, C. flavus, C. laevigatus and C. boryi. Notably, C.
sativus (saffron) is placed in between the recognized diploid species C. pallasii and “C.
sativus cartwrightianus” ”, while C. mathweii (series Crocus) is the second closest
species of C. pallasii (Figure 3.5).

For convenience, the IRAP tree that included all 39 accessions of the 20 species
was divided into three main clades D, E and F (Figure 3.6), although clades E and F may
be united into one mega clade each. Clade D has 94% nodal support included 23
accessions belonging to 9 Crocus species while one accession of C. cartwrightianus
(CcwBDO09) radiating out on a separate branch. This clade is divided into two sub-
clades, D1, and D2 and included accessions of C. asumaniae, C. cartwrightianus, C.
oreocreticus, C. hadriaticus, C. thosamasii, C. mathewii, C. pallasii, C. sativus and C.
sativus cartwrightianus. Notably, the clade D2 (with 99% nodal support) is consisting of
C. pallasii subsp. pallasii clustering with 5 accessions of C. sativus and the
unrecognized species ‘C. sativus cartwrightianus’ (Sub-clade D2 Figure 3.6). Similarly,
clade E with 50% nodal support comprises of 10 Crocus accessions of 6 species and is
constituted by C. vernus, C. tommasinianus, C. goulimyi, C. versicolor, C. niveus and C.
kotschyanus. The C. vernus and C. tommasinianus from Crocus series Verni and have
100% nodal support. C. goulimyi, C. versicolor and C. niveus from related series and
have 58% nodal support, while two accessions of C. kotschyanus lay on a sister branch
with 99% nodal support (clade E Figure 3.6). Further, clade F comprised of 5 Crocus
species with 57% nodal support. Only one accession per each species was used and this
clade consisted of C. speciosus, C. angustifolius, C. flavus, C. laevigatus and C. boryi
from section Nudiscapus (clade F Figure 3.6).

The IRAPs spliced all of the used species and accessions into their respective
series. All accessions of the clade D and E exclusively belonged to section Crocus,

while accessions in clade F are confined to section Nudiscapus only. These results
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indicate the utility of the IRAP marker system for discriminating taxa and its potential
role in analysing phylogeny (Figure 3.6).

By and large, the tree topology for both species and accessions (Figures 3.5, 3.6)
is in accordance to that to Mathew (1982) and Petersen et al. (2008) and the position of
most (but not all) species is satisfied even at the series level (see below and discussion).
Further, the order and clustering of species and accessions in both trees obtained for the
20 species and 39 accessions is very much identical (compare Figures 3.5 and 3.6). At
section level there is no discrepancy and species belonging to one series clustered
together clades D, E, F (Figure 3.6).

Although, few accessions for example C. hadriaticus Alepohori (ChdARDOQ9)
clustered with C. oreocreticus instead of grouping with other C. hadriaticus accessions.
C. cartwrightianus (CcwBDO09) remained separate from other C. cartwrightianus
accessions, and one out of the three C. asumaniae accessions (‘white” or CasWD09) did
not clustered with C. asumaniae accessions, ‘alba’ and ‘S9104° (see sub-clade D1).
Both accessions of C. asumaniae ‘white’ and ‘alba’ were obtained from the
Netherlands, while °S9104” originated from Aseki, Turkey. Similarly, C.
cartwrightianus (CcwBDO09) also came from Netherlands and the other C.
cartwrightianus accessions were obtained from Rare plants. These accessions are
maintained in nurseries but the original area of collection for all accession is not known
and this variation in accession may be related to different geographical origin (see

discussion).
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Table 3.2: IRAP primer combinations with optimum annealing temperatures. g indicates unsuccessful primer combinations for amplification
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Table 3.3: Primer combinations, total and polymorphic number of bands, percentage of IRAP polymorphism, band size range and PIC values.

No. Primer combination Total bands Polymorphic Degree of Band size Maximum band Minimum band PIC
bands polymorphism number number -
(%) Max | Min. | Avg. | Stdv.
1 Sukkula 110 110 100 150 - 4000 At 390 23 Several accession 1 0.4 0.05 0.2 0.1
2 Sukkula + IRAP Crocus Sukkula 78 78 100 100 - 1800 At 290 27 | Several accession 1 0.4 0.05 0.2 0.1
3] Sukkula + Nikita 113 113 100 100 - 4000 At 600 24 | Several accession 1 0.4 0.05 0.2 0.1
4 Sukkula + IRAP Crocus Nikita 74 74 100 100 - 2200 At 1000 15 | Several accession 1 0.4 0.05 0.2 0.1
5 Sukkula + LTR6149 58 58 100 200 - 4000 At 1200 21 | Several accession 1 0.4 0.05 0.2 0.1
6 Sukkula + LTR6150 48 48 100 200 - 3000 At 650, 1500 14 | Several accession 1 0.4 0.05 0.2 0.1
7 Sukkula + 3'LTR 72 72 100 100 - 1800 At 230 20 | Several accession 1 0.4 0.05 0.2 0.1
8 Sukkula + IRAP Crocus 5'LTR 53 53 100 100 - 2000 Several sizes 10 | Several accession 1 0.3 0.05 0.2 0.1
9 Sukkula + 5'LTR1 Nil Nil Nil Nil Nil Nil
10 Sukkula + Reverse TY1 87 87 100 100 - 3300 At 1200 20 | Several accession 1 0.4 0.05 0.1 0.1
11 Sukkula + Reverse TY?2 95 95 100 130-3000 At 1050 19 | Several accession 1 0.4 0.05 0.2 0.1
12 Nikita 61 61 100 110 - 3500 At 200 24 | Several accession 1 0.4 0.05 0.2 0.1
13 Nikita+ IRAP Crocus Sukkula 84 84 100 100 - 2500 At 520 34 | Several accession 1 0.4 0.05 0.2 0.1
14 Nikita + IRAP Crocus Nikita 71 71 100 100 - 4500 Several sizes 10 | Several accession 1 0.3 0.05 0.2 0.1
15 Nikita + LTR6149 89 89 100 100 - 3000 At 2500 20 | Several accession 1 0.4 0.05 0.2 0.1
16 Nikita+ LTR6150 61 61 100 110 - 3000 At 790 17 | Several accession 1 0.4 0.05 0.2 0.1
17 Nikita + 3'LTR 77 77 100 100 - 3200 At 280, 290 16 | Several accession 1 0.4 0.05 0.2 0.1
18 Nikita+ IRAP Crocus 5'LTR 80 80 100 110 - 2400 At 190-320 21 | Several accession 1 0.4 0.05 0.1 0.1
19 Nikita+ 5'LTR1 87 87 100 100 - 4000 Several sizes 15 | Several accession 1 0.4 0.05 0.2 0.1
20 Nikita + Reverse TY1 64 64 100 120 - 2200 At 1250 16 | Several accession 1 0.4 0.05 0.1 0.1
21 Nikita+ Reverse TY2 47 47 100 100 - 1700 At 650 9 Several accession 1 0.3 0.05 0.1 0.1
22 IRAP Crocus Sukkula 110 110 100 100 - 3800 At 1600 25 | Several accession 1 0.4 0.05 0.2 0.1
23 IRAP Crocus Sukkula + IRAP Crocus Nikita 104 104 100 120 - 3200 At 800 16 | Several accession 1 0.4 0.05 0.2 0.1
24 IRAP Crocus Sukkula + LTR6149 77 77 100 100 - 4200 At 100 21 | Several accession 1 0.4 0.05 0.2 0.1
25 IRAP Crocus Sukkula+ LTR6150 72 72 100 100 - 3000 At 840 17 | Several accession 1 0.4 0.05 0.2 0.1
26 IRAP Crocus Sukkula + 3'LTR 81 81 100 100 - 2000 At 240, 400 17 | Several accession 1 0.4 0.05 0.2 0.1
27 IRAP Crocus Sukkula + IRAP Crocus 5'LTR 77 77 100 100 - 2400 At 190 17 | Several accession 1 0.4 0.05 0.2 0.1
28 IRAP Crocus Sukkula + 5'LTR1 84 84 100 100 - 3000 At 700 15 | Several accession 1 0.4 0.05 0.2 0.1
29 IRAP Crocus Sukkula + Reveres TY1 91 91 100 100 - 3100 At 1200 27 | Several accession 1 0.4 0.05 0.2 0.1
30 IRAP Crocus Sukkula + Reveres TY?2 99 99 100 120 - 4000 At 240 17 | Several accession 1 0.4 0.05 0.2 0.1
31 IRAP Crocus Nikita 84 84 100 150 - 4000 At 1200 20 Several accession 1 0.4 0.05 0.2 0.1
32 IRAP Crocus Nikita + LTR6149 71 71 100 100 - 3000 At 120 18 | Several accession 1 0.4 0.05 0.2 0.1
33 IRAP Crocus Nikita + LTR6150 71 71 100 100 - 4000 At 100 22 Several accession 1 0.4 0.05 0.2 0.1
34 IRAP Crocus Nikita + 3'LTR 75 75 100 100 - 2900 At 230 21 Several accession 1 0.4 0.05 0.2 0.1
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Table 3.3: continued

No. Primer combination Total Polymorphic Degree of Band size Maximum number of Minimum band PIC
bands bands polymorphism accessions sharing one number -
(%) band (size indicated) Max. | Min. | Avg. | Stdv.

35 IRAP Crocus Nikita + IRAP Crocus 5'LTR 78 78 100 120 - 3100 At 200 22 | Several accession 1 0.4 0.05 0.2 0.1
36 IRAP Crocus Nikita + 5'LTR1 81 81 100 110 -2700 At 280 21 Several accession 1 0.4 0.05 0.1 0.1
37 IRAP Crocus Nikita + Reverse TY1 61 61 100 100 - 3000 At 1500 20 | Several accession 1 0.4 0.05 0.2 0.1
38 IRAP Crocus Nikita + Reverse TY2 101 101 100 100 - 4100 At 590, 1700 22 Several accession 1 0.4 0.05 0.2 0.1
39 LTR6149 57 57 100 300 - 3300 At 1300 13 | Several accession 1 0.3 0.05 0.2 0.1
40 LTR6149 + LTR6150 59 59 100 120 - 4000 Several sizes 15 | Several accession 1 0.4 0.05 0.1 0.1
41 LTR6149 + 3'LTR 72 72 100 100 - 2800 At 200 25 | Several accession 1 0.4 0.05 0.2 0.1
42 LTR6149 + IRAP Crocus 5'LTR 72 72 100 140 - 2700 At 700 17 Several accession 1 0.4 0.05 0.2 0.1
43 LTR6149 + 5'LTR1 80 80 100 160 - 2700 At 1950 17 | Several accession 1 0.4 0.05 0.2 0.1
44 LTR6149 + Reverse TY1 Nil Nil Nil Nil

45 LTR6149 + Reverse TY?2 57 57 100 120 - 2500 At 900 20 | Several accession 1 0.4 0.05 0.1 0.1
46 LTR6150 67 67 100 100 - 3500 At 600 24 | Several accession 1 0.4 0.05 0.2 0.1
47 LTR6150 +3'LTR 70 70 100 150 - 2750 At 700, 2750 16 Several accession 1 0.4 0.05 0.2 0.1
48 LTR6150 + IRAP Crocus 5'LTR 70 70 100 100 - 2400 At 300 19 | Several accession 1 0.4 0.05 0.2 0.1
49 LTR6150 + 5'LTR1 70 70 100 100 - 3000 At 1000 26 | Several accession 1 0.4 0.05 0.1 0.1
50 LTR6150 + Reverse TY1 56 56 100 120 - 2500 At 600 17 | Several accession 1 0.4 0.05 0.2 0.1
51 LTR6150 + Reverse TY2 66 66 100 110 -2000 At 720 22 | Several accession 1 0.4 0.05 0.2 0.1
52 3'LTR 51 51 100 180 - 4000 At220 25 | Several accession 1 0.4 0.05 0.2 0.1
53 3'LTR + IRAP Crocus 5'LTR 76 76 100 110 -2100 At 330 16 | Several accession 1 0.4 0.05 0.2 0.1
54 3'LTR + 5'LTR1 69 69 100 110 - 2100 At 800 32 | Several accession 1 0.4 0.05 0.2 0.1
55 3'LTR + Reverse TY1 70 70 100 100 - 2900 At 570 32 | Several accession 1 0.4 0.05 0.2 0.1
56 3'LTR + Reverse TY2 68 68 100 110-2700 At 220 18 | Several accession 1 0.4 0.05 0.2 0.1
57 IRAP Crocus 5'LTR 73 73 100 100 - 3800 At 650 19 | Several accession 1 0.4 0.05 0.2 0.1
58 IRAP Crocus 5'LTR + 5'LTR1 84 84 100 100 - 2900 At 250 17 | Several accession 1 0.4 0.05 0.2 0.1
59 IRAP Crocus 5'LTR + Reverse TY1 79 79 100 120 - 4500 At 250 17 Several accession 1 0.4 0.05 0.2 0.1
60 IRAP Crocus 5'LTR + Reverse TY2 82 82 100 120 - 3600 At 120 24 | Several accession 1 0.4 0.05 0.2 0.1
61 5'LTR1 92 92 100 120 - 4000 At780 19 | Several accession 1 0.4 0.05 0.2 0.1
62 5'LTR1 + Reverse TY1 40 40 100 180 - 2400 At 810 20 | Several accession 1 0.4 0.05 0.1 0.1
63 5'LTR1 + Reverse TY2 Nil Nil Nil Nil

64 Reverse TY1 44 44 100 100 - 2700 At 1000 29 | Several accession 1 0.4 0.05 0.2 0.1
65 Reverse TY1 + Reverse TY2 108 108 100 100 - 4200 At 410 29 | Several accession 1 0.4 0.05 0.2 0.1
66 Reverse TY?2 88 88 100 120 -2400 At 800 22 Several accession 1 0.4 0.05 0.2 0.1

Total number of bands 4745

Maximum number of bands 113

Minimum number of bands 40

Nil: indicates failure of IRAP primer to produce PCR amplification; Reverse TY1= RY1; Reverse TY2= RY2; several accessions: refers to the presence of an observation (DNA band) in more than one accession
Values given under PIC (polymorphic information content) are after rounding off
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Figure 3.1: IRAP amplification pattern from 12 Crocus species using A) Nikita and
IRAPs Crocus Sukkula combination, B) IRAPs Crocus 5'LTR, C) LTR6150, D) RTY1
and RTY2 combination. Species name is given on the top of every lane, species name
followed by asterisks (*) with digits indicating to sub-species or accession. The accessions
included C. tommasinianus*1 (lilac beauty, CtmLDO09), C. tommasinianus*2 (barr purple,
CtmBD09), C. tommasinianus*3 (rubinetta, CtmTDQ09), C. tommasinianus*4 (albus,
CtmADO09) and C. kotschyanus*1 (subsp. kotschyanus, CkotP09) and C. kotschyanus*2
(var. Zonatus, Ckot/z08). Arrow ahead indicating to common IRAPs bands present in
most species (C), as well as to unique bands present in a species or two (B, D). On either
side of the agarose gel (2%) is 5l DNA length markers Q-Step 2 (M1) and HyperLadder |
(M2).

79




g g 5
g g
g '3'4"§ E
3 S -
T §83% 285 3
S S S S S S-a%
=2 *53.‘5 ._g_u&
S & 2% 8 <~ aq BSEIE
& S 888 T S9%% .- S§ 88§
£ EL£LL-a_o% V8 893 28 £3
cro oAy 3P ARtk LSS S LT IJ8EHHS
=3 2 2 3 B E S S P ESESESTTET
S 333 3383388 8sssssseFfFEss
—————————— ESSSSS55§5§5§33885585¢ ¢€¢
S S SS S5 S5SS88 898833388385 38§8
e 33383 3 3RS S SE5S888s s3I I, _
= O O0CU OO0V UVUOLOUUOUDO0O0UULLOUULUUCO0 VO 0O =

Tl
2 2 o
< S 8 £
s f83d ER g
Q-Step 2 g S8 88 I B
DNA Ladd T S£538 §Sy o3
5 S8
adcer § %32 &S 3 “w B 5% %
c. - - — S g% & = S § § §
2 £ L2228 -« ax S w202 ¥ S 8§ 8
= EESEEES57 8o s 8 388 8= S8
— N en 2 o+ S 3 B P o~ =% L8 8 8 =2 28858 8§ £ =
* x » 24 O 0 ZT 0T TZTETEETEST ESS S 0 N
2 339838853388 8§8§83383 8888 S8¢kK ¢f5¢%
E 2222 2SS SSsSEsSEs5s55s58&838dEEE K¢ g &8
S S S5 S S35 88 88833288 8 S 58
_Naagﬁggg&gsitﬁaumecc&cbuom_
S 2000 yuuuuuuuuuuuuuuuouuUly s 3E
'—-
: = # # 8
Size bp -

g

5% 5 8 g22E
| 11

Figure 3.2: IRAP amplification pattern from 24 Crocus accessions (9 Crocus species)
from Crocus series Crocus using A) Nikita and IRAPs Crocus Sukkula combination, and
B) IRAPs Crocus 5'LTR. Species name is given on the top of every lane, species name
followed by asterisks (*) with digits indicating to sub-species or accession. The accessions
included C. sativus*1 (CsatP09), C. sativus*2 (Cstkf09), C. sativus*3 (CstCDO09), C.
sativus*4 (CsatP09), C. mathweii*1 (CmatDO08), C. mathweii*2 (HKEP.9291, CmtHRQ09),
C. thomasii*1 (CtmVDO09), C. thomasii*2 (MS978, Ctoml09), C. asumaniae*1l
(CaswDQ9), C. asumaniae*2 (CasAD09), C. asumaniae*3 (CasAT09), C. oreocreticus*1
(CorVR09), C. oreocreticus*2 (CorvDQ09), C. cartwrightianus*1 (CcwBD09), C.
cartwrightianus*2 (CcrCR09), while C. hadriaticus (lane 21) is a white flowering
accession (ChdWwDQ09). Arrow indicates presence of a common band present in most
species, while arrow head indicate to unique band absent in C. sativus. On either side of
the agarose gel (2%) is S5ul DNA length markers Q-Step 2 (M1) and HyperLadder | (M2).
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Figure 3.3: IRAP amplification pattern from 24 Crocus accessions (9 Crocus species)
from Crocus series Crocus using A) LTR6150 and B) RTY1 and RTY2. Combination
Species name is given on the top of every lane, species name followed by asterisks (*)
with digits indicating to sub-species or accession. The accessions included C. sativus*1
(CsatP09), C. sativus*2 (Cstkf09), C. sativus*3 (CstCD09), C. sativus*4 (CsatP09), C.
mathweii*1 (CmatD08), C. mathweii*2 (HKEP.9291, CmtHR09), C. thomasii*1
(CtmVvDQ9), C. thomasii*2 (MS978, Ctoml09), C. asumaniae*1l (CaswD09), C.
asumaniae*2 (CasADO09), C. asumaniae*3 (CasAT09), C. oreocreticus*1 (CorVR09), C.
oreocreticus*2 (CorVDQ09), C. cartwrightianus*1 (CcwBD09), C. cartwrightianus*2
(CcrCRO09), while C. hadriaticus (lane 21) is a white flowering accession (ChdwWDO09).
Arrow indicates presence of a similar band present in most species. On either side of the
agarose gel (2%) is 5ul DNA length markers Q-Step 2 (M1) and HyperLadder | (M2).
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Figure 3.4: IRAP amplification pattern from 17 saffron accessions using A)Nikita,
B)5'LTR1, C)Sukkula LTR primer and D) IRAPs Crocus Nikita. Saffron accessions were
obtained from several sources and included *1: JW Dix Export, Netherland (2007), *2:
Pottertons Nursery, UK, *3: JW Dix Export, Netherland (2010), *4: Crocus1Bank, Spain,
*5: Suttons Nursery, UK, *6: Kashmir, India, *7: Var. cashmeriensis from JW Dix
Export, Netherland (2009). Hash symbol (#) is C. sativus cartwrightianus having
similarities with C. cartwrightianus albus (D). Asterisk indicates the 1500bp and above
IRAP fragments missing in this accession of saffron. On either side of the agarose gel
(2%) is 5ul DNA length markers Q-Step 2 (M1) and HyperLadder | (M2).
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Figure 3.5: Consensus phylogenetic model of IRAPs data for 20 Crocus species by
Neighbour Joining algorithm. Bootstrap consensus tree is inferred from 1000 replicates
computed by PowerMarker software and represented in percentage on nodes. The
phylogenetic analysis included 11 primers in 63 combinations and suggests that C. sativus
is more closely related to C. pallasii and C. sativus cartwrightianus. Crocus species are
divided into three main clades A, B and C. Clade A, B and sub-clade C1 are
representatives of section Crocus while sub-clade C2 are representative of section

Nudiscapus (see section 3.3.3 and below).
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Figure 3.6: Consensus phylogenetic model of IRAPs data for 39 Crocus accessions (20

species) by Neighbour Joining algorithm. Bootstrap consensus tree is inferred from 1000

replicates computed by PowerMarker software and represented in percentage on nodes.

The phylogenetic analysis included 11 primers in 63 combinations and suggests that C.

sativus is more closely related to C. pallasii subsp. pallasii, and C. sativus

cartwrightianus. Crocus accessions are divided into three main clades D, E and F. Clade

D and E are representatives of section Crocus while F are representative of section

Nudiscapus (see section 3.3.3 and below).
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3.4  Discussion

Crop improvement is hardly possible without the presence of genetic variation that must
be found between parents of a chosen cross, to be selected and then transmitted into
subsequent generations (Heslop-Harrison and Schwarzacher, 2012; McCouch et al.,
2013). DNA markers have been playing a key role in the understanding of genetic
variability and diversity as well as in tracing of individuals or lines carrying genes of
interest (Todorovska et al., 2005). The current study tested IRAP markers based on
published sources as single primers and combinations of pairs (Table 3.1). Those giving
amplification with Crocus DNA are shown, with experimentally determined optimum
annealing temperatures (Table 3.2), and were applied to understand the phylogenetic
relationship and genomic structures of the 20 species of Crocus.

All 63 IRAP primer combinations resulted in the amplification of 9490 clear and
unambiguous alleles from 40 assays and the polymorphic information content (PIC) varied
from 0.4 to 0.05 (Table 3.3 and section 3.2.4). The annealing temperature for IRAP
markers were set up lower than the theoretical annealing temperatures (compare Table 3.1
and 3.2), and in all cases the reproducibility of amplification was confirmed by re-running
the same primer combination. The banding pattern was reproducible and only rare
discrepancies in banding patterns were observed. For example, when the DNA
concentration was increased even up to 10-fold (from 20-200ng) minor differences were
found, especially for DNA fragments of larger size and minor intensity (asterisks in Figure
3.4). However, the dominant strong bands used for polymorphism scoring remained
virtually identical (arrows in Figure 3.1-3.3), indicating the robustness of the method. This
contrasts with RAPD methods, generating smaller numbers of bands from each primer
combination, where extreme variability has been found depending on DNA extraction and
PCR conditions (Kalendar et al., 1999, 2011).

Different sequences within plant genomes develop polymorphisms at a different
rate (Todorovska et al., 2005; Saeidi et al., 2008). SSRs or microsatellites are highly
polymorphic even within accessions and retroelements amplify and reinsert in the genome
at a slower rate, while chromosome number variation (other than through polyploidy)
usually occurs only between species (see Heslop-Harrison and Schmidt, 2012). But as
bulk of the genomic DNA comprises of retroelements. Therefore, IRAPs is a preferred
choice and are appropriate markers for both wild and domesticated species, and have also
been applied to detect diversity and relationships within crops species (Flavell et al., 1998;
Nair et al., 2005; Saeidi et al., 2008; Carvalho et al., 2010). Although, in larger
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evolutionary distances IRAPs may prove less useful because similarly sized bands are not
identical-by-descent (Teo et al., 2005; Kalendar et al., 2011). However, in this study
knowledge of polymorphisms and genomic relationships in species of Crocus section
Crocus and some more distant relatives, and particularly the diversity and origin of C.
sativus (saffron) was aimed. In most cases maximum information was gained when two
IRAP primers were applied, but in certain instances additional DNA fragments were
amplified with a single primer as well (see Table 3.3). The Sukkula primer alone as well
as in combination with other primers produced the maximum number of IRAP bands;
other primers gave either only a small number and/or poorly resolved smearing bands
(Figure 3.3B). The low number of IRAPs fragments indicates that there are fewer copies
of the respective retrotransposon family in the Crocus genome than other plants genomes,
but other possibilities such as nesting or mismatches in priming sites also exist or the
elements are distantly spaced (Alavi-Kia et al., 2008). Whereas, the presence of numerous
IRAP bands indicating abundance of a retrotransposon family (Saeidi et al., 2008;
Kalendar et al., 2011). No significant differences were observed as far as the average
number of bands amplified by one or combination of primers was concerned. The average
number of bands produced by the LTR primer alone was 75, while 76 bands were
obtained by the combination of LTR primers (Table 3.3). These results can be compared
to those of Teo et al. (2005) in banana where, the authors obtained 12 bands on average
for a single LTR primer and 13 bands from two LTR primers. The Crocus genome size is
some 10x larger than banana, so the increased number of fragments might be expected.
There have been considerable recent interests in understanding the relationships
and diversity within the genus Crocus, and the existence of saffron within the genus
makes it more important (see Chapter 1). IRAPs revealed extensive polymorphisms
between all species and high levels of polymorphism were evident between species as well
as within accessions of the sexually reproducing Crocus (Figures 3.1-3.3). Improvements
are possible by improving genetics of species but to date, only rare genetic variation has
been reported within saffron accessions (Alvarez-Orti et al., 2004; Nehvi et al., 2007;
Agayev et al., 2009; Fernandez et al., 2011). Among the 17 saffron accessions analysed
here, no consistent differences were detected and all IRAP primer pairs showed
homogeneous banding patterns (Figure 3.4). Further, the number of accessions did not
relate to the level of polymorphism as described in previous studies, where the number of
allele’s detected and genetic diversity was strongly correlated with the number of
accessions (Cui et al., 2010). At the moment quality of saffron (stigma) is defined by the
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local landraces, growing conditions (e.g. soil, water, temperature and altitude), collection
and processing techniques and not by true genotypic variation (Alvarez-Orti et al., 2004;
Agayev et al., 2009; Grilli Caiola and Canini, 2010).

There were no bands unique to C. sativus; however IRAPs generated unique bands
from the non-saffron species (arrow head in Figure 3.2). Further, the relatedness of C.
sativus with other members of the series Crocus was evident (arrow in Figure 3.1C). The
number of IRAP bands in saffron was not greater than the number of bands amplified in
the diploids, and the chances of selective (biased) and variable PCR amplification was
overcome by using at least two rounds of PCR and sometimes DNA extracted in different
years had no significant variation in banding pattern. The sterile triploid nature of saffron
is well known, and in the current analysis IRAPs could not generate any unique banding
pattern whereby origin of bands may be related to any one of the diploid species, and thus
the concept of autopolyploid saffron was not supported (Figure 3.1-3.3). Although, the
overall PCR profile of C. sativus was different from all species analysed here, but among
the analysed species, it was most similar to that of C. pallasii subsp. pallasii (see Figures
3.2, 3.3 and below) and hence this subspecies (albeit with 2n=2x=14 chromosomes) is the
most likely an ancestor of C. sativus while C. cartwrightianus (see below) is supported as
the other ancestral species

The phylogenetic analysis of IRAPs placed the different species and accessions
into their respective sections i.e. Crocus or Nudiscapus and multiple accessions of the
same species as a cluster within a clade (Figures 3.5, 3.6). The position of all species is in
accordance to previous reports (Mathew, 1982; Petersen et al., 2008). Further, sub-
branching at accession level indicates the genomic diversity within accessions and high
bootstrap support values show confidence and usefulness of IRAPs in discriminating
between species and accessions (Figure 3.6). The C. hadriaticus Alepohori
(ChdARDO09), C. asumaniae accession ‘white’ (CaswD09) and C. cartwrightianus
(CcwBDO09) did not cluster with the accessions of the respective species (sub-clades D1,
Figure 3.6). However, as the exact geographical origin or collection point is not known,
the wvariation in accessions may be attributed partly to their different origin or
hybridization history imposed under human agricultural practices. Evidence of a wide
range of genetic and epigenetic alterations, including deletion events and elimination of
non-coding, low and high copy sequences, has been well documented in both natural and
synthetic polyploids (Gaeta et al., 2007). Further, it has also been demonstrated that stress

or unusual environmental stimuli like hybridization and tissue culture may induce
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heritable DNA changes and in plants this is often associated with the accumulation and
rise in the activities of transposable elements (Kubis et al., 2003; Agren and Wright, 2011;
Heslop-Harrison and Schwarzacher, 2011). Still, as most of the species were purchased
commercially from nurseries, this discrepancy may also be attributed to accidental mixing
or inaccurate labelling and highlights the immense significance of a worldwide germplasm
resource for Crocus. At the moment, the CrocusBank collection of the genus is perhaps
the most important and precise collection (see www.crocusbank.org). The subgenus
Crocus comprises of two sections (Mathew, 1982) and both the sections Crocus and
Nudiscapus are probably monophyletic (Harpke et al., 2013). In the current analysis
species of both sections are clearly separated within the tree (Figure 3.5). Series Crocus is
described as a strongly supported monophyletic group (Petersen et al., 2008 and Figure
1.8) and the IRAP analysis does not contradict this inferred monophyletic origin as all
members of the series are grouped together in clades A, B or sub-clade C1 (Figure 3.5).
Different species of Crocus series Crocus have been found related to C. sativus
and have been considered as potential ancestors of C. sativus (see Chapter 1). For
example, C. cartwrightianus shows morphological similarity to C. sativus (Figure
1.2A1&AZ2) and even today, C. cartwrightianus is used as “wild” saffron. Several studies
that used morphology as well as karyotype analysis of the allied C. sativus species
demonstrated that C. cartwrightianus is one of the progenitors of C. sativus (Maw, 1886;
Mathew, 1982; Grilli Caiola et al., 2004). Further, the diploid C. oreocreticus is similar to
C. cartwrightianus and has also been considered as a possible ancestor of the C. sativus
(Burtt, 1948). Similarly the occurrences of repetitive DNA sequences have also been
employed in phylogenetic analysis of the genus, but their contribution to the
understanding of Crocus phylogeny was limited (Frello and Heslop-Harrison, 2000a;
Frello et al., 2004). However, their results did not support Mathew’s classification and led
them to discuss the possibility of far-reaching hybridization and fast speciation within the
genus. In case of allotriploid saffron, C. cartwrightianus, C. hadriaticus, C. oreocreticus
(Jacobsen and @rgaard, 2004; Agayev et al., 2010) or C. thomasii and C. pallasii or C.
cartwrightianus and C. pallasii (Tammaro, 1990) have been proposed as candidate
ancestral species, where each one could contribute the basic set of x=8 chromosomes. The
AFLP method has provided further insights and revealed C. cartwrightianus and C.
thomasii to be the closest relatives of C. sativus (Zubor et al., 2004). Further, flow
cytometry analysis that involved the diploid species of series Crocus including C.
cartwrightianus and C. thomasii revealed C. cartwrightianus to be the most likely
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ancestor of C. sativus (Brandizzi and Caiola, 1998). The results obtained here do not
contradict these results as C. sativus is flanked by these diploid species of the series
Crocus on the sister branches (Figures 3.5, 3.6). Furthermore, based on IRAP markers, C.
almehensis and C. michelosnii were found closer to C. sativus (Alavi-Kia et al., 2008).
Petersen et al. (2008) analysed five plastid regions, their analysis included 86 recognized
species of the genus and their study also found C. cartwrightianus to be closely related to
C. sativus (Figure 1.8). The results here show considerable variation between accessions
of C. cartwrightianus (Figure 3.4D; in contrast to the lack of variation between
geographically diverse C. sativus accessions). Notably, our accession from the UK nursery
Rare Plants (CcartRP07) shared most bands with the saffron accessions in most of the
IRAP primer combinations, and hence it is suggested that it is most similar to one of the
donors of the C. sativus genomes(Figure 3.4& Figure 4.13).

In the current analysis C. sativus is placed in between the recognized diploid
species C. pallasii subsp. pallasii and ‘C. sativus cartwrightianus’ (Figure 3.5). These
results are contrasting to the RADP data analysis of Grilli Caiola et al. (2004), where the
authors found C. cartwrightianus to be the closest relatives of saffron, followed by C.
thomasii. However, the authors also mentioned C. pallasii and C. asumaniae to be the
more distantly related to C. sativus. Still our results are in agreement with Erol et al.,
(2013), where the authors found maximum similarity between one accession of C. pallasii
subsp. pallasii and C. sativus. Similarly, chloroplast, ribosomal and nuclear single copy
genes sequences focused on phylogeny and suggested C. cartwrightianus and C. pallasii
as ancestral species of C. sativus (Harpke et al., 2013) results that parallel the findings
here. However, based on Inter Simple Sequence Repeat (ISSR) marker analysis C.
cartwrightianus cv. albus was more closely related to C. sativus than to C.
cartwrightianus (Rubio-Moraga et al., 2009). In this analysis too, C. sativus clustered with
‘C. sativus cartwrightianus’ with 100% nodal support (clade B, Figure 3.5), and the
possibility of this species being C. cartwrightianus cv. albus cannot be rule out (clade D,
Figure 3.6).

The existence of polyploidy in various taxa of plants is associated with certain
advantages (compared to their diploid ancestors) and it may be responsible for their
success (Heslop-Harrison, 2012). Different copies of the same alleles allow a greater
chance of adaptation and leads to noe-functionalizaiton (Adams and Wendel, 2005).
However, major disadvantage associated with polyploidization is the disruption of meiotic
cell cycle and often leading to the formation of aneuploids that may be sterile. C. sativus is
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a sterile triploid plant, propagated exclusively by vegetative means, and studies have
shown the existence of genetic diversity on a limited scale only (Sik et al., 2008; Nemati
et al., 2012). Domestication of plants and animals some 10000 years ago has resulted in
both genetic and phenotypic changes and since then our major crops have evolved and
spread due to their adaptability to diverse environments (Eckardt, 2010; Matsuoka, 2011).
Several of our important crops species, such as rice, have been domesticated several times
with limited introgression that transferred key domestication alleles between divergent
rice gene pools (Kovach et al., 2007).

It is difficult to address how or when saffron originated and naturalized but a
number of studies carried out over the recent years have suggested clonal origin of world’s
saffron. These studies hypothesised an ancient spontaneous hybridization event in nature
that resulted in a unique triploid clone of C. sativus or saffron (Mathew, 1977; Caiola et
al., 2004; Rubio-Moraga et al., 2009; Fluch et al., 2010). Due to its sterility it relied solely
on multiplication by corms and still continues to be propagated vegetatively (Dhar et al.,
1988, Piqueras et al., 1999); thus, saffron growing around the world today may be just one
clone (Jacobsen and @rgaard, 2004 and section 1.3.2). Molecular studies regarding the
clonal origin of C. sativus have applied RAPDs, SSRs, ISSR, AFLPs, IRAPs, ESTs and
chloroplast DNA markers, and their conclusion indicated that there is just one saffron
cultivar grown worldwide (Caiola et al., 2004; Alavi-Kia et al., 2008; Rubio-Moraga et
al., 2009; Fluch et al., 2010). For most crops, domestication is seen as a bottleneck
reducing genetic variation, and further artificial selection has advantages in maintaining its
genetic characteristics but causes reduction in genetic diversity; in the case of saffron there
is no robust evidence for genetic variation (e.g. Table 3.3). Phenotypic differences stated
above could be attributed to differences in climate and cultivation practices (Caiola et al.,
2004; Rubio-Moraga et al., 2009; Fluch et al., 2010). (Figure 1.4), While Variation in
saffron quality is mainly due to the methodology followed in processing the stigmas or
may arise from adulterants to it, and is independent of the origin of the corms cultivated
by farmers (Alvarez-Orti et al. 2004; Maggi et al., 2011; Torelli et al., 2014). Given the
high levels of polymorphism between the wild species and even individual accessions,
minimal if any variation was evident in C. sativus, despite accessions from a broad
geographical range being included (Figure 3.4). Thus the IRAP data most likely indicate a
single origin and naturalization of the triploid C. sativus and support its clonal

propagation.
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Evolutionary history of the genus Crocus is very complex as indicated by intensive
species hybridization and explosive speciation in the evolution of Crocus (Frello et al.,
2004) and that could be one of the selective pressures in the origin of saffron (Fernandez,
2007). Nevertheless, hhigh variation between accessions within each of the species (other
than C. sativus) was evident, and it is clear that much more extensive collections will be
required to circumscribe the taxonomic units. Many of the wild Crocus species, although
locally abundant in their native range, are difficult to maintain in cultivation. Further,
Crocus species are perennial and flowers many times during its lifespan. Thus in theory, it
offers the possibility to hybridise with a number of coexisting genotypes and overlapping
generations within the population (Larsen et al., 2015). Further, the hybrid origin of
cultivars such as Golden Yellow (3x) or Stellaris (2x) in genus Crocus is well-documented
(Drgaard et al., 1995). These evidences suggest interspecific hybridization may occur
occasionally, with consequences allowing gene-flow and homogenization, through to
hybrid speciation, and leading to uncertain delimitation of species. Similarly, microspores
of saffron can germinate on the stigma of other species of Crocus series Crocus and the
vice versa. Viable seeds have been obtained from the all diploids of the C. sativus
aggregate through self and cross-pollination as well as from a cross between C. sativus
with C. cartwrightianus (Grilli Caiola et al., 2010; 2011). These results further support
hybridization and introgression within species of the Crocus series Crocus. Such
outbreeding with relatively long-distance gene exchange may be associated with the
present diversity in Crocus that keeps the genus flexible and species are able to thrive in
diverse habitats and hence given rise to rich speciation (Larsen et al., 2015).

For almost 80% for their food intake, humans depend on fewer than a dozen of the
approximately 300,000 flowering plants species. Thus only a fraction of the available
genetic diversity within species is overly exploited (McCouch et al., 2013). The current
study emphasizes the importance of assessing genetic diversity in germplasm
characterization and conservation. A wide genetic base is of great importance for the
development of improved varieties and it will be of great importance in the improvement
of saffron cultivars, exploitation of their genetic diversity and conservation of the Crocus

germplasm.
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4 CHAPTER IV: PHYLOGENETIC RELATIONSHIPS OF CROCUS
SPECIES AND POLYPLOID NATURE OF SAFFRON
INFERRED FROM EST-SSR, SNPS AND BARCODING GENES

4.1 Introduction

In spite of the historical role of morphological traits in understanding the affinities of plant
taxa (Linnaeus, 1753). Subsequently, the availability of DNA-based markers has become
increasingly widespread and important in resolving controversies related to phylogeny by
estimating more objectively and precisely genetic variation between taxa (APGIII: Bremer
et al., 2009). The bulk of genetic variation at nucleotide level is often not visible at a
phenotypic level. In contrast phenotype, which is the result of complex interactions
between genotype and environment, is influenced by environmental conditions and
displays variation under different sets of environmental stimuli that may be the result of
divergent or convergent evolution. Therefore, relationships deriving from morphological
traits alone may not be completely accurate (see Varshney and Dubey, 2009; Yang et al.,
2013). In the recent years, studies on genetic diversity in several crop species, such as rice,
wheat, barley, brassica and banana have added much to our understanding and the number
of phenotypic markers in these species has increased to potentially hundreds of DNA-
based useful polymorphisms (Todorovska et al., 2005; Heslop-Harrison and
Schwarzacher, 2012).

From the late 1990s to present PCR-based approaches are perhaps the most
powerful and important. The robustness, stability and reproducible nature make them ideal
tools for marker assisted selection (MAS) breeding programs, allowing hundreds of
genotypes to be screened in minimal time at low costs (Varshney and Dubey, 2009). There
are several powerful PCR-based marker systems in use for understanding the phylogenetic
relationships and diversity levels within both plants and animals (Lu et al., 2013) and
some of the most frequently applied markers are described in (Chapter I, section 1.8).
However, because of the higher levels of polymorphism, low cost and known map-based
locations, EST-SSRs and SNPs are considered the most efficient molecular markers which
have a wide range of applications in genetic mapping, gene tagging, and studies of genetic
diversity and evolution (Gao et al., 2004; Gadaleta et al., 2011; Heslop-Harrison and
Schwarzacher, 2012).
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ESTs represent parts of the expressed genes and SSR markers generated from EST
sequences are potential candidates for genes with known or putative functions and may be
applied to comparative studies in related species. EST-SSRs are generally less
polymorphic than random SSRs but both types of markers perform similarly in estimating
genetic diversity (Gao et al., 2004; Ramu et al., 2013). Further, the development of EST-
SSR is relatively easy because of the public availability of the thousands of ESTs in the
GenBank database (http://www.ncbi.nlm.nih.gov/dbEST/) that allow users to investigate
sequence qualities and EST structural features.

SNPs refer to genomic variation caused by a single nucleotide mutation at a
specific locus (see Chapter I). Higher density, genetic stability and the amenable nature of
SNPs to high-throughput automated analysis make them the preferred choice for detailed
analysis of genome-wide association mapping and precision mapping (Isobe et al., 2013).
To date, the degree of genetic variation and phylogenetic relationships in several crop
important species such as, Asparagus (Caruso et al., 2008), Capsicum (Jeong et al., 2010),
English walnut (Ciarmiello et al., 2011), cucumber (Hu et al., 2011), wheat (Gao et al.,
2004; Gadaleta et al., 2011), red clover (Isobe et al., 2013), maize (Frascaroli et al., 2013)
and Sorghum (Ramu et al., 2013) have been successfully assessed with EST-SSR and
SNP markers.

Recently DNA barcoding which employs small, standardized portions of the
genome (maturase K, matK; ribulose 1,5-bisphosphate carboxylase/oxygenase large
subunit, rbcL; intragenic spacer between tRNAH is GUG gene and photosystem II
thylakoid membrane protein of Mr 32.000 gene, trnHpsbA; internal transcribed spacer of
nuclear ribosomal DNA, ITS) as substitutes for morphology have been widely applied to
species identification as well as in phylogeny (Hebert et al., 2003; Kress and Erickson,
2007; Seberg and Petersen, 2009; Gismondi et al., 2013). These genes are universally
present in the target lineages and the unique sequence diversity allows discrimination
among species (Kress et al., 2005; Yang et al., 2013). The nuclear ribosomal DNA
internal transcribed spacer 2 (ITS2) region and MaturaseK gene (matK) of the chloroplast
of are regarded as universal DNA barcodes (Hollingsworth et al., 2009; Yao et al., 2010).

Crocus, as described in Chapter I, is a genus with some 88 recognized species,
divided into two sections Crocus and Nudiscapus. Section Crocus is divided into six series
each including between 2 and 10 species (Figure 1.9) and saffron is the most economically
important species in the genus Crocus. Despite the genus having been the subject of many
investigations, the genetic base of saffron and phylogeny of the genus remain topics of
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major interest (Caiola and Canini, 2010; Erol et al., 2013). However, only rare diversity
has been reported within saffron grown worldwide, and the phylogeny of the species
within the genus is poorly understood (see Chapter | and below). Peterson et al. (2008)
analysed DNA sequences from five plastid regions in the genus Crocus. Their results were
largely successful in resolving the different series (with a few ambiguities), but within the
series, resolution was poor. Thus, the goal of this research was to apply SNP and
barcoding markers as well as to develop novel EST-SSR markers for Crocus by screening
of ESTs and to examine 1) heterozygosity within accessions; 2) variation within species;
3) similarities and phylogeny of sequences between species; and 4) the ancestral species

present in the triploid saffron crocus, C. sativus.

4.2 Material and methods

4.2.1 Plant materials and DNA extraction

The study included 43 accessions from 23 different species of the genus Crocus. A full list
of accessions used is given in the materials and methods (Chapter 1I, Table 2.2). Plants
were grown and total genomic DNA extracted from young leaves and floral buds of the
Crocus species and accessions as described in materials and methods. A few additional
DNA sequences for species not available here, for analysis their sequences were

downloaded from GenBank (see also below).

4.2.2 PCR markers and primer design

A total of 20 PCR markers, including 4 SNPs, 11 EST-SSRs and 5 previously known
barcoding markers were applied in the current study (Table 4.1). SNP markers were
obtained from M. Santaella and J.A. Fernandez (University of Castilla-La Mancha, Spain,
partners in the Crocusbank project), while the EST-SSR markers were developed during
this study. A total of 6,603 unique Crocus ESTs (available from Saffron Genes database
http://www.saffrongenes.org mostly from the research groups of Giovanni Giuliano and
Jose-Antonio Fernadez) were screened for presence of SSRs using the online tandem
repeat finder application (http://tandem.bu.edu/trf/trf.html). A total of only 15 ESTs
containing SSRs were obtained, or which it was possible to design primers from 11 with a
repeat size between 2 and 4bp, and a minimum length of 17 repeat units for a dinucleotide

and 11 repeats for trinucleotides were used. Out of the above acquired ESTs, 11 primer
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pairs flanking bi, tri or tetra nucleotide repeats were designed using Primer 3
(http://www.frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). Preferred product size,
primer length and GC content were as described in materials and methods (Chapter I1) and

primer pairs were synthesized from Sigma (www.sigmaaldrich.com/).

4.2.3 PCR amplification and gel electrophoresis

Annealing temperature for all primer pairs (Table 4.1) was optimized using a
Tprofessional Gradient Thermocycler (Biometra). PCR conditions and gel electrophoresis
was carried out as described in materials and methods (Chapter Il). Primers amplified
products of the expected size for all microsatellites except for the tetranucleotide spanning

14 repeats.

4.2.4 Cloning and sequencing of PCR products

The products of two primers (one SNP and EST-SSR each) were selected to assess genetic
diversity and relationship of the Crocus species (Table 2.1). In order to verify the presence
of SSRs, SNPs and determine the source of allelic sequence variation, eluted PCR
products of TCys and ATPs from 43 Crocus accessions of 23 species were cloned in
PGEM®-T Easy vector. While for the barcoding genes, purified PCR products from
accessions from the Crocus series Crocus was sequenced directly (without cloning) with
custom primers (see Table 4.1 and below). All sequencing reactions were carried out

commercially as described in the materials and methods (Chapter Il and Appendix 4).

4.2.5 Sequence variability and phylogenetic analysis

Multiple sequence alignment of the TCy, ATPs and barcoding gene sequences was
performed using Geneious multiple alignment tool imbedded in Geneious R6 (Biomatters
Ltd. available at http://www.geneious.com) and improved by eye where necessary.
Phylogenetic reconstruction and estimation of nucleotide variability were carried out using
Geneious R6. The evolutionary history was inferred by using Neighbour Joining (NJ)
method based on the Tamura 3-parameter model (Tamura, 1992). Nodal support was
assessed via bootstrapping, and the bootstrap consensus tree was inferred from 1000

replicates (Felsenstein, 2005) using default settings of the software.
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Table 4.1: List of PCR primers used to amplify DNA sequences from Crocus species given along GenBank accession number, repeat region,
primer sequence, GC content, annealing temperature and expected PCR produce size.

No. Marker name Scecr;z_’»:i\(r)lrl? Repeat reg;gi::e/ amplified Primers Sequence (5 -3') GC ((i;)r;tent tem/:(?rn:til:g%"(:) Expect?t()ipr;roduct
T e | s | eor | Deleene ;‘ézi .
| e | e | oo oo 2 .
3 EST-SSR BMO027660 (GTA) e %ﬁggﬁgéﬁégﬁégmfﬁgg% 28 60 329
T e | e | oo |Reseeecre o .
s v | men | won|EsAlcheveccnes :: -
6 EST-SSR GU372953.1 (GA)o v siiaasaclic > 60 242
7 EST-SSR GU372952.1 (AC)s: A raoccoacTe e o 60 222
T e | e | em |5 Semmeeamen .
9 EST-SSR EF535584.1 (TC)as E:: E%?%mﬁ%ﬁ%g}%%n%ﬁ% gg 60 190
10 EST-SSR GU372958.1 (GAA)s e CA%%?:EQ%E%@E@Q@%Q? gg 60 239
1 EST-SSR GU372955.1 (AAG)3s e Eﬁ?g?ggﬁgﬁgg@gﬁfg& e 60 191
A e :: :
o | | oos T ioaemea ) -
T i :
s | e | e T s - -
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Table 4.1: continued.

piers s T | it | o
6| : i | AR - °
v “ i -
0| e : | AR AT - %
0| : | A AT - =
o | e | i | - ST '

*1: unpublished oligos were obtained from M. Santaella, J.A. Fernandez (personal communication)
*2: primer sequences were provided by Santaella and Fernandez (personal communication)

*3: chloroplast gene (ribulose-bisphosphate carboxylase and maturase K)

*4: nuclear genes

*5: ribosomal genes
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4.3 Results

4.3.1 PCR markers analysis

PCR products of ATPs, TCys and barcoding genes were sequenced and included C. pallasii
subsp. pallasii (CplR09), C. veneris, C. cancellatus and C. biflorus too, raising the total
number of accessions to 44. Further, DNA from four accessions C. cartwrightianus (Figure
4.1), C. vernus, C. versicolor, C. speciosus (Figure 4.1) gave no amplification or inconsistent
results across all primers, presumably because of its poor DNA quality. However, these
accessions have given products later except C. vernus and are included in sequence analysis.

Amplification of four nuclear DNA sequences (SNP markers) from 40 accessions of
20 Crocus species, including five C. sativus accessions is given (Figures 4.1, 4.2). The ATPs
marker (Figures 4.1A, 4.2A) showed two distinct bands of 205bp with C. sativus and some
wild accessions having both bands, some wild species having only the lower band (Figure
4.1A). In some lanes, the lower band was broader, suggesting two products of similar size.
Primers for A111 showed two clear bands in C. sativus band of 152bp, or only the lower
band, or gave no amplification in most of the wild species (Figures 4.1B, 4.2B). It was
interesting that most members of the series Crocus amplified the lower band, while the larger
band was obtained in C. pallasii subsp. pallasii and C. asumaniae only among the wild
species (Figures 4.2B). Primers for A38 produced a monomorphic band of 300bp across all
accessions of the series Crocus except in C. cartwrightianus *1(Figure 4.2C). A few wild
species of the genus Crocus did not amplify this band (Figure 4.2C). Primers for A82 marker
also amplified the expected product of 116bp product from most accessions of the series
Crocus (Figure 4.2D), while from the wild species of the genus it produced multiple bands
and mostly of different sizes than expected (Figure 4.2D). In several accessions including C.
sativus the band was broader, and is perhaps made of two products of similar sizes.

Figures 4.3 and 4.4 shows the amplification pattern of the 11 EST-SSR markers
developed in this study. These EST-SSR markers have given products within the expected
range from Crocus accessions and species (Table 4.1). The AG,3 marker showed multiple
bands along the expected 234bp with C. sativus and several wild accessions of the series
Crocus (Figures 4.4A). The wild accessions from other series of the genus lack this band
(Figure 4.3A) and C. pallasii subsp. dispathaceus produced four bands (Figure 4.4A). In C.
sativus the band was broader, and when the amplified PCR product was run later on a 4%

agarose gel, the band clearly separated into 3 distinct bands. Primers for CT;; produced
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210bp amplicons and showed three clear bands in C. sativus, gave two bands or only the
lower band in the wild species of the series Crocus (Figures 4.4B). Except C.
tommasinianus*1, C. niveus and C. laevigatus, the wild accessions from other series of the
genus did not show this band (Figure 4.3B). Furthermore, the lower two bands produced by
C. sativus showed resemblance to C. pallasii subsp. pallasii (Figure 4.4B). The GTAn;
marker showed distinct multiple bands of approximately 329bp with C. sativus and several
wild accessions of the series Crocus, and two species showing only the clear lower band. In
most accessions the higher band was broader, suggesting two products of similar size (Figure
4.4C). Only one accession of C. tommasinianus did not amplify this band, all other
accessions of the wild species produced a clear single band (Figure 4.3C). Primers for the
GCA11 marker (Figures 4.3D, 4.4D) produced a thick strong band of approximately 239bp
from all accessions of C. sativus and multiple bands from other accessions in series Crocus
except in C. pallasii subsp. pallasii, C. thomasii, C. cartwrightianus*2 and C.
cartwrightianus albus. Further, the thickness of the band in C. sativus is roughly three times
that of the single band seen in the three accessions above, and may be related to the ploidy
level in C. sativus (Figures 4.4D). Similarly, the wild species from other series of the genus
showed a single band of higher molecular weight than seen in C. sativus. While C.
tommasinianus*1, C. flavus, C. laevigatus and C.boryi produced double bands, in few
accessions no amplification was seen (Figure 4.3D). Primers for ATGT,4 show a single band
of approximately 171bp in C. sativus and produced similar bands in C. pallasii subsp.
pallasii, C. hadriaticus (one accession) and C. cartwrightianus (Figures 4.4E). Other
accessions of the series Crocus that produced a single band, were polymorphic, or produced
double bands, While in C. thomasii no amplification was seen (Figure 4.4E). Wild accessions
from series other than Crocus did not show this band, or amplified a band of lower molecular
weight than that of C. sativus except C. tommasinianus*1 (Figure 4.3E). Primers for the GAgso
marker produced a monomorphic band of approximately 242bp from all accessions of the
genus Crocus except in C. vernus (Figures 4.3F, 4.3F). The ACs4 marker produced a ladder
like banding pattern characteristic for the tandemly repeated DNA sequences. This marker
produced multiple bands along the expected 222bp product from all Crocus accessions
analysed except one accession of C. thomasii (Figures 4.3G, 4.4G). Primers for CT,, markers
resulted in a single band of approximately 193bp from all accessions of the series Crocus
except, C. pallasii subsp. pallasii, C. thomasii, C. oreocreticus and C. hadriaticus ‘Indian
summer’ produced double bands (Figure 4.4H). Wild accessions from series other than

Crocus resulted in multiple bands or a single broader band, suggesting two products of
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similar size, except in C. angustifolius which showed a single band (Figure 4.3H). The TCys
primers produced multiple bands from all accessions of the genus except a single band in C.
kotschyanus (Figures 4.31, 4.41). In most lanes, the band was broader, suggesting multiple
products of similar size. In C. sativus, as well as in several members of the series Crocus the
PCR amplified product of TC,s was run on a 4% agarose gel and the product clearly
separated into 3 distinct bands, ranging from ~190bp to 226bp in size (Figure 4.10).
Furthermore, primers for CAA;s marker produced a monomorphic band of approximately
239bp from all analysed Crocus accessions (Figures 4.3J, 4.4]). All five accessions of C.
sativus produced multiple bands and interestingly, C. pallasii subsp. pallasii, C.
cartwrightianus albus and C. asumaniae produced similar marker profile suggesting the close
relationship of these species to C. sativus at least at the CAAs marker level (Figure 4.4]).
Further, the size of CAA1s marker amplified in C. sativus is broader and more intense than
any other wild species (Figure 4.3J). The AAG,s marker showed three bands in C. sativus
and some wild accessions such as C. sativus cartwrightianus produced two bands, while few
wild accessions showed only one polymorphic band of approximately 191bp (Figure 4.4K).
With the exception of C. tommasinianus and C. speciosus subsp. speciosus no other wild
accession of the series other than Crocus show this band (Figure 4.3K). This marker could
show clear differences among the members of the series Crocus and even between accessions
of the same species (compare accession in Figure 4.4K).

The ATPs markers, A111, A38, A82, AG,3, CTi7, GTA1; and GCA;; were also
applied to assess genetic diversity within the 17 C. sativus accessions. These accessions were
obtained from several sources having wide geographic distribution (see Table 2.2 and
Chapter 1I). All these markers indiscriminately amplified monomorphic bands, and all
samples produced identical marker profiles, suggesting the scarcity of genetic diversity
within C. sativus genome (Figure 4.5).

Figure 4.6 shows PCR amplification of five barcoding genes from members of the
Crocus series Crocus. All five markers, rbcL (Figure 4.6A), matK XF+5R (Figure 4.6B),
matK 390F+1326R (Figure 4.6C), trnH-psbA (Figure 4.6D) and ITS 4+ITS 5 (Figure 4.6E)
successfully produced PCR amplicons from 15 Crocus series Crocus accessions (9 species).
The ITS 4+ITS 5 combination produced multiple polymorphic bands, perhaps due to multiple
ITS copies from the accessions, all other markers produced a single band within the range of
expected sizes (Table 4.1). Therefore, the ITS 4+ITS 5 combination were not included in

further sequence analysis.
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C. speciosus subsp. speciosus

C. tommasinianus* 1
C. tommasinianus*2
C. tommasinianus*3
C. tommasinianus™4
C. kotschyanus
C. kotschyanus
C. angustifolius

C. versicolor
C. sativius*?2

C. flavus
C. laevigatus

C. sativus*1
C. vernus
C. niveus
C. goulimyi
C. boryi

-
= =

Size bp
205 bp

152 bp

Figure 4.1: PCR amplification pattern of the SNP markers A) ATPs, B) A111, C) A38, D)
A82 from 17 Crocus accessions of 12 Crocus species from other Crocus series. Name of
species is given on the top of every lane, species name followed by asterisks (*) with digits
indicating to sub-species or accession. The accessions included C. sativus*1 (CsatP09), C.
sativus*2 (Cstkf09), C. tommasinianus*1 (lilac beauty, CtmLDO09), C. tommasinianus*2
(barr purple, CtmBDQ09), C. tommasinianus*3 (rubinetta, CtmTDO09), C. tommasinianus*4
(albus, CtmADO09) and C. kotschyanus*1 (subsp. kotschyanus, CkotP09) and C.
kotschyanus*2 (var. Zonatus, Ckot/z08). Arrow indicates the amplified products of expected
sizes. On either side of the agarose gel (2%) is 5ul DNA length markers Q-Step 2 (M1) and
HyperLadder | (M2).
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Figure 4.2: PCR amplification pattern of the SNP markers, A) ATPs, B) Al11, C) A38, D)
A82, from 24 Crocus accessions of 9 Crocus species series Crocus. (Species name is given
on the top of every lane, species name followed by asterisks (*) with digits indicating to sub-
species or accession. The accessions included C. sativus*1 (CsatP09), C. sativus*2 (Cstkf09),
C. sativus*3 (CstCDQ9), C. sativus*4 (CsatP09), C. mathewii*1 (CmatD08), C. mathewii*2
(HKEP.9291, CmtHR09), C. thomasii*1 (CtmVDQ09), C. thomasii*2 (MS978, Ctoml09), C.
asumaniae*1 (CaswDQ09), C. asumaniae*2 (CasADO09), C. asumaniae*3 (CasATO09), C.
oreocreticus*1 (CorVR09), C.oreocreticus*2 (CorVDO09), C. cartwrightianus*1 (CcwBD0Q9),
C. cartwrightianus*2 (CcrCR09), while C. hadriaticus (lane 21) is a white flowering
accession (ChdwD09). Arrow indicates the amplified products of expected sizes. On either

side of the agarose gel (2%) is 5ul DNA length markers Q-Step 2 (M1) and HyperLadder |
(M2).
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Figure 4.3: PCR amplification pattern of EST-SSR markers, A) AGy3, B) CT17, C) GTAu,
D) GCA11, E) ATGT14, F) GAgo, G) AC34, H) CTzz, |) TC25, J) CAAle, and K) AAG25, from
17 Crocus accessions of 12 Crocus species from other Crocus series. Name of species is
given on the top of every lane, species name followed by asterisks (*) with digits indicating
to sub-species or accession. The accessions included C. sativus*1 (CsatP09), C. sativus*2
(Cstkf09), C. tommasinianus*1 (lilac beauty, CtmLDQ09), C. tommasinianus*2 (barr purple,
CtmBDQ09), C. tommasinianus*3 (rubinetta, CtmTDQ9), C. tommasinianus*4 (albus,
CtmADO09) and C. kotschyanus*1 (subsp. kotschyanus, CkotP09) and C. kotschyanus*2 (var.
Zonatus, Ckot/z08). Arrow indicates the amplified product of expected sizes. On either side
of the agarose gel (2%) is 5ul DNA length markers Q-Step 2 (M1) and HyperLadder | (M2).
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Figure 4.4: PCR amplification pattern of the EST-SSR markers A) AGy3, B) CTi7, C)
GTA]_]_, D) GCA]_]_, E) ATGT14, F) GA30, G) AC34, H) CT22, |) TC25, J) CAA]_(;, and K)
AAG,s from 24 Crocus accessions of 9 Crocus species series Crocus. Species name is given
on the top of every lane, species name followed by asterisks (*) with digits indicates sub-
species or accession. The accessions included C. sativus*1 (CsatP09), C. sativus*2 (Cstkf09),
C. sativus*3 (CstCDQ9), C. sativus*4 (CsatP09), C. mathewii*1 (CmatD08), C. mathewii*2
(HKEP.9291, CmtHR09), C. thomasii*1 (CtmVDQ09), C. thomasii*2 (MS978, Ctoml09), C.
asumaniae*1 (CaswD09), C. asumaniae*2 (CasADO09), C. asumaniae*3 (CasAT09), C.
oreocreticus*1 (CorVRO09), C. oreocreticus*2 (CorVDQ9), C. cartwrightianus*1 (CcwBD0Q9),
C. cartwrightianus*2 (CcrCRQ09), while C. hadriaticus (lane 21) is a white flowering
accession (ChdwD09). Arrow indicates the amplified products of expected sizes. On either
side of the agarose gel (2%) is 5ul DNA length markers Q-Step 2 (M1) and HyperLadder 1
(M2).
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Figure 4.5: PCR amplification pattern of the SNP markers ATPs (A), A111 (B), A38 (C),
A82 (D) and EST-SSR markers AG,3 (E), CT17 (F), GTA1; (G) and GCA;; (H) from 17
saffron accessions. *1: JW Dix Export, Netherland (2007), *2: Pottertons Nursery, UK, *3:
JW Dix Export, Netherland (2010), *4: CrocusBank, Spain, *5: Suttons Nursery, UK, *6:
Kashmir, India, *7: Var. cashmeriensis from JW Dix Export, Netherland (2009). Hash
symbol (#) is C. sativus cartwrightianus this accession was purchased under this
unrecognized name and was run as a control; Arrow indicates the amplified product of

expected sizes. On either side of the agarose gel (2%) is 5ul DNA length markers Q-Step 2
(M1) and HyperLadder | (M2).
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Figure 4.6: PCR amplification pattern of the five barcoding gene A) rbcL, B) matK XF+5R,
C) matK 390F+1326R, D) trnH-psbA and E) ITS 4+ITS 5 markers from 15 Crocus
accessions (9 species) series Crocus. *1: C. pallasii subsp. pallasii (CpIR09) is an accession
from Rareplants nursery, UK and used here only. On either side of the agarose gel (2%) is
5ul DNA length markers Q-Step 2 (M1).
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4.3.2 Nucleotide sequence variation and phylogenetic tree of the ATPs region from

saffron accession and Crocus species

Clear bands of ATPs were cloned and sequenced from 43 Crocus accessions except C. vernus
(Table 2.2). For both primers at least 5-10 colonies were sequenced per accession. A total of
230 clones were sequenced for ATPs, out of 230 clones, 107 were not included in the
analysis because they were either too short or having 100% identity to another clone of the
same accession already included in the analysis (see Appendix 4). Thus the final ATPs
analysis included 123 sequences.

Sequencing of the ATPs marker (arrow in Figure 4.1A, 4.2A) resulted in sequences of
3 lengths that ranged from 202bp to 226bp in size. Overall, 11 sequences were of 202bp
length, 90 of 205bp and 21 of 226bp. The aligned sequence has insertions or deletions
(indels) of 1bp - 6bp and conserved pattern of SNPs, dividing all accessions into three major
alleles and eight sequence groups (Figure 4.8B). The consensus ATPs sequence is an AT rich
having ~44.4% GC content and when BLASTN searched, it show 84% and 83% homology to
the ATPs sequence of vacuolar ATP synthase subunit B family protein coding DNA
sequences (CDS) as annotated in Brachypodium distachyon (XM_003569618.1) and Populus
trichocarpa (XM_006379232.1) mRNA complete CDS respectively.

To assess further internal organization of the Crocus ATP synthase fragment, these
123 sequences were assembled de novo using Geneious R6 software (parameters including
gaps up to 5 and word length 10 were defaults for “Highest Sensitivity/Slow” mode)
Although an unconventional use of the assembly algorithm, this proved valuable in grouping
the most similar sequences and discounting random nucleotide variations. The groups were
closely similar to those identified by inspection of the sequences (Figure 4.8B). Based on
sequence alignment, the 123 ATPs could be classified into five groups, while the de novo
assembly made 8 contigs of these, seven are major variants with 6 to 41 sequences, one
represented twice and one, a hybrid of two other sequences, was ungrouped (Table 4.2). With
30 cycles of amplification, Taq polymerase errors are typically 1 in 1000 (i.e. one occurrence
in 5 of the 200bp sequences here, or one in every 8 nucleotide positions of the 123
sequences), so single occurrences of polymorphisms were largely discounted in the analysis
of results below.

The top eight sequences (serial 1 to 8) of the group 1 and 2 (Figure 4.8B) are 205bp
long and do not include any C. sativus sequences. These eight sequences share six SNPs with
group 3 (C at 76" and 127", T at 89" and 170", A at 107", G at 208™) and can be divided
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into two groups based on their SNPs. The first group, from C. pallasii to C. asumaniae (serial
1to 4) have T at 28", G at 88™ and 110™, T at 124™ and 130", G at 150", and C at 203" base
pair position. While, the second group C. oreocreticus to C. hadriaticus (serial 5 to 8), has
unique SNPs such as A at 55" and 96 ™, C at 130™ and 167" base pair position (Figure 4.8B).
These eight sequences are clustering close to one another (clade A, Figure 4.8A) and in the
de novo assembly they are placed in contig 7 and 8 (Table 4.2). Sequences of the group 3
(serial 9 to 29) are 226bp long and have 34 SNPs across the length of the sequence. Further,
this group is represented by sequences of C. sativus as well as accessions of both section
Crocus and Nudiscapus and (Figure 4.8B). These 21 sequences (clade B) are divided into
contig 4 and 5 by de novo assembly each having 10 ATPs sequences each, while the C.
sativus cartwrightianus sequence is separate, due to a single nucleotide mutation G at
position 162 (Figure 4.8B). Interestingly, in the phylogenetic tree too, all these group 3
sequences are together, but C. sativus cartwrightianus sequence is out of the group (clade B,
Figure 4.8A).

The 4™ group contains 53 sequences; this group starts with C. flavus and ends with C.
sativus sequences (serial 30 to 82). Sequences in this group are of three types: most of the
sequences contain both T and C SNPs at the 28™ and 52™ base pair position (Figure 4.8B),
while six sequences contain only the C nucleotide at the 52" base pair position. Similarly, 11
sequences within this group are 202bp and have 3bp deletion, while C. mathewii, C. thomasii
and C. pallasii sequences are 209bp with 4bp addition (Figure 4.8B). All these sequences are
grouped into clade C (Figure 4.8A), and de novo assembly placed sequences of this group in
contigs 2, 3 and 6 (Table 4.2). The last two sequences of C. niveus and C. sativus in this
group (serial 81 to 82) are recombinant, having similarity to both group 4 and 5; Such hybrid
or recombinant sequences may be attributed to chromosomal recombination events (Figure
4.8B). Further, the C. flavus sequence is out of the clade C (Figure 4.8A).

The last 41 sequences of group 5 (serial 83 to 121) have C, C, A, G and T SNPs at
46™ 135" 145™, 151™ and 182" base pair positions respectively. The C. asumaniae (serial
83) sequence is hybrid between group 4 and 5. While the last two sequences of C. thomasii
and C. kotschianus (serial 122 to 123) are missing the last T nucleotide at the 185" base pair
position (Figure 4.8B). All these sequences are assembled into contig 1 by the de novo
assembly analysis (Table 4.2) and clade D in the phylogenetic tree (Figure 4.8A).

In summary, the results from the ATP synthase sequence analysis show that each of
the four groups A to D included sequences from both series Crocus and series Nudiscapus;

many sequence variants were shared between multiple species. The occurrence of C. sativus
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sequences in groups B to D (Figures 4.8A), indicated that the ATP synthase gene is present in
more than one copy.

The ATPs sequences of saffron were aligned separately and it revealed three alleles
based on unique SNPs, which defines each allele type (Figure 4.7A). Among the 30 ATPs
sequences of saffron accessions, 13 sequences (serial 1-13) had two SNPs T and C nucleotide
at 28th and 52nd base pair position respectively. While the second allele type (serial 14-21)
has five SNPs C, C, A, G and T nucleotide at 46th, 134", 144 ™ 151 178" bp position
respectively. The third allele type (serial 22-30) has both SNPs as well as of 1 to 6bp
insertions/addition across the sequence length. The twelve SNPs in the third allele type are C,
T,C,A,AC,C,C,T,A CandGat 76", 89", 102" 104", 107", 112", 114", 127", 170
th180™, 183" and 204™ bp position respectively (Figure 4.7). It is interesting to note, that the
third allele type has the maximum number of SNPs as well as all insertions are only confined
to the this allele (Figure 4.7B)

Table 4.2: de novo sequence assembly statistics of the 123 Crocus ATPs sequences.

Statistics Unused reads All contigs Contigs >=100bp
Number of 1 8 8

Min Length (bp) 220 205 205
Median Length (bp) 208 208

Mean Length (bp) 220 211 211

Max Length (bp) 220 226 226

N50 Length (bp) 209 209
Number of contigs >= N50 4 4

Length Sum (bp) 220 1,692 1,692
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Figure 4.7: A) Molecular phylogenetic analysis of ATPs sequences

by Neighbour Joining (NJ) method with 1000 bootstrap replicates
using the Geneious R6 program. Crocus sativus accessions show
clear separation into three clades given in colours, allele typel:
contains 13 C. sativus accession, allele type2: contains 8 C. sativus
accession, allele type3: contains 9 C. sativus accession.

B) Multiple sequence alignment of the ATPs sequences isolated
from 30 accession of C. sativus showing three distinct allele types
based on SNPs position, allele typel(serial 1-13) has two SNPs T
and C nucleotide at 28th and 52nd base pair position respectively,
allele type2 (serial 14-21) has five SNPs C, C, A, G and T nucleotide
at 46th, 134th, 145th, 151st, 178th bp position respectively, allele
type3 (serial 22-30) has twelve SNPs C, T,C, A, A,C,C,C, T,A,C
and G at 76th. 89th, 102nd, 104th, 107th, 112th, 114th, 127th, 170th,
180th, 183rd and 204thbp  position  respectively. Consensus
sequence length is 227bp. Highlighted nucleotides “ATCG”
indicating to the single nucleotide polymorphism detected in the
species; dashes indicate deletions/ insertion or gaps in the sequence
alignments. 110
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Figure 48: A) ATPs
phylogenetic tree of 123
nucleotide sequences isolated
from 43 Crocus species and
accessions. Neighbour-Joining
tree was constructed with
1000 bootstrap replicates in

Geneious R6 program.The
bootstrap  support (%) s
shown near the nodes.
Branches without numbers
received bootstrap  values
smaller than 50%. Lineages

divided into four main groups
shown in different colours,
Group A unresolved sequence
alignments (tree view serial 1-
8), Group B represent allele
type3 (sequence alignments
view, serial 9-29), Group C
represent allele typel (the

sequence alignments view,
serial  30-80), Group D
represent allele type2

(sequence alignments view,
serial 81-123) (Figure 4.8 B),
and the C. sativus sequences
are indicated in red within the

groups. Names  comprise
section name followed by
series, species name, and

accession number.
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2. Crocus CROC C.thomasii(Ct.. “TCTTCTTCGCATCTTT T e ATAAATAA] sGEGTATTGT TGTTTCTIGC
“TCTTCTTCGCATCTTT T TCT ATAAATAANBEMGGGTATTGT TGTTTCTGC
TCTTCTTCGCATCTTT T TCT CTCGAATGGATG GG ANATGA ATAAATAANBEGGGTATTIGT TGTTTCTGC
TCTTCTTCGCATCTTT g TCT ATAEC'AGCAAA.ACTTTGGATCAATT( TACAG] TG CTCAAATGGATG GGTATGA ATAAATAAGEEMIGGGTATTGT TGTTTCTGC
TCTTCTTCGCATCTTT T TCT TTTG:ATCAATTCTACAG Gl > GGTATGA ATAAATAAG-GGGTATTGT TGTTTCTGC
TCTTCTTCGCATCTTT L TCT TTTGG Gl > > GTATTGT TGTTTCTGC
CTCTTCTTCGCATCTTT T TCT TTTGG. G GGT TGT TGTTTCTGC
TCITCTTCGCATCTTT T TCT “TTTGG Gl CTCAAAT(:GATG-GAGTT G T TGT TGTTTCTIGC
TCTTCTTCGCATCTTT T DeT TTTGG, G C.TCAAATGGATG-GAGTT c GGGTATTGT TGTTTCTGC
TCTTCTTCGCATCTTTICCT TCD TTTGGATCAATTC TACAG G | (<] : GT TGTTTCTGC
. TCTTCTTCGCATCTTT T T"G T T G c | APEERSREE A TAAATAAGGCGGGTATTGT TGTTTCTGC
13. Nudiscapus ALEP C.veneris . TCTTCTTCGCATCTTT T TCT T G c | AR A TAAATAAGGCGGGTATTGT CTGTTTCTGC
14. Crocus KOTS C kotschyanus... “TCTTCTTCGCATCTTT T TTCT TTT G C | AN A TAAATAAGGCGGGTATTGT TGTTTCTGC
TCTTCTTCGCATCTTT T TTC.T. TTT G {2} > TGTTTCTIGC
ivu: s TCTTCTTCGCATCTTT T TCTC \AAGACTTT G C A—ATAAATAAGGC:GGTATTGTTTGAACTCTGTTTCTGC
17 ClocusCROCCsa(lvusSpa. CTCTTCTTCGCATCTTT T TCTCCATCG CAGC AAAGACTTTG G > GTGAGCG JATAAATAAGGCGGGTATTGTTTGAACTCTGTTTCTGC
18. Crocus CROC C sativus(Cs... CTTCTTCGCATCTTT T TCTCCATCGTATACCAGC}\AACACTTT > CAAATGGATGHEEMMGAGTTTATHGTGAGCG CGH T.A—ATAAATAAGGCGGGTATTGTTTGAACTCTETTTCTGC
19. Crocus CROC C.asumania CTTCTTCGCATCTTT T TCTCCATCGTATACCAGCAAAGACTTT > CAAATGGATGHEEEMGHEGT T TATHGTGAGCG CGH T.A_ATAAATAAGGCGGGTAT TGTTTGAAC TCTGTTTCTGC
20. Crocus CROC C.asumaniae... CTTCTTCGCATCTTT T TCTCCATCGTATACCAGCAAAGACTTT > CAAATGGAT(‘_AGTTTAT.GTGAGCG CGHATHADINNENEA TAAATAAGGCGGGTATT CTGTTTCTGC
21. Crocus CROC C.sativus viol CTTCTTCGCATCTTT T TCTCCATCGT AGCAAAGACT.T:GATCAATTCTACAG C G A_ATAAATAAGGCGGGTAT CTGTTTCTGC
22. Crocus CROC C.sativus Spa. “TTCTTCGCATCTTT T TCTCCATC “TTTGGATCAATTCTACAGI C G T TGTTTCTGC
23. Crocus CROC C.sativus kas... CTTCTTCGCATCTTT T TCTCCAT CC TTTGGATCAATTCTACAGI C G T “TGTTTCTGC
24. Crocus CROC C.sativus(Cs... CTTCTTCGCATCTTT T TCTCCATCGTATACCAGCAAAGACTTTGGATL‘AATTCTACAG C G & TGTTTCTGC
25. Crocus CROC C.Cashmeria.. CTTCTTCGCATCTTT T TCTCCATCGTATA AAGACTTTGGATCAATTCTACAGI o G L TGTITTCTIGC
26. Crocus CROC C.sativus ca CTTCTTCGCATCTTT T TCTCCATCGTATACCAGCAAAGACTTTGGATCAATTCTACAG > G T TGTITTCTIGC
27. Nudiscapus ALEP C .veneri: CTTCTTCGCATCTTT T 'I‘('.‘TCCATF'GTATAF‘CAG("AAAGACTTTGGATCAAT TA C G TATT T TGTTTCTGC
28. Crocus VERN C.thommasil CTTCTTCGCATCTTTCCT TCTCCATCG AGCAAAGACTTTGGA TTCTAC C G ATAAATAAGGCGGTTATT TTG. TGTTTCTGC
29. Nudiscapus SPEC C.specio... CTTCTTCGCATCTTT 2y TCTCCATCGTATAL AGCAAAGACTTTGGATCAATT("TA C BTG C GTT T TGTTTCTGC
30. Nudiscapus FLAV C flavus(C. CTTCTTCGCATCTTTCCG TCTCCA : G . 5 C TCTTAGCTCACTAAGATG AGTTTATAGTGAGCG T TGTTTCTGC
31. CROCUS SATIVS_ORIGINA. CTTCTTCGCATCTTT T TCTCCA 5 T 'I‘A GAG. A 5 : 5CCGA > : AGTTTATAGTGAGCG T TGTTTCGGC
32. Nudiscapus SPEC C.specio... C CTTCTTCGCATCTTT P T TCCATCGTATACCAGC.AAGACTTTGGATCAATTCTAC}\GTC:AGA GGCAGCCCACTG AGTTGCCGATA TCTTAGCTCACTAAGATG AGTTTATAGTGAGCG T TGTITTCTGC
33. Nudiscapus LAEV C.boryi(C. C CTITCTTCGCATCTTT T TCTCCA CCAGCEMAAGACTTTGGATCAATT ACAGTCGAGA GGCAGCCCACTG AGTTGCCGATA TCTTAG ACTAAGATG AGTTTATAGTGAGCG TATT g TGTITTCTIGC
34. Nudiscapus BIFL C.biflours(.. C CTTCTTCGCATCTTTCCT TCTCCATCGTATACCAGCHEMAAGACTTTGGATCAATTCTACAGTCGAGA GGCAGCCCACTG AGTTGCCGATA TCTTAGCTCACTAAGATG AGTTTATAGTGAGCG ATAAATAAGGCGGTTATT T TGTTTCTGC
35. Nudiscapus ORIE C.korolke C CTTCTTCGCATCTTT T TCTCC JAAGACTTTGGATCAATTCTACAGTCGAGA GGCAGCCCACTG AGTTGCCGATA TCTTAGCTCACTAAGATG CCAATAT TCAAATGGATG AGTTTATAGTGAGCG ATAAATAAGGCGGTTATT T TGTTTCTGC
36. Crocus VERS C.versicolor(( C CTTCTTCGCATCTTT T TCTC AGACTTTGGATCAATTCTA TCGAGA GGCAGCCCACTG AGTTGCCGATA TCTTAGCTCACTAAGATG CCAATAT TCAAATGGATG AGTTTATAGTGEGCG ATAAATAAGGCGGTTATT T TGTTTCTGC
37. Crocus VERN C thommasi c CTTCTTCGCATCTTT TC TCTC AGACTTTGGATCAATTCTA TCGAGA GGCAGCCCACTG AGTTGCCGATA TCTTAGCTCACTAAGATG CCAATAT ‘TCAGATGGATG AGTTTATAGTGAGCG sGTTATT D TGTTTCTGC
38. Crocus CROC C.thomasii(Ct.. C CTTCTTCGCATCTTT TC TCTC > TCGAGA GGCAGCCCACTG AGTTGCCGATA TCTTAGCTCACTAAGATG CCAATAT “TCAAATGGATG AGTTTATAGTGAGCG TATT T TGTTTCTGC
39. Crocus CROC C.pallasii(Cpl... C CTTCTTCGCATCTTT T.C. TCTC TCGAGA GGCAGCCCACTG AGTTGCCGATA TCTTAGCTCACTAAGATG CCAATAT “TCAAATGGATG AGTTTATAGTGAGCG TATT T TGTTTCTIGC
40. Crous CROC C.hadriaticus o] CTTCTTCGCATCTTT TC TCTC AGACTTTGGATCAATTCTACAGTCGAGA GGCAGCCCACTG AGTTGCCGATA TCTTAGCTCACTAAGATG _TCAAATGGATG AGTTTATAGTGAGCG ATT D TGTTTCTGC
41. Crocus CROC C.sativus vi C CTTCTTCGCATCTTT TC TCTC AGACTTTGGATCAATTCTACAGTCGAGA GGCAGCCCACTG AGTTGCCGATA TCTTAGC T‘ACTAAGATG T > > AGTTTATAGTGAGCG T'T T CTGTTTCTGC
42. Crocus CROC C.mathewii( > CTTCTTCGCATCTTT TC TeTC AGACTTTG(:ATCAATTLTACAGTCGAGA GGCAGCCCAC.G AGTTGCCGATA TCT LACTAAGATG AGTTTATAGTGAGCG u T TGTTTCTGC
43, Crocus VERN C.thommasi 4 CITICPTCGCATCTPICCTC TCIC GAGACTTTGGATCAATT GGCAGCCCACTG AGTTG‘ GA TCT AGTTTATAGTGAGCG TGTT TGTTTCTGC
CTTCTTCG TCTTT TC TCTC - TG' TC =G CACTG AGTTGCCG TCT AGTTTATAGTGAGCG TGTT CTGTTTCTGC
CTTCTTCGCATCTTT T TCT| D A G CACTG AGTTGCC:ATA TCT ABTTTATAGTGAGCG T 2 ACTCTGTTTCTGC
i TCTTCTTCGCATCTTT T GCTTCT AC G CACTTTGGATCAATTCTA GA C-GCAC-CCCACTG AGTTGCCGATA TCT AGTTTATAGTGAGCG ATAAATAAGGCGGTTATT sTTTGA. TGTTTCTGC
r CTTCTTCGCATCTTT T > TCT TCGTATACCAGC.AAGACTTTGGATC}\ATTCTACAGTCGAGA GGCAGCCCACTG AGTTGCCGATA TCT AGTTTATAGTGAGCG ATAAATAAGGCGGTTATTGTTTG CTGTTTCTGC
P CTTCTTCGCATCTTT T sCTTCT TACCAG GACTTTGGATCAATTCTAEAGTC:AGA GGCAGCCCACTG AGTTGCCGATA TCT AGTTTATAGTGAGCG ATAAATAAGGCGGTTATTGTTTG TGTTTCTGC
- CTTCTTCGCATCTTTCCT : TCTCCATCGTATACCA ACAG GA GGCAGCCCACTG AGTTGCCGATA TCT AGTTTATAGTGAGCG ATAAATAAGGCGGTTATIGTTITIG TGTTTCTGC
F CTTCTTCGCATCTTT T > TCTCCATCGTATACCAGC AGACTTTGGATCAATT TACAGTCLJAGA GGCAGCCCACTG AGTTGCCGATA TCT AGTTTATAGTGAGCG ATAAATAAGGC TTTG TGTTTCTGC
F CTTCTTCGCATCTTT T GAGCTTCTC CA AGACTTTIGGATCAATTCTACAGTCGAGA GGCAGCCCACTG AGTTGCCGATA TCT AGTTTATAGTGAGCG ATAAATAAGGCGGTTATTGTTTG TGTTTCTGC
r CTTCTTCGCATCTTT T GAGC.T"TC > AGACTTTGGATCAATTCTACAGTCGAGA GGCAGCCCACTG AGTTGCCGATA TCT AGTTTATAGTGAGCG ATAAATAAGGCGGTTATTGTTTG TGTTTCTGC
r : CTTCTTCGCATCTTT T GAGCTTCTC AGACTTTGGATCAATTCTACAGTCGAGA GGCAGCCCACTG AGTTGCCGATA TCT AGTTTATAGTGAGCG ATAAATAAGGCGGTTATTGTTTG TGTTTCTGC
54 Crocus CROC C.thomasii(Ct. CTTCTTCGCATCTTT T GAGCTTCTC AGACTTTGGATCAATTCTACAGTCGAGA GGCAGCCCACTG AGTTGCCGATA TCT AGTTTATAGTGAGCG ATAAATAAGGCGGTTATTGTTTG TGTTTCTGC
- 55 Crocus CROC C.pallasii(Cpl.. CTGGALT"TTCTT"GCATCTTT T GAGCTTCTCC AGACTTTGGATCAATTCTACAGTCGAGA GGCAGCCLALTG AGTTGCCGATA TCT AGTTTATAGTGAGCG ATAAATAAGGCGGTTATTGTT > TGTTTCTGC
- 56 “TGGACTCTTCTTCG CTTT T > TCTC AGACTTTGGATC}\ATTCTACAGT “GAGA CA AGTTGCCGATA TCT AGTTTATAGTGAGCG GG GTTTG TGTTTCTGC
F Y CTTCTTCG CITT T TCTC 5 CGAGA c AGTTGCCGATA -TCT AGTTTATAGTGAGCG GITTG TGTTTCTGC
- 58 CTTCTTCG CT.TT T TETC AGACTTTG(:ATCAATTLTACAGTCL:AGA GGCAG CCACTl: AGTTGCCGATA TCT AGTTTATAGTGAGCG GTITTG TGTTTCTIGC
59 CTTCTTCG CTTT uy TCTC "AGTCGAGA GGCAGCCCACTG AGTTGCCGATA TCT AGTTTATAGTGAGCG GTTTG TGTTTCTGC
- 60. TCTTCTTCG CTTTCCT TCTC| 5 GGCAGCCCACTG AGTTGCCGATA TCTTAGCTCACTAAGATG AGTTTATAGTGAGCG GTTTG TGTTTCTGC
- 61, CTTCTTCG CTTTCCT TCTC GGCAGC\’CACTG AGTTGCCGATA TCTTAGCTCACTAAGATG AGTTTATAGTGAGCG GTTTG TGTTTCTGC
62 CTTCTTCGCATCTTTCCT TCTC AGTTGCCGATA TCTTAGCTCAQTAAFGTG AGTTTATAGTGAGCG GTTTG TGTTTCTGC
63 TCTTCTTCGCATCTTTCCT TCT GTTGCCGATA TCT AGTTTATAGTGAGCG GTTTG TGTTTCTIGC
- 64 TCTTCTTCGCATCTTTCCT -CT TTTGGATCAATTCTACA GA AGTTGCCGATA TCT AGTTTATAGTGAGCG GTTTG TGTTTCTGC
65 TCTTCTTCGCATCTTTCCT TC'T TTTGGATCAAT ACAGTCL—:AGA GTTGCCGATA -TCTT AGTTTATAGTGAGCG GTTTG TGTITTCTIGC
- 66. CTCTTCTTCGCATCTTTCCT TC T AGACTTTG(:ATCAA CAGTCGAGA 4 AGTTGCCGATA TCT AGTTTATAGTGAGCG GTTTG TGTTTCTGC
67 TCTTCTTCGCAMCTTTCCT TCT AGAC,TTTGGATCAATTCTACAGTCGAGA GGCAGCC(‘ACTG AGTTGCCGATA TCT AGTTTATAGTGAGCG GTTTG TGTTTCTGC
- TCTTCTTCGCATCTTTCCT e AGACTTTGGATCAATTCTACAGTCGAGA GGCAGCCCACTG AGTTGCCGATA TCTTAGC ; 2 AGTTTATAGTGAGCGHEGEGCGTATGA GTTTGAACTCTGTTTCTGC
- 6 TCTTCTTCGCATCTTTCCT TCT AGACHTTGGATCAATTCTACAGTCGAGA GGCAGCCCACTG AGTTEICCGATA TCTTAGCTCACTAAGATG AGTTTATAGTGAGCG-G.GC(TATGA ATAAATAAGGCGGTTATTGTTTGAACTCTGTITTCTGC
i TCTTCTTCGCATCTTTCCT TCT AGACTTTIGGATCAATTCTACAGTCGAGA GGCAGCCCACTG AGTTEICCGATA TCTTAGCTCACTAAGATG AGTTTATAGTGAGCG ATAAATAAGGCGGTTATTGTTTGAACTICTGTTTCTGC
7 TCTTCTTCGCATCTTTCCT Lokl AGACTTIGGATCAATTCTAGAGTCGAGA GGCAGCCCACTG AGTTGCCGATA TCTTAGCTCACTAAGATG AGTTTATAGTGAGCG ATAAATAAGGCGGTTATTGTTTGAACTCTGTTTCTGC
roo72 TCTTCTTCGCATCTTTCCT TCT AGACTTTG GATCAATTCTACAGTCGAGA GGCAGCCCACTG AGTTGCCGATA TCTTAGCTCACTAAGATG AGTTTATAGTGAGCG ATAAATAAGGCGGTTATTGTTTGAACTCTGTTTCTGC
F73 TCTTCTTCGCATCTTTCCT GAGCTTC TTG A CTAC “GAGA GGCAGCCCACTG AGTTGCCGATA TCTTAGCTCACTAAGATG AGTTTATAGTGAGCG ATAAATAAG 'GGTTATTGTTTGAACTCTGTTTCTGC
FoT4 TCTTCTTCGCATCTTTCCT TTG A GAGA GGC CCACTG AGTTGCCGATA TCT . AGEITTATAGTGAGCG ATAAATAAG TTATTGTTTGAACTCTGTTTCTGC
75. G TCTTCTTCGCATCTTT T TTGGATCAATTCTACAI CGAGA GGCAGCCCACTG AGTTGCCGATA TCT AGTTTATAGTGAGCG ATAAATAAGGCGGTTATTGTTTGAACTCTGTTTCTGC
{[ 76. =G TCTTCTTCGCATCTTT T sCTTCT TTGGATCAATTCTACABMTCGAGA GGCAG CACTG AGTTGCCGATA TCT AGTTTATAGTGAGCG G GTTTGAACTCTGTITTCTGC
77. c 5 TCTTCTTCGCATCTTT T sCTTCT TTGGATCAATTCTACABMTCGAGA GGCAGCCCACTG AGTTGCCGATA TCT AGTTTATAGTGAGCG GTTTGAACTCTGTITTCTGC
78. g CTGGACTCTTCTTCGCATCTTT T “TTCT ) G TTGGATCAATTCTACAGTCGAGA GGCAGCCCACTG AGTTGCCGATA TCT AGTTTATAGTGAGCGHGHEG GTTTGAACTCTGTTTCTGC
{[79. ia. CTGG TCTTCTTCGCATCTTT T T TCCATCGTATACCAGC.AAGACTTTGGATCAATTCTACAGTCGAGA GGCAGCCCACTG AGTTGCCGATA TCT AGTTTATAGTGAGCG GTTTGAACTCTGTTTCTGC
80. Crocus CROC C.sativus cart.. C TGGACTCTTCTTCGCATCTTT T TTCTCCATCGTATACCAGC AGACTTTGGATCAATTCTALAGTCGAGA GGCAGCCCACTG AGTTGCCGATA TCT AGTTTATAGTGAGCG GTTTGAACTCTGTTTCTGC
81. Crocus LONG C.niveus(Cniv.. CTGGACTCTTCTTCGCATCTTT T TTCT AGACTTTGGATCAATTLTALAGT GA GGCAGCCCACTG AGTTGCCGA ICT AGTTTATAGTGAGCG GTTTGAACTCTGTTTCTGC
82. Crocus CROC C.sativus viol-.. CTGGACTCTTCTTCGCATCTTT T TTCT CTTTGGATCAATTLTACAGTCL:AGA G(JCAGCCCACTG GGTTGCCGATA TCT AGTTTATAGTGAGCG GTTTGAACTCTGITTCTGC
83. Crocus CROC C.asumaniae.. CTGGACTCTTCTTCGCATCTTT T TTLCT CAG(‘AAAGACTTTGGATCAATTCTACAGTCGAGA AGTTGC CGATA TCT AGTTTATAGTGAGCG GTTTGAACTCTGTITTCTGC
84. Crocus VERN C.thommasil e TCTTCTTCGCATCTTT T TTCT AGACTTTIGGATCAATTCTACAGTCGAGA 5 TCTTACCTCAI_TAAGATG AGTTTATAGTGAGCG GTTTGAACTCTGTITTCTGC
85. Crocus VERN C.thommasi “TCTTCTTCGCATCTTT T TTCT GACTTTGGATCAATT("TACAGTCGAGA AGT TCTTAGCTCACTAAGATG AGTTTATAGTGAGCG GTTTGAACTCTGTTTCTGC
86. Crocus VERN C.thommasi CTCTTCTTCGCATCTTT T TTCT “AATT ACAGTCGAGA T ‘TTAGCTCACTAAGATG AGTTTATAGTGAGCG GTTTG TGTTTCTGC
87. Crocus VERN C thommasi TCTTCTTCG G JP NG S TCGAGA T ACTAAGATG AGTTTATAGTGAGCG GTTTG TGTTTCTGC
a8, TCTTCTT CTTT T TTCT sAGA “TCACTAAGATG AGTTTATAGTGAGCG TTTG TGTTTCTGC
89. TCTTCIT CT.TT T T LT AGA C TAAGATG AGTTTATAGTGAGCG ) TGTTTCTIGC
90. STCTTCTICG CTITCCT TTCT. “AAAGACTTTGGATCAATT TACAGTC AGA GGCAGCCCACTG AGTTGCCGATA TCTTAGCTCACTAAGATG GA AGTTTATAGTGAGCG =TTTG TGTITTCTIGC
91. TCTTCTTCGCATCTTTC -. TTCT GCAAAGGCTTTGGATCAATTCTACAGTCGAGA GGCAGCCCACTG AGTTGCCGATA TF'TTAGF'TCACTAGGATG TCAGATGGATG AGTTTATAGTGAGCG GG GTTTG TGTTTCTGC
92, TCTTCTTCGCATCTTTCCH TTCT ECCAGCAAAGACTTTGGGTCAATTCTACAGTCGAGA GGCAGCCCACTG GGTTGCCGATA TCTTAGCTCACTAAGATG CTCAGATGGATG AGTTTATAGTGAGCG ATAAATAAGGCGGTTATTGTTTG TGTTTCTGC
[ 93. TCTTCTTCGCATCTTTCCT TICT CGTAMBCCAGCAAAGACTTTGGATCAATTC TACAGTCGAGA GGCA&CCCACTG AGTTGCCGATA TCTTAGCTCACTAAGATG G AGTTTATAGTGAGCG ATAAATAAGGCGGTTATTGTTTG TGTTTCTGC
94, TCTTCTTCGCATCTTTCCT TTCT 5 CCAGCAAAGACTTTGGATCAATT ACAGTCGAGA AGTTGCCGATA TCTTAGCTCACTAAGATG AGTTTATAGTGAGCG ATAAATAAGGCGGTTATTGTTTG TGTTTCTGC
I 95. TCTTCTTCGCATCTTTCCT TTCT CCAGCAAAGACTTTGGATCAATT > A G > > AGTTGCCGATA TCTTAGCTCACTAAGATG AGTTTATAGTGAGCG ATAAATAAGGCGGTTATTGTTTGAACTICTGTTTCTGC
r 96. 2 TCTTCTTCGCATCTTTCCT TTCT > > Cv'" GGCAGCCCACTG AGTTGCCGATA TCTTAGCTCACTAAGATG AGTTTATAGTGAGCG ATAAATAAGGCGGTTATTIGTTTG TGTTTCTGC
- 97. Crocus CROC C.sativus kas.. CTITCTTCGCATCTTTCCT GAGCTTCTC GGCAGCCCACTG AGTTGCCGATA TCTTAGCTCACTAAGATG AGTTTATAGTGAGCG ATAAATAAGGCG TATTGTTTG TGTITTCTIGC
- 98. Crocus CROC C.Cashmeria... CTTCTTCGCATCTTTCCTCGCGAGCTTCT GGCAGCCCACTG AGTTGCCGATA TCTTAGC ACTAAGATG AGTTTATAGTGAGCG ATAAATAAGG TATTGTTTG TGTTTCTGC
 99. Crocus CROC C.sativus(Cs... CPTCTTCGCATCTTTCCTCGCGAGCTTCTC GGCAGCC(“ACTG AGTTGCCGATA TCTTAGCTCACTAAGATG AGTTTATAGTGAGCG TATTGT TGTTTCTGC
100. Crocus CROC C.sativus(C... CTTCTTCGCATCTTTCCTCGCGAGCTTCT AGTTGCCGATA TCTTAGCTCACTAAGATG AGTTTATAGTGAGCG TATTGT TGTTTCTGC
~ 101. Crocus CROC C.oreocreti CTTCTT TTTCCT CTTCT -GTTGCCGAT TCTTAGCTCACTAAGATG AGTTTATAGTGAGCG TATTGT CTGTTTCTGC
TCTTCTT TTT T TTCT GTHMGCCGATA TCTTAGCTCACTAAGATG AGTTTATAGTGAGCG TATTGTT CTGTTTCTGC
CTIC T, TT.T. T TC TE AGTTGCCGAT TCTTAG AGTTTATAGTGAGC TATTGTTT TCTGTTTCTGC
TCTTCTT TTTCCT TTCTC AGTTGCCGATA TCTT AGTTTATAGTGAGCG TATTGTTTG CTGTTTCTGC
CTTCTT TTT T TTCT AGTTGCCGATA TCTT AGTTTATAGTGAGCG TATTGTTTG CTGTTTCTGC
ETTeTT DT TTCTCCATCGTAT.CCAGCAAAGACTTTG(JATCAATT "TACAGTCGAGA GGCAGCCCACTG AGTTGCCGATA TCTTAGCTCACTAAGATG AGTTTATAGTGAGCG sTTATTGTTTGAACTCTGTTTCTGC
CTTCTT TTT T TTCT('CATCGTAT-CCAGF‘AAAGACTTTGGATCAATTCTACAGTCGACA GGCAGCCCACTG AGTTGCCGATA TCTTAGCTCACTAAGATG AGTTTATAGTGAGCG TATTGTTTGAACTCTGTITTCTGC
CTTCTT TTT T TTCTC “AAAGACTTTGGATCAATTCTACAGTCGAGA GGCAG CACTG AGTTGCCGATA TCTTAGCTCACTAAGATG AGTTTATAGTGAGCG TATTGTTTGAACTCTGTITTCTGC
CTTCTT LT T BT TCT.C "AAAGACTTTGGATCAATTCTACAGTCGAGA GGCAGCCCACTG AGTTGCCGATA TCTTAGCTCACTAAGATG AGTTTATAGTGAGCG sGTTATTGTTTGAACTCTGTTTCTGC
“TTCTT TTT T TTCTCCA “AAAGACTTTGGATCAATTCTACAGTCGAGA GGCAGCCCACTG AGTTGCCGATA TCTTAGCTCACTAAGATG AGTTTATAGTGAGCG ATAAATAAGGCGGTTATTGTTTGAACTCTGTTTCTGC
" CTTCTT T:T.T T TTCTCCA \AAGACTTTGGATCAATTCTACAGTCGAGA GGCAGCCCACTG AGTTGCCGATA TCTTAGCTCACTAAGATG AGTTTATAGTGAGCG ATAAATAAGGCGGTTATTGTTTGAACTCTGTTTCTGC
. Crocus CROC C.hadriaticu... CTTCTT TTT T TTCTCCA “CAGCAAAGACTTTGGATCAATTICTACAGTCGAGA GGCAGCCCACTG AGTTGCCGATA TCTTAGCTCACTAAGATG AGTTTATAGTGAGCG ATAAATAAGGCGGTTATTGTTTGAACTCTGTTTCTGC
113. Crocus CROC C.hadriaticu... CTTCTT 112 ) T TTCTCCA CAGCAAAGACTTTGGATCAATTCTACAGTCGAGA GGCAGCCCACTG AGTTGCCGATA TCTTAGCTCACTAAGATG AGTTTATAGTGAGCG ATAAATAAGGCGGTTATTGTTTGAACTICTGTITTCTGC
. Crocus CROC C.cartwright CTTCTT T T TTCTCCA CCAGCAAAGACTTTGGATCAATTCTACAGTCGAGA GGCAGCCCACTG AGTTGCCGATA TCTTAGCTCACTAAGATG AGTTTATAGTGAGCG ATAAATAAGGCGGTTATTGTTTGAACTICTGTITTCTGC
CIICTT TP T TTCTCCA “CAGCAAAGACTTTGGATCAATTCTACAGTCGAGA GGCAGCCCACTG AGTTGCCGATA TCTTAGCTCACTAAGATG AGTTTATAGTGAGCG ATAAATAAGGCGGTTATTGTTTGAACTCTGTTTCTGC
CTTCTT TTT T TTCTCCA CAGCAAAGACTTTGGATCAATTCTACAGTCGAGA AGTTGCCGATA TCTTAGCTCACTAAGATH AGTTTATAGTGAGCG ATAAATAAGGCGGTTATTGTTTGAACTICTGTTTCTGC
ST T.CT.T TT.T T TTCTCCA CCAGCAAAGACTTTGGA-CAATT("TACAGT GAGA AGTTGCCGA TCTTAGCTF'ACTAAGAT. AGTTTATAMTGAGCG ATAAATAAGGCGGTTATTGTTTGAACTCTGTTTCTGC
CTTCTT TTT T TTCTCCA = AGTTGC TCTTAG AGTTTATAC—-TGAGCG ATAAATAAGGCGGTTATTGTTTGAACTCTGTTTCTGC
Lagnliiel Gy PL-T 3 TTCTCCA >TA AAGAC TGG TCTACGGTCGAGA GGCAGCCCACTG AGTTGCCGAMA TCTTA AGTTTATAGTGAGC ATAAATAAGGCGGTTATTGTTTGAACTCTGTTTCTGC
CTTCTT TTT T TT TCCATCGTAT.CCAGCAAAGACT-TGGATCAATTCTAC}\GTC;AGA GGCAGCCCACGG AGTTGCCGATA TCTTAGCTCACTAAGAT(: AGTTTATAGTGAGCG ATAAATAAGGCGGTTATTGTTTGAACTCTGTITTCTGC
CTTCTT ITTCCTC CTTCTCCA ATTCTACAGTCGAGA GGCAGCCCACTG TCTTA CTAAGATG AGTTTATAGTGAGCG ATAAATAAGGCI:GTTATTGTTTGAACTCTGTTTCTG(‘
.. CTG CTT.CTT TTTCCTCGCGAGCTTCTCCA [¢ TCAATTCTAC‘AGTC‘GAGA GGCAGCCCACTG AGTTGCCC—-ATA TCTTAGCT LACTAA(;ATG > AGTTTATAGTGAGCG ATAAATAAGG sTTATTGTTTGAACTCTGTITTCTGC
123, C(o:usCROCCthomasll( CTTCTT TTTCCTCGCGAGCTTCTCCATCGTATH CAG('AAAGACTTTGGATCAATTCTACAGTV‘GAGA GGCAGCCCACTG AGTTGCCGATA TCTTAGCTCACTAAGATG CTCAGATGGATG AGTTTATAGTGAGCG ATAAATAAGGCGGTTATTGTTTGAACTCTGTTTCTG.J

Figure 4.8: B) Multiple sequence alignment view of the ATPs sequences isolated from 30 accessions of C. sativus. The nucleotide sequences were aligned using the Geneious R6 program, Showing three sequence
allele types allele typel(serial 30-80) had two SNPs T and C nucleotide at 28th and 52nd base pair position respectively, allele type2 (serial 81-123) has five SNPs C, C, A, G and T nucleotide at 46", 135", 145" 151%
and 182" bp position respectively, allele type3 (serial 9-29) has twelve SNPs C, T, C, A, A, C, C, C, T, A, C and G at 76". 89" 102" 104" 107" 112" 114" 127" 170" 180", 183 and 204" bp position
respectively. The sequences presented in (A, serial 1-8) do not group with any of the three type of alleles see (Figure 4.8 A). The consensus sequence length is 227bp. Highlighted nucleotides “ATCG” indicating to the
single nucleotide polymorphism detected in the species; dashes indicate deletions/ insertion or gaps in the sequence alignments.
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4.3.3 Nucleotide sequence variation and phylogenetic tree of the TCy region from

saffron accession and Crocus species

PCR products of the EST-SSR primer TCys (arrow in Figure 4.3, 4.4) were cloned and
sequenced with universal M13 primers for all 43 Crocus accessions except C. vernus (Table
2.2). TCys is a compound microsatellite comprising (CA) 7(TC) 25 (-CTTTAT CACA
CACACACACA TCTCTCTCTC TCTCTCTCTC TCTCTCTCTC TCTCTCTCTC
TCTCTCTCTCT AGAAGAT-) motif (italics indicate immediately flanking sequence). For
each accession, 5-10 clones were sequenced, and a total of 300 sequences ranging from
134bp to 226bp in size were obtained. However, the final analysis included only 107
representative sequences of all Crocus accessions, while the remaining 193 sequences were
discarded for being too short, too diverse, or because they had 100% homology to another
clone of the same accession already included in the analysis. The consensus TC,s sequence is
AT rich and is 190bp long. Sequences that are included in the phylogenetic analysis ranged
from 155bp to 223bp in size (Figures 4.10B).

The TCy sequences displayed significant polymorphism, particularly within the
microsatellite region. However, for convenience all the 107 sequences were divided into
clades E and F (Figures 4.10A, 4.10B), while at the nucleotide level the sequence can be
separated into three main alleles based on the presence/absence of CA or TC repeat region
(see below and Figure 4.10B and Appendix 4).

Group E (serial 1 to 4) contains 4 sequences of 2 accessions of C. kotschianus
divided into two sister branches and one sub branch with (bootstrap support 87.1). Sequences
of 175bp length remained out of group (group E, Figure 4.10A). While, Group F contain all
the remaining species (serial 5 to 107) well supported (bootstrap 100%) and rooted with the
four C. kotschyanus sequences (group E) and divided into four sub-clades. Group F1 contains
41 sequences (serial 5 to 45) of 151-200bp long. The sequences, with poor bootstrap
resolution contain accessions from both section Nudiscapus and Crocus, showing the
relationships and presence of shared alleles within the genus. For example C. cancellatus
sequences are grouping with C. cartwrightianus (serial 22, 23 and serial 24, 25). Similarly, C.
asumaniae shares a branch with C. versicolor at serials (20 and 21) and another at serials 35
and 36 (see Figure 4.10A); and C. laevigatus with C. boryi (C. pallasii subsp. dispathaceus

(serial 26 to 30). Although several accessions of C. asumaniae and C. tommasinianus share
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one type of sequence and more than one allele, sequences from these accessions were not
resolved into clusters (group F1, Figure 4.10A). Moreover, some 45 sequences from F1 had
T-rich stretches without a clear SSR motif. The well-supported clade F2 contains 12
sequences of 191-198bp long from 9 different species (serial 46 to 57). These sequences do
not contain the CA motif (Figure 4.10B). The sequences from five species (serial 51 to 57),
were nearly identical at the nucleotide level (bootstrap support 79.5; C. thomasii, C.
cartwrightianus, C. asumaniae, C. sativus and C. hadriaticus) with additional variation in C.
biflorus, C. korolkowii, C. oreocreticus and C. goulimyi. While, 10 sequences had a TC SSR
motif with no significant CA repeats, and most included some 3' T and A bases (Figure
4.10B).

Sub-clade F2 includes sequences from 9 species (C. mathewii, C. pallasii, C.
oreocreticus, C. sativus, C. cartwrightianus, C. asumaniae, C. hadriaticus and C. thomasii
from Series Crocus, C. tommasinianus from series Verni, as well as “C. sativus
cartwrightianus ” (the garden-named non-species). Sub-clade F3 contains 24 sequences of
161-163bp long, having a single base pair insertion or deletion (serial 58 to 81). These
sequences contain the SSR sequence related to the reference sequence, -CTTTAT
CACACCAC TCTTTTTCTT TTCTCTCTTC CTTTTGCTAT AGAAGAT-, but are without
conspicuous SSR motifs (Figure 4.12, 4.10A; bootstrap support 68.1). Sub-clade F4 (serial 82
to 107) contains 25 sequences along with the reference TC,s sequence for which the primer
pairs were designed (Figure 4.10A, bootstrap support 73.8). These sequences are 168-202bp
long containing both CA and TC repeat region with between 10 and 30 TC repeats including
some degeneracy. The reference TCos sequence (of C. sativus) was 190bp length size, and an
identical sequence was amplified from C. mathewii and C. pallasii subsp. pallasii only
(Figure 4.12, 4.10B).

A second round of analysis of the flanking sequence with the microsatellite domain
deleted in the nucleotide alignment was carried out. The analysis included SNPs in the 95bp
5' region and the 50bp at the 3' region flanking the SSR domain; the grouping of accessions
and species in the phylogenetic tree was broadly similar to that including the microsatellite
region, and showed no well-supported groups with sequences from only a few species.
Unlike, ATPs and the published but undescribed Crocus ESTs (see discussion below), contig

assembly was not useful because of the microsatellite region, and did not relate to any natural
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groupings (Figure 4.10B). Interestingly, the TCys results also revealed the existence of 3
distinct alleles of 163bp; 190bp and 198bp in C. sativus (see Figures 4.9B, 4.10B).

A large study of ESTs from C. sativus (Giuliano et al., 2008) includes 6,603 ESTs,
which his algorithm assembled into 1,893 clusters, “each corresponding to a different
expressed gene”. I used the total of 6,908 ESTs present in GenBank/EBI database and carried
out a similar assembly using Geneious but with some relaxed parameters so homologous
sequences were grouped. It also had the effect of making more extended contigs with more
sequences aligned, a total of 6,180 out of 6,908 reads were assembled to produce 767 contigs
and 728 reads were not assembled (Table 4.3). Giuliano et al. (2008) makes no mention of
evidence of multiple copies or whole genome duplication, but in about 10% of these, there

was evidence for three different alleles of the same gene (Figure 4.11).

Table 4.3: De novo sequence assembly statistics of the 6,908 Crocus EST sequences.

Statistics Unused reads All contigs Contigs >=100bp Contigs >=1000bp
Number of 728 767 767 48

Min Length (bp) 100 100 100 1,002
Median Length (bp) 532 532 1,196

Mean Length (bp) 425 564 564 1,351

Max Length (bp) 2,149 3,141 3,141 3,141

N50 Length (bp) 631 631 1,284
Number of contigs >= N50 252 252 19

Length Sum (bp) 309,803 432,837 432,837 64,886
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5, C.Cashmenanus(CstC009)2.. T
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1. original_ TC(25)_ sequence
8. Crocus sativus(CsatSUT09)-2.
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Crocus sativus viol-pur(CstVD09)-24A1
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Crocus sativus(CsatSUT09)-27A7

Crocus sativus(CsatSUT09)-27A8
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Figure 4.9: A) Molecular phylogenetic analysis of the
TCys sequence of the C. sativus accession. Neighbour
Joining (NJ) method with 1000 bootstrap replicates using
the Geneious R6 program. Crocus sativus accessions
show clear separation into three clades based on the TC,
microsatellite  motifs, allele typel: contains two
accessions of C. sativus, allele type2: contains six
accessions of C. sativus, allele type3: contains seven
accessions of C. sativus.

B) Multiple sequence alignment view of the TCys
sequences isolated form fifteen C. sativus accessions
showing three sequence allele types, allele typel had two
sequences (serial 1-2) these sequences do not contain the
CA motif, allele type2 (serial 3-8) had the CA motif and
SSR (TCys) repeats, allele type3 (serial 9-15) had the CA
motif and T-rich stretches without a clear SSR motif. The
consensus sequence length is 208bp. Highlighted
nucleotides “ATCG” indicating to the single nucleotide
polymorphism detected in the species and the
microsatellite region; dashes indicate deletions/ insertion
or gaps in the sequence alignment.
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Figure 4.10: A) Phylogenetic
tree of 107 TCys nucleotide
sequences isolated from 43
accessions of saffron and
Crocus species. Neighbour-
Joining tree was constructed
with 1000 bootstrap replicates
in Geneious R6 program. The
bootstrap support (%) is shown
near the nodes. Branches
without  numbers  received
bootstrap values smaller than
50%. Lineages divided into two
main groups E and F, clade F
divided in three sub-clades
shown in different colours, F1
unresolved sequence
alignments (tree view series 1-
49), sub-clade F2 represent
allele typel (sequence
alignment view, serial 49-57),
sub-clade F3 represent allele
type3 (the sequence alignments
view, serial 58-81), sub-clade
F4 represent allele type2
(sequence alignment  view,
serial 82-107), the C. sativus
sequences are indicated in red

within  the groups. Names
comprise section name
followed by series, species

name, accession number.
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= 1. C. kotschyanus{CkotP02)10A3 TCCCTACACCCAACARAACCTAACTTNAAAGAA AGCATGCTH TABTACTT RXAACACAATA ACCCTTC ---ACCTTTATCACAC CHERNSNTHTERT TT THESET C TRESC TEESS TR TERST T TR0 AGAAGATATGGGAC TAAGGGHCATAGAGTC CACACTTCCTCCAGGTTTC AGG
. 2. C. kotschyanus/ZONATUS(Ckot/z0S... TCCCTACACCCAACARAACCTAACTTEAAAGAA AGCATGTE TABTACTT AAACACAATA ACCCTTC ---ACCTTTATCACAC CENSCETHMTEST TT THSET C TRENC TG TN THEET T TRESSNESGD AGAAGATATGGGACTAAGGGECATAGAGTCCACACTTCCTCCAGGTTTCAGE
¥ 3. C. kotschyanus/ZZONATUS(Ckot/z08... TCCCTACACCCAACAAAACCTAAC TTMAAAGAA AGCATGTT TABTACTT XAACACAATA ACCCTTC --=ACCTTTATCACAC B TT THESIET C TEC T ESEST 3 THNST T THRSEREA AGAAGATATGGGAC TAAGGGHCATAGAGTCCACACTTCC TCCAGGTTTC AGG
4. C. kotschyanus{CkotP02)10AG TCCCTACACCCAACAARACCTAACTTMARAGAX AGCATGTT TAMTACTT ARACACAATA ACCCTTC -ACCTTTATCACAC CEMEGETETENT TT TRRIET C TRES. TRST X TRINT T THREDNIA - 5 AGAAGATATGGGACTAAGGGHCATAGAGTCCACACTTCC TCCAGG TTTC AGG

~ 5. C. laevigatus(ClaeD8)16A2 TCCCTACACCCAACARAACCHAACTT AAAGAA AGCATGTT TAGTACTT RAAC---ATA ACCCTTCEETCCACCTTTATCACAC --CTCTHETETC - STEENT C T C TRESC TETITC TRITT T TG 2 AGAAGATATGGGAC TAAGGGACATAGAGTC CACACTTCC TCCAGGTTTC AGG
o 6. C. angustifolius(CangP09)12A10 TCCCTACACCCAACAAAACCTAACTT AAAGAA AGCATGTT EAGTACTT AAACACAATA ACCLTTE -~ -=—====—= = o - --TCTRATRETC TR T RESRESINS TC THTRET C THS T T eSS AGAAGATATGGGHC TAAGGGREC ATAGAGTC CACACTTCC TCCAGGTTTC AGE
- 7. C.thommasinianus (CtmADDO)SA13 TCCCTACACCCAACAAAACCTAACTT AAAGAA AGCATGTT TAGTACTT AAACACAATA ACCCTTC =---ACCTTTATCACAC CEICTCTTTTTC T -- RIS T - AT~=== AGAAGATATGGGAC TAAGGGACATAGAGTCRACACTTCC TCCAGGTTTC AGG
o 8. C. thommasinianus (CtmBD0O9)AD TCCCTACACCCAACAARACCTAACTT ARAGAX AGCATGTT TAGTACTT AAGCACAATAE ACCCTTC ---ACCTTTATCACAC TCTTTTTCTTTTCTCTC TREE- BITET- C TAT- AGAAGATATGGGACTAAGGGACATAGAGTCCACACTTCCTCCAGG TTTC AGG
3 9. C.speciosus(CspPD9)15A4 TCCCTACACCCAACAAAACCTAACTT AAAGAA AGCATGTT TAGTACTT XAAC---ATA ACCCTTC  TCCACCTTTATC ACHC CEICTCERSTT TRESTT T C THST C TRES- BT TIST B THNST N T ACARATATGGGGC TAGGGGACATAGAGTC CACAC TTCC TCCAGGTTTC AGG
o 10. C. flavus(CflaP02)14A2 TCCCTACACCCAACAAAACCTAACTT AAAGAA AGCATGTT TAGTACTT AA-CACAATA ASCCTTC TCCECCTTTATCACAC ENCE- AGAAGATATGGGACTAAGGGACATAGAGTC CACACTTCCTCC AGGTTTC AGE
- 11. C.speciosus{(CspP02)15A2 TCCCTACACCCAACAAAACCTAACTT AAAGAA AMCATGTT TAGTACTT XAAC---ATA ACCCTTC TCCACCTTTATCACAC AGAAGATATGGGAC TAAGGGACATAGAGTCCACACTTCC TCCAGGTTTC AGG
o 12. C. angustifolius(CangP09)12A2 TCCCTACACCCAACAARACCTAACTT A2AGAX ANCATGTT TAGTACTT ARAC---ATA ACCCTTC TCCACCTTTATCACAC BEET) AWAAGATATGGGAC TAAGGGACATAGAGTCCACAC TTCC TCCAGG TTTC AGG
- 13. C. niveus(CnivO8)2AG8 TCCCTACACCCAACAAAACCTAACTT AAAGAA AGCATGTT TAGTACTT XAAFACRATA ACCCTTC  TCCACCTT---CAC - CINESSEN clc'rc-rl'r-r'r—[r'r'r-c-rr C T TTEET C TRIT T THRDRRSRESN ACAPEATATGGGAC TAAGGGEC ATAGAGTC CACACTTCC TCCAGGTTTC AGG
- 14. C. flavus(CflaP0g9)14A12 TCCCTACACCCAACARAACCTAACTT AXAGAA AGHATGTT TAGTACTT AAAC---ATA ACCCTTC TCCACCTTTATCACAC cic- ETTEESTT THET CEC TR BT T5 CANST T TR AGAAGATATGGGACTAAGGGACATAGAGTCCACACTTCCTCCAGGTTTCAGG
o 15. C.veneris creamy(CvenD10)21A9 TCCCTACACCCAACAAAACCTAACTT AAAGAA AGCATGTT TAGTACTT AXAAC---ATA ACCCTTC TCCACCTTTATCACAC C C S TIST I T T T TR AR AGAAGATATGGGACTAAGGGACATAGAGTCCACACTTCCTCCAGGTTTC AGG
- 16. C. goulimyi(CguiDOS¥QAS TCCCTACACCCAACAAXACCTAACTT AXAGAA AGCATGTT TAGTACTT AXACACRATA ACCCTTC =---ACCTTTATCACAC [ TC@T TTTTC THESTE TR e AGHAGATATGGGACTAAGGGACATAGAGTCCACACTTCC TCCAGGTTTC AGE
- 17. C. niveus(CnivO8)2A1 TCCCTACACCCAACARAACCTAACTT RAAGAA AGCATGTT TAGTACTT ARAACACARATA ACCCTTC ---ACCTTTATCACAC CECTCTTTTTC TTT THT C SIS TENET TTHET C THE T TSN - A AGAAGATATGGGAC TAAGGGECATAGAGTC CACACTTCCTCCAGGTTTC AGG
o 18. C.korolkowii(CkorGD10)20A" TCCCTACACCCAACAAAACCTAACTT AAAGAA ANCATGTT BAGTACTT AAAC---2ATA ACCCTTC TCCACCTTTAMCACAC CREICTCTRETRSTC TR T RESRSNS ¢ BRNC AN TT TTHITA T T T e A AGARMIATATGGGACTAAGGGACATAGAGTCCACACTTCCTCC AGGTTTC AGE
- 19. C.veneris creamy(CvenD1op1A1 TCCCTACACCCAACAAAACCTAAC-l AAAGAANNGEATETT TAGTACTTEAAACACAATA ACHMCTTIN TCCACCTTTATCACAC T C T IEESANSANRR C TIT C 5T RST 0 - QST - TC RANRESII IO EsE - AT AAEATATGGGAC TAAGGGACATAGAGRCCACACTTCC TCCAGGTTTC AGG
s 20. C. asumaniae(CasWD02)36A5 TCCCUTACACCCRAACAARACCTAACTT ARXAGAX AGCATGTT TABMTACTT ARACACAATA ACCCTTC- ---ACCTTTATCACAC S TENT I TRESC T T THC THS T TS AGAAGGETATGGGACTAAGGGACATAGAGTC CACACTTCCTCCAGGTTTC AGG
21. C.versicolonCviPPO9)7 A1 TCCCTACACCCAACAAAACCTAACTT AAAGAA AGCATGTT TARITACTT XAACACAATA ACCCTTC ®W--A-CTTTATCACAC CEIC T C @S T T TC RS T RN TR R TR T TTRNC THS T T AGAAGHTATGGGAC TAAGGGACATAGAGTCCACACTTCC TCCAGGTTTC AGG

C 22. C carwrightianus (CcwBDD9)X44A5 TCCCTACACCCAACAAAACCTAACTT AAAGAA ASCATGET TABTACTT AAAC---RATA ACCCTTC TCCACCTTTATCACAC C-C-CTRITRSTETRIT THNC T3NS T SN0 THS T8 TRE T T T TRSIARa - 5 AGAAGATATGGGACTAAGGGACATAGAGTC CACACTTCCTCC AGGTTTC AGE
23. C.cancellatus(CcanD10)18A14 TCCCTACACCCAACAAAACCTAACTT AAAGAA RAAC---ATA ACCCTTC TCCACCTTTATCACAC TR T T AGAAGATATGGGACTAAGGGACATAGAGTCCACACTTCC TCCAGGTTTC AGG

s 24. C.cancellatus{CcanD10)18A1 TCCCTACACCCAACAAXACCTAACTT AZAGAZX TAGTACTT AAGC---ATA ACCCTTC TCCACCTTTATCACAC AGAMATATGGGAC TAAGGGACATAGAGEGCACACTTCCTCCAGG TTTC AGG
25. C carwrightianus (CcwBD09)Y4A4 TCCCTACACCCAACARAACCTAACTT AAAGAA AlCATGTT TAGTACTT XAKC---ATA ACCCTTC TCCACCTTTATCACAC TCTETTTCETTTCTCTC TT-CTTTT-C TAT--—~ ACABEATATGGGAC TAAGGGACATAGAGEGCACAC TTCC TCCAGGTTTC AGG

i 26. C. laevigatus{ClaeD8)18A7 TCCCTACACCCAACAAAACCEAAGTT AAAGAA AGCATGTT TAGTACTT AAAC---ATA ACCCTTCEMTC CACCTRTATC ACAC CRC TEST T THSIST T TRESRSNEMNEIT - C T TTT- STAT---- AGAAGATATGGGACTAAGGGACATAGAGTC CACACTTCCTCC AGGTTTC AGE
27. C. boryi(Cbo08)17 A8 TCCCTACACCCAACAAAACCEAACTT AAAGAA AGCATGTT TAGTACTT AAAC---ATA C T C T TRSNERES T T RERESN T - C T TT T- 2 TAT- AWAAGATATGGGAC TAAGGGACATAGAGTCCACACTTCC TCCAGGTTTC AGG

28. C. boryi(Cbo08)17A7 TCCCTACACCCAACAAXACCTAACTT WAAGAX AGCATGTT GAGTACTT AAACACAMEA C WS THET BSNRSR T TTRIC TCTC TT-CETTT- C TET- AGAAGATATGGGACTAAGGGACATABAGTECACACTTCCTCCAGG TTTC AGG

{C 29. C. laevigatus(Clae08)16AG6 TCCCTACACCCAACAAAACCTAACTT MAAGAA AGCATGTT EAGTACTT AC 2 2MA C N T T BRSNS T TR C TCTC TT-CElTTT-C TET- - —— AGAAGATATGGGAC TAAGGGACATARAGTRCACACTTCCTCCAGGTTTCAGE
30. C. pallasii(CpIDDO9)31AS TCCCTACACCCAACAAAACCTAACTT WAAGAA AGCATGTT TAGTAC TT - AANCAC A ANA C S TRET RECSREINE T TR T C TC TT-CMTTT-C TG T- - —- AGAAGATATGGGACTAAGGGACATANAGTECACACTTCCTCC AGGTTTCAGE

31. C. asumaniae(CasADOD)37TA12 TCCCTACACCCAACAAAACCTAACTT AAAGAA AGCATGTT TAGTACTT AAACACAATAN ANCCETC -ACCTTTATCACAC CACTCTTTTEC TTT THTHISNGT CETERTTESEA TT T TRESNN AGAAGATATGGGAC TAAGGGHCATAGAGTCCACACTTCC TCCAGGTTTC AGG

-E 32. C. asumaniae(CasATO9)35A4 TCCCTACACCCAACAAXACCTAACTT AXAGAX AGCATGTT TAGTACTT AAACACRAAT ACCCTTC -ACCTTTATCACAC CACTCTTTTENC TTT THTHGMNET C 3 T TT T TRENAE AGAAGATATGGGACTAAGGGHC ATAGAGTCCACACTTCC TCCAGG TTTC AGG
33. C. asumaniae(CasWD09)48A13 TCCCTACACCCAACAAAACCTAACTT AAAGAA AGCATGTT TAGTACTT RAACACAATAN ASKCTTC ---ACCTTTATCACAC CACTCTTTTENC TTT THT AN TS TN TTRES X TT T TRENASS AGAAGATATGGGAC TAAGGGHCATAGAGTC CACACTTCC TCCAGGTTTC AGG

34. C. asumaniae(CasWD09)36AS TCCCTACACCCAACAAAACCTAACTE AAAGAA AGCATGTT TAGTACTT AAACACAATE  ACCCTTC ---ACCTTTATCACAC CRNCT - T TT THNSTT THSRERS T T S T T SR T 8 T~ AGAAGATATGGGAC TAAGGGECATAGAGTC CACACTTCC TCC AGG TTTC AGE

{E 35. C. asumaniae(CasADDD)E7 A3 TCCCTACACCCAACAAAACCTAACTE AAAGAA AGCATGTT TAGTACTT XAACACAATA ACCCTTC ---ACCTTTATCACAC CT-TTTTEETT TRESIESNT T C S8 T T R TIST AGAAGATATGGGAC TAAGGGACATAGAGTCCACACTTCC TCCAGGTTTC AGG
36. C. versicolonCviPPO2)7 A2 TCCCTACACCCAACAAXACCTAACTE ARAGAX AGCATGTT TAGTACTT ARACACAATAE ACCTTTC -ACCTTTATCACAC AGAAGATATGGGACTAAGGGACATAGAGTCCACACTTCCTCCAGG TTTC AGG

37. C. thommasinianus (CtmTDO9)5A13 TCCCTACACCCAACARAACCTAACTT AAAGAA AGCHETGTT TABTACTT XAACACAATA ACCCTTC -ACCTTTATCACAC AGAAGATATGGGAC TAAGGGACATAGAGTC CACACTTCC TCCAGGTTTC AGG

38. C. thommasinianus (CtmBDO9)MA13 TCCCTACACCCAACAXRAACCTAACTT AAAGAA AGCETGTT TABTACTT AAACACARATA ACCCTTC ---ACCTTTATCACAC CICTCITTTT('_T-T AGAAGATATGGGACTAAGGGACATAGAGTC CACACTTCCTCC AGGTTTC AGE

30. C. thomma nus (CtmLDO2)3A11 TCCCTACACCCAACAAAACCTAACTT AAAGAA AGCHTGTT TABTACTT XAACACAATA ACCCTTC =--=ACCTTTATCACAC CEICTCMET TT TC MRS AGAAGATATGGGAC TAAGGGACATAGAGTCCACACTTCC TCCAGGTTTC AGG

40. C. thommasinianus (CtmADOS)BAS TCCCTACACCCAACAARACCTAACTT AXAGAX AGCETGTT TABMTACTT ARACACAATAE ACCCTTC ---ACCTTTATCACAC CHICTCET TT TC SISSISRSET NI T ¢ 190N T T S TN AGAAGATATGGGACTAAGGGACATAGAGTCCACACTTCCTCCAGG TTTC AGG

41. C. goulimyi(CgulDDSQA7 TCCCTACACCCAACARAACCTAACTT GAAGAA AGCATGTT TAGTACTT XAACACAANA ACCCTTC  TCCACCTTTATCACAC © TES T T R - I TATGGGAC TAAGGGACATAGAGTC CACACTTCCTCCAGGTTTC AGG

42. C. thommasinianus (CtmBDO2)4AT TCCCTACACCCAACAAAACCTAACTT ANAGAA AGCATGTTHEASETAGTACTT AAACACAATANEMMACCCTTC TCCACETTTATCACA- - EXERTT | TETIERREAT AGABATATGGGACTAAGGGACATAGAGTCCACACTTCCTCCAGGTTTCAGE

43. C. thomma: nus (Ctm TDO9 5 AG TCCCTACACCCAACAAAACCTAACTT AMAGAA AGCATGTTEMEETAGTACTE AAACSCAATANEEACCCTTC TCCACETTTATCACA- TCHTCENTT TT C THTH T IR - s AGARATATGGGAC TAAGGGACATAGAGTC CACACTTCC TCCAGGTTTC AGG

44 C. thomma nus (CtmLDO@)BA12 TCCCUTACACCCAACAARACCTAACTT AMAGAZ AGCATGTTHEANTAGTACTT AXACACAATANENACCCTTC TCCACHTTTATCACA- - IR - RIS T A6 TATGGGACTAAGGGACATAGAGTCCACACTTCC TCCAGG TTTC AGG

45. C. thommasinianus (CtmADD9)SA14 TCCCTACACCCAACARAACCTAACTT AMAGAA AGCATGTTHMSSTAGTACTT AAACACAATANMBNACCCTTC TCCACETTTATCACA- TCTETTTCRETT TCECTCET CEETT TTC TITIE T R - DA 26 TATGGGAC TAAGGGACATAGAGTC CACACTTCCTCCAGGTTTC AGG

48. C.biflours(CbfAd10)19A9 TCCCTACACCCAACAAAACCTAACTT AAAGAA AMCATGHET TAGTACTT AAAC---2ATA ACCCHMTC TCCACCTTTATCACAC C- CTCTRITETC TRITEEI TGS TT C T TH T T R e e A AGAAGATATGGGACTAAGGGACATAGAGTC CACACTTCCTCC AGGTTTC AGE

47.cC. oreocretncus(l:orvo 9)0AS TCCCTACACCCAACAAAACCTAACTT AAAGAA AGCATGTT TAGTACTT AAAGACAATA ACEEDPTE === ==o=2osien ---TCTRTETC THT ISR T C N T T e i T S AGANMATATGGGAC TAAGGGACATAGEGTCCACACTTCC TCCAGGTTTC AGG

42. C.biflours(CbfAd10)19A2 TCCCTACACCCRAACAAXACCTAACTT AAAGAA AGCATGTT GAGTACTT AXACACRATA ACCCTTO: == mm—=s e = TR TC T} TSR AE-AGATATGGGACTAAGG GEMBATAGAGTCNACAC TTCC TCCAGG TTTC AGG

1 48. C korolkowii(CkorGD10)20A5 TCCCTACACCCAACARAACCTAAC-M TEGTACTTEAAACACAATA ACCCTTE TCCACCTTTATCACAC — AGAAMATATGGGAC TAAGEMGACATAGAGEC CACACTTCC TCCAGGTTTC AGG
50. C. goulimyi(CgulDO2)@A12 TCCCTACACCCAACAAAACCTAAC-@ TAGTAC TTEAAACACAATA ACCCTTEH TCCACCTTTATCACACH NN AN-AWATATGGGACTAAGGGACATAGAGHC CACACTTCCTCC AGG TTTC AGE

51. C. thomasii (CtmIDD9)35A3 TCCCTACACCCAACAAAACCTAAC-W AAAGAANNMGNATETT TAGTACTTEAAACACAATA ACCCTTE RN A A A N AN - ARATATGGGAC TAAGGGAC ATAGAGHC CACACTTCC TCCAGGTTTC AGG

52. C carwrightianus(CcwADOS)46A10 TCCCTACACCCRAACAARACCTAAC-M AZAGAANEGEATETT TAGTACTTEARACACAATA ACCCTTE TATGGGACTAAGGGAC ATAGAGECCACACTTCC TCCAGGTTTC AGG

53. C. asumaniae(CasADD9)37A14 TCCCTACACCCAACAAAACCTAAC-M 22AGAANEENATETT TAGTACTTEAAACACAATA ACCCTTE T CEEEITRTE EINESINE T I TR RS AT A - A N - GANATATGGGAC TEAGGGACATAGAGECCACACTTICC TCCAGGTTTC AGG

54. C.Cashmerianus(CstCDD2)25A13 TCCCTACACCCAACAAAACCTAAC-l AAAGAARNGEATETT TAGTACTTEAAACACAATA ACCCTTE WCTCTRTETC TR T RESTENEIN T C N TH T (NG T S TR O A R A A - R A - AW ATATGGGAC TAAGGGACATAGAGHC CACACTTCC TCCAGG TTTCAGE

55. C sativus(CsatSUTOO)R27A11 TCCCTACACCCAACAAAACCTAAC- AAAGAARNMGEATHETT TAGTACTTEMAAACACAATA ACCCTTR .L‘TCT.T.TCT.T_TC-T'T_T.T—G_-'IA—G} ATATGGGAC TAAGGGACATAGAGHRCCACACTTCC TCCAGGTTTC AGG

56. C carwrightianus(CcrCRO9)45A2 TCCCTACACCCAACAARACCTAAC-@ A2AGAANEGEATETT TAGTACTTEARACACAATA ACCCTTE mc SRR T C S50 T T SN T I TSR R - A A AN - AR R A - CANATATGGGACTAAGGGACATAGAGECCACACTTCC TCCAGG TTTC AGE

57. C. hadriaticus{ChdARDD2)43A11 TCCCTACACCCAACARAACCTRAC-E 22AGAANNGEATETT TAGTACHETEAAACACRATA ACCCTTE TCCACCT----CHECHC -ICTCTI‘IITC T.T—TC-TL'T—I.T“G_S-?."(A.AT)TGGG}CTAAGGG}C ATAGAGECCACACTTCCTCCAGGTTTC AGG

58. C. mathewii(CmatD09)32A5 TCCCTACACCCAACAAAACCTAACTT AAAGAAMAGCATGET TAGTACTT AAACACARATA ACCCTTC ---ACCTTTATCACAC CACTCTTTTTC TTTRCTCTC TTCC TTTTTC TAT- AGAAGATATGGGAC TAAGGGHCATAGAGTC CACACTTCCTCC AGG TTTC AGE

59. C. thommasinianus (CtmLDO2)3AS TCCCTACACCCAACAAAACCTAACTT AAAGAA AGCATGTT TAGTACTT XAACACAATA ACCCTTC 3 2 3 CACTCTTTTTC TTTTCTCTC TTCC TTTTTC TAT- AGAAGATATGGGAC TAAGGGHCATAGAGTCCACACTTCC TCCAGGTTTC AGG

60. C. pallasii(CpltRO9)20A3 TCCCTACACCCAACAAXACCTAACTT AZAGAAMAGCATGTT TAGTACTT ARACACAATA ACCCTTC --=-ACCTTTATCACAC CACTCTTTTTCTTTTCTCTC TTCC TTTT-C TAT- AGAAGATATGGGACTAAGGGHCATAGAGTCCACACTTCC TCCAGG TTTC AGG

61. C. oreocreticus{CorVRO9)39A15 TCCCTACACCCAACARAACCTAACTT AAAGAA AGCATGTT TAGTACTT XAACACRATA ACCCTTC ---ACCTTTATCACAC CACTCTTTTTCTTTTCTCTC TTCCTTTT-CTAT- AGAAGATATGGGAC TAAGGGHCATAGAGTC CACACTTCC TCCAGGTTTC AGG

62. C. oreocreticus(CorvDOSMOAT TCCCTACACCCAACAAAACCTAACTT AAAGAA AGCATGTT TAGTACTT AAACACAATA ACCCTTC -ACCTTTATCACAC CACTCTTTTTCTTTTCTCTC TTCC TTTT-C TAT- AGAAGATATGGGAC TAAGGGGCATAGAGTC CACACTTCCTCC AGG TTTC AGE

o B3. C sativus viol-punCstVDO9R4A7 TCCCTACACCCAACAAAACCTAACTT AAAGAA AGCATGTT TAGTACTT XAACACAATA ACCCTTC ~ACCTTTATCACAC CACTCTTTTTC TTTTCTCTC TTCC TTTTEC TAT- AGAAGATATGGGAC TAAGGGHCATAGAGTC CACACTTCC TCCAGGTTTC AGG

o 64. C. sativus(CsatSUTOO)27 AB TCCCTACACCCAACAARACCTAACTT AXAGAX AGCATGTT TAGTACTT ARACACAATA ACCCTTC --=-ACCTTTATCACAC CACTCTTTTTCTTTTCTCTC TTCC TTTTEC TAT- AGAAGATATGGGACTAAGGGHC ATAGAGTCCACACTTCC TCCAGG TTTC AGG

o 65. C carwrightianus (CcwBD10)40A11  TCCCTACACCCAACARAACCTAACTT AAAGAA AGCATGTT TAGTACTT RAACACAATA ACCCTTC ---ACCTTTATCACAC CACTCTTTTTC TTTTCTCTC TTCC TTTTHC TAT- === AGAAGATATGGGAC TAAGGGHC ATAGAGTC CACACTTCC TCCAGGTTTC AGG

o 66. C cartwrightianus(CcrCRO9M5A1 TCCCTACACCCAACAAAACCTAACTT AAAGAA AGCATGTT TAGTACTT AAACACARATA ACCCTTC ---ACCTTTATCACAC CACTCTTTTTCTTTTCTCTC TTCC TTTTEC TAT- - —— AGAAGATATGGGAC TAAGGGHCATAGAGTC CACACTTCCTCC AGG TTTC AGE

- B7. C cartwrightianus(CcwADOS)H8A13 TCCCTACACCCAACAAAACCTAACTT AAAGAA AGCATGTT TAGTACTT XAACACAATA ACCCTTC ---ACCTTTATCACAC CACTCTTTTTC TTTTCTCTC TTCC TTTTEC TAT- - -~ AGAAGATATGGGAC TAAGGGHCATAGAGTC CACACTTCC TCCAGGTTTC AGG

- 63. C. asumaniae(CasADO937A1S TCCCTACACCCAACAARACCTAACTT ARAGAX AGCATGTT TAGTACTT ARACACAATA ACCCTTC --=-ACCTTTATCACAC CACTCTTTTTCTTTTCTCTC TTCC TTTTEC TAT- AGAAGATATGGGACTAAGGGHC ATAGAGTCCACACTTCCTCCAGG TTTC AGG

o 69. C. asumanias(CasWD09)48A1 TCCCTACACCCAACARAACCTAACTT AAAGAA AGCATGTT TAGTACTT XAACACAATA ACCCTTC ---ACCTTTATCACAC CACTCTTTTTCTTTTCTCTC TTCC TTTTHC TAT- AGAAGATATGGGAC TAAGGGECATAGAGTC CACACTTCC TCCAGGTTTC AGG

o 70. C. hadriaticus(ChdARDDSM3AD TCCCTACACCCAACAAAACCTAACTT AAAGAA AGCATGTT TAGTACTT AAACACAATA ACCCTTC ---ACCTTTHETCACAC CACTCTTTTTCTTTTCTCTC TTCC TTTTSC TAT- AGARGATATGGGAC TAAGGGEC ATAGAGTC CACACTTCC TCCAGGTTTC AGE

~ 71. C. hadriaticus(ChalRO9)42A8 TCCCTACACCCAACAAAACCTAACTT AAAGAA AGCATGTT TAGTACTT XAACACAATA ACCCTTC =--=ACCTTTATCACAC CACTCTTTTTC TTTTCTCTC TTCC TTTT&EC TAT- AGAAGATATGGGAC TAAGGGHCATAGAGTC CACACTTCC TCCAGGTTTC AGG

o 72. C. hadriaticus(ChdWDD2)41AG TCCCTACACCCAACAARACCTAACTT ARAGAX AGCATGTT TAGTACTT ARACACAATA ACCCTTC --=-ACCTTTATCACAC CACTCTTTTTCTTTTCTCTC TTCC TTTTEC TAT- - =~ AGAAGATATGGGACTAAGGGHC ATAGAGTC ClICAC TTCC TCCAGG TTTC AGG

- 73. C. thomasii (CtmVD02)34A10 TCCCTACACCCAACAAAACCTAACTT AAAGAA AGCATGTT TAGTACTT XAACACAATA ACCCTTC -ACCTTTATCACAC AGAAGATATGGGAC TAAGGGHC ATAGAGTC CACACTTCC TCCAGGTTTC AGG

o 74. C. thomasii (CtmIDO2)35A2 TCCCTACACCCAACAAAACCTAACTT AAAGAA AGCATGTT TAGTACTT AAACACAATA ACCCTTC ~ACCTTTATCACAC AGAAGATATGGGACTAAGGGHCATAGAGTC CACACTTCCTCC AGG TTTC AGE

- 75. C. mathewii(CmtHROG)33AT TCCCTACACCCAACAAAACCTAACTT XAAGAA AGCATGTT TAGTACTT XAACACAATA ACCCTTC ~ACCTTTATCACAC CACTCTTTTTCTTTTCTCTC TTCC TTTTEC TAT- AGAAGATATGGGAC TAAGGGHCATAGAGTCCACACTTCC TCCAGGTTTC AGG

B 76. C. sativus carwrightianus (CstcPO... TCCCTACACCCRAACAAXACCTAACTT AAAGAX AGCATGTT TAGTACTT ARACACAATA ACCCTTC -ACCTTTATCACAC CACTCTTTTTCTTTTCTCTC TTCC TTTTEC TAT- AGAAGATATGGGACTAAGGGHC ATAGAGTCCACAC TTCC TCCAGG TTTC AGG

77. C. pallasii(Cpl\VD0O2)47 A10 TCCCTACACCCAACAAAACCTAACTT ARAAGAA AGCATGTT TAGTACTT XAACACAATA ACCCTTC -ACCTTTATCACAC CACTCTTTTTCTTTTCTCTC TTCC TTTTHC TAT- AGAAGETATGGGAC TAAGGGECATAGAGTC CACACTTCC TCCAGGTTTC AGG

78. C.Cashmerianus(CstCDO9)25A12 TCCCTACACCCAACAAAACCTAACTT AAAGAA AGCATGTT TAGTACTT AAACACAATA ACCCTTC ~ACCTTTATCACAC CACTCTTTTTCTTTTCTCTC TTCC TTTTSC TAT- AGAAGGTATGGGAC TAAGGGGCATAGAGTC CACACTTCCTCC AGG TTTC AGE

79. C sativus kashmin(CstKFO2)23A2 TCCCTACACCCAACAAAACCTAACTT AAAGAA AGCATGTT TAGTACTT XAACACAATA ACCCTTC ~ACCTTTATCACAC CACTCTTTTTCTTTTCTCTC TTCC TTTTEC TAT- AGAAGETATGGGAC TAAGGGHC ATAGAGTC CACACTTCC TCCAGGTTTC AGG

80. C sativus Spain(C.stPERDS)13A7 TCCCTACACCCRACAAXACCTAACTT ARAAGAA AGCATGTT TAGTACTT ARACACAATA ACCCTTC ---ACCTTTATCACAC CACTCTTTTTCTTTTCTCTC TTCC TTTTEC TAT- - =~ AGAAGATATGGGAC TAAGGGHC ATAGAGTCCACAC TTCC TCCAGG TTTC AGG

81. Cs sativus(CsatP09)26A12 TCCCTACACCCAACAAAACCTAACTT AAAGAA AGCATGTT TAGTACTT XAACACAATA ACCCTTC ---ACCTTTATCACAC CACTCTTTTTCTTTTCTCTC TTCCTTTTHC TAT- - —— AGAAGHTATGGGAC TAAGGGECATAGAGTC CACACTTCC TCCAGGTTTC AGG

- 82. original_ TC(25)_sequence TCCCTACACCCAACAAAACCTAACTT AAAGAA AGCATGTT TAGTACTT AAAC---ATA TCCACCTTTATC AC A CNRSSESAREAC A-- -- TRITESSRS TEIT C T C T C TRESC TRETEET C THS TS T RS e e e s AGAAGATATGGGACTAAGGGACATAGAGTCCACACTTCCTCC AGGTTTC AGE
- 83. C. oreocreticus(CorvDOOY0AT1 TCCCTACACCCAACAAAACCEAACTT AAAGAA AGCATGTT TAGTACTT AAAC---ATA TCCACCTTTATC AC 2 CARSMIBISEEC & 0~ - THTRERE T T CHC T C TR TRTRTC TAT- - -~ AGAAGATATGGGAC TAAGGGACATAGAGTCCACACTTCC TCCAGGTTTC AGG
- 84. C. thomasii (CtmID02)35A7 TCCCTACACCCAACAARACCTAACTT ARAGAA AGCATGTT TAGTACTT ARAC---ATA TCCACCTTTATC AC A CHRBNRENERNC 2 - AGAAGATATGGGAC TAAGGGACATAGAGTCCACACTTCC TCCAGG TTTC AGG
- 85. C. hadriaticus(ChalRO9)42A14 TCCCTACACCCAACARAACCTAACTT AAAGAA AGCATGTT TAGTACTT XAAC---ATA TCCACCTTTATC AC A CNESSESNEN- - - AGAAGATATGGGAC TAAGGGACATAGAGTC CACACTTCC TCCAGGTTTC AGG
- 86. C. sativus carwrightianus (CstcPO... TCCCTACACCCAACARAACCTAACHEHT AAAGAA AGCATGTT TAGTACTT AAAC---RATA ACICTTC TCCACCTTTATC AC A CRRSNTIAEAC A AGAAGATATGGGACTAAGGGAMATAGAGTC CACACTTCCTCC AGGTTTC AGE
= 87. ccarMnnganus(chBD1a)49A1 TCCCTACACCCAACAAAACCTAACTT AAAGAA AGCATGTT TAGTACTT AAAC---ATA ACECUTTC TCCACCTTTATC AC ACHNEBAINRIEAC A - AGAAGATATGGGAC TAAGGGAC ATAGAGTCCACACTTCC TCCAGGTTTC AGG
o ChdWDO:! TCCCTACACCCAACAAXACCTAACTT AZAGAA AGCATGTT TAGTACTT ARAC---ATA ACECTTC TCCACCTTTATCEC ACHMENENRENC 2 CR-- ~GAAGATATGGGACTAAGGGACATAGAGTCCACAC TTCC TCCAGGTTTC AGG
o TCCCTACACCCAACAAAACCTAACTT AAAGAA AGCATGTT TAGTACTT XAAC---ATA ACECTTC TCCACCTTTATC AC ACKESSESNIERC & C AGAAGATATGGGAC TAAGGGACATAGAGTC CACACTTCC TCCAGGTTTC AGG
= 90. C. thomasii (CtmVDDS)34A9 TCCCTACACCCAACAAAACCTAACTT AAAGAA AGCATGTT TAGTACTT AAAC---RATA ACHMICTTC TCCACCTTTATC AC A CRRSSTRAREAC A AGAAGATATGGGACTAAGGGACATAGAGTC CACACTTCCTCC AGG TTTC AGE
- 91. C. sativus{CsatPO2)26A13 TCCCTACACCCAACAAAACCTAACTT AAAGAA AGCATGTT TAGTACTT XAAC---ATA ACCCTTC TCCACCTTTATC AC ACNEAEIAES- - AGAAGATATGGGAC TAAGGGACATAGAGTCCACACTTCC TCCAGGTTTC AGG
o 92. C.Cashmerianus(CstCDO9)25A14 TCCCTACACCCAACAAXACCTAACTT AXAGAX AGCATGTT TAGTACTT AARAC---ATA ACCCTTC  TCCACCTTTATC AC A CHNRBNRENGRR- - AGAAGATATGGGACTAAGGGACATAGAGTCCACACTTCC TCCAGG TTTC AGG
- 93. C. mathewii(CmtHRO9)33A14 TCCCTACACCCAACARAACCTAACTT AAAGAA AGCATGTT TAGTACTT XAAC---ATA ACCCTTC TCUACCTTTATCAC.\C—CACICI ETCTEPRTETRT AGAAGATATGGGAC TAAGGGACATAGAGTCCACACTTCC TCCAGGTTTC AGG
L~ 94. C sativus{CsatSUTO9)27 A7 TCCCTACACCCAACAAAACCTAACTT AAAGAA AGCATGTT TAGTACTT AAAC---2ATA ACCETTC TCCACCTTTATC AC ACKRSNESNREAC A -- - - T THESSSS TR T C T CTC THRESC THTIET C T T T s S e AGAAGATATGGGACTAAGGGACATAGAGTC CACACTTCCTCCAGGTTTCAGE
- 95. C sativus TCCCTACACCCAACAAAACCTAACTT AAAGAA AGCATGTT TAGTACTT XAAC---ATA ACCETTC TCCACCTTTATC AC A CNENINAISAC X -rl'r-'x.'rcrcwc_'rl'rl'rcm'rl'r_ AGAAGATATGGGAC TAAGGGACATAGAGTCCACACTTCC TCCAGGTTTC AGG
- 96. C. pallasi TCCCTACACCCAACAARACCTAACTT AXAGAX AGCATGTT TAGTACTT ARAC---ATA ACCETTC TCCACCTTTATC AC ACHMENESNEEAC & - TETERSSS TR T C T C T C TRINC rmc-r--r AGAAGATATGGGACTAAGGGACATAGAGTCCACACTTCCTCCAGG TTTC AGG
- 97. C. mathewii(CmatDD9)32A11 TCCCTACACCCAACARAACCTAACTT R2AGAA AGCHTGTT TAGTACTT AAAC---ATA ACECTTC TCCACCTTTATCAC ACKISSESAIEN- - ---- TETESSTETCTCTC TRESC TETETC _ AGAAGATATGGGAC TAAGGGACATAGAGTC CACACTTCCTCCAGGTTTC AGG
- 98. C. sativus Spain(C.stPERD9)13A6 TCCCTACACCCAACAAAACCTAACTT AAAGAA AGCATGTT TAGTACTT AAAC---2ATA ACCETTC ‘rcCACCTTTATCACAc“A—---'rl'r_'mrcrc‘rcMTlecmTlTw AGAAGATATGGGACTAAGGGACATAGAGTCCACACTTCCTCCAGGTTTCAGE
= 29. C. pallasi OA TCCCTACACCCAACAAAACCTAACTT AAAGAA AGCATGTT TAGTACTT XAAC---ATA ACCTTTC TCCACCTTT\TCAL‘PC—'-----TIT-'I.TCTCTL‘_TIT.EC'I'TIT_ AGAAGATATGGGAC TAAGGGACATAGAGTCCACACTTCC TCCAGGTTTC AGG
B 100. C. asumania TCCCTACACCCAACAAXACCTAACTT ARAGAX AGCATGTT TAGTACTT AARAC---ATA ACCCTTC TCCACCTTTATC AC A CHMENESNIRNC » SIS TRE T C T C T C RIS AGAAGATATGGGACTAAGGGACATAGAGTCCACACTTCCTCCAGG TTTC AGG
- 101. C. asumaniae(CasATO938A5 TCCCTACACCCAACARAACCTAACTT AAAGAA AGCATGTT TAGTACTT RAAC---ATA ACCCTTC TCCUACCTTTATC AC ACKESSESATERC & - THTESSSTET C T C T C TREEC AGAAGATATGGGAC TAAGGGACATAGAGTC CACACTTCC TCCAGGTTTC AGG
o 102. C. pallasii(CpIDDOS31A3 TCCCTACACCCAACAAAACCTAACTT AAAGAA AGCATGTT TAGTACTT AAAC---ATA ACCCTTC TCCACCTTTATC AC ACKRSNEEN AGAAGATATGGGAC TAAGGGACATAGAGTCCACACTTCC TCCAGGTTTC AGE
= 103. C. oreocreticus(CorVROD)3DAT TCCCTACACCCAACAAAACCTAACTT AAAGAA AGCATGTT TAGTACTT XAAC---ATA ACCCTTC 'rcCACc'r'rTA'rcAcAc_cA----'rl'r-m'rc'rc'rc'x-crl'r.rc1'1.1“ AGAAGATATGGGAC TAAGGGACATAGAGTCCACACTTCC TCCAGGTTTC AGG
- 104. C. asumaniae(CasWD09)SA14 TCCCTACACCCAACAARACCTAACTT ARAGAX AGCATGTT TAGTACTT ARAC---ATA ACCCTTC  TCCACCTTTATC AC A CHINESARENC A CACETET B TITCTCTC TR AGAAGATATGGGACTAAGGGACATAGAGTCCACACTTCCTCCAGG TTTC AGG
- 105. C. thomasii (Ctm\/DO2)34A12 TCCCTACACCCAACAAAACCTAACTT AAAGAA AGCATGTT TAGTACTT XAAC---ATA ACECTTC TCCUACCTTTATC AC ACKESSESKIERC & C TRESSSTHT C T C T C TREEC AGAAGATATGGGAC TAAGGGACATAGAGTC CACACTTCC TCCAGGTTTC AGG
g 108. C carwrightianus{CcrCROSMSEA10  TCCCTACACCCAACAAAACCTAACTT AAAGAA AGCATGTT TAGTACTT AAAC---ATA ACCETTC TCCACCTTTATCEC ACKESNSARNAC A AGAAGATATGGGACTAAGGGACATAGAGTC CACACTTCCTCC AGGTTTC AGE
107. C cartwrightianus{CcwADO8MBA11 TCCCTACACCCAATAAAACCTAACTT ARAGAA AGCATGTT TAGTACTT AAAC---ATA ACCETTC TCCACCTTTATCEC ACKRSNENARESC A -- -- THTEERSTIT C TCTC TRENC THTRET C TH T T RISy AGAAGATATGGGAC TAAGGGACATAGAGTCCACACTTCCTCC AGGTTTC AGG

Figure 4.10: B) Multiple sequence alignment view of the TC,s sequences isolated form 107 accessions of saffron and Crocus species. The nucleotide sequences were aligned using the Geneious R6 program, showing
three distinct type of alleles, allele typel represent in (Sub-clade F2 with brown branch colours in the tree view, serial 49-57) and contains 9 sequences without the CA motif, allele type2 represent in (Sub-clade F4 with
blue branch colours in the tree view, serial 82-107) and contains 25 sequences with the CA motif and SSR (TCs) repeats (original TCys reference), allele type3 represent in (Sub-clade F3 with blue colours in the tree
view, serial 58-81) contains 24 sequences with the CA motif and T-rich stretches without a clear SSR motif. The sequences presented in (E & F1, serial 1-48) do not group with any of the three types of allele see
(Figure 4.10 A). The consensus sequence length is 208bp. Highlighted nucleotides “ATCG” indicating to the single nucleotide polymorphism detected in the species and the microsatellite region; dashes indicate

deletions/ insertion or gaps in the sequence alignment
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ENA|EX1439..,  ATToCTAAGA TG TATCAGGGT6C THC TCCTACTAATATGGGAGGAGGG ATEGA TGACGATAGCCCGACAC T CCGG TGoARG TG TG TGGGCC AR GA TTGAGGAAG TaGACToATTC TG TGAAGTTTTAAGAAGACT TTTC TG ATAG TTTTAGTGTC TGTG GG TTTTGTTGTAGCAG TTATGC TG TGTGATC TTCTCTTTACTATTTTGCARGTTTAARATGTAGTATCATATATAATACTTATARTATTTTCAGTGTTATTCCTCCT - AARAARAARAARAAR
ENA|EXL458..,  ATToCTAAGA TG TATCAGGGToC TaC TCC TAC TAATAT6GGAGGAGGG ATGGA TGACGATAGCCCoAC A TT CCGG oA TG TG TG6GCC CAR GA TToAGGAAG TGGACTATTC TG TaAAGTTTTAAGAAGAC TG TTTC ToATGG TTTTAGTATC TG TG GG TTTTGTTGTAGCAG TTATGC TG TGTATC TTCTCTTTACTATTTTGCAAGTTTA ARATGTAGTATCATATATAATACTTATARTATTTTCAGTGTTATTCCTCCT - AARRARAARRARAAK
ENA[EXL441..,  ATToCTAAGA TG TATCAGGGT6C THCTCCTACTAATATGGGAGGAGGG ATGGA TGACGATAGCCCGAC A TTCCGG TGGARG TG TG TGGGCC AR GA TTGAGGAAG TaGACToATTC TG TGAAGTTTTAAGAAGACTE TTTC TG ATAG TTTTAGTGTC TGTGTGG TTTTGTTGTAGCAG TTATGC TGTGTGATC TTCTCTTTACTATTTTGCARGTTTAARATGTAGTATCATATATAATACTTATARTATTTTCAGTGTTATTCCTCCT - AARAARRARAARAAR
ENA[EXL464..,  ATToCTAAGA TG TATCAGGGT6C TaC TCCTACTAATAT6G6AGGAG GG ATGGA TGACGA GG CCoACAC T CCGG oA TG TG TG6GCC AR GA TToAGGAAG TGGACToATTC TG TGAAGTTTTAAGAAGAC TG TTTC ToATGG TTTTAGTATC TG TG TGGTTTTGTTGTAGCAG TTATGC TG TATATC TTCTCTTTACTATTTTGCAAGTTTA ARATGTAGTATCATATATAATACTTATARTATTTTCAGTGTTATTCCTCCT - AARRARAARRARAAK
ENA[EX1429..,  ATToCTAAGATGTATCAGGGT6C TACTCCTACTAATATGGGAGGAGGG ATGGA TGACGATAGCCCGACAC T CCGG TGOARG TGC TG TAGGCCCAR GA THGAGGAAG TGGACTOATTCTEC TGAAGTTTTAAGA - GACTOTC TG ATAG TTTTAGTATC TGTGT66 TTTT G TTGTAGCAG TTATGC TG TGTOATC TTCTC TTTACTATTTTGCARGTTTA ARA TG TARTATCATA TATAATACTTATARTATTTTCAGTGTTATTCCTCC THGTAARAARARAARAAR
ENA[EXLA61.,,  ATToCTAAGATGTATCAGGGTGC TAC TCC TACTAATATGGGAGGAGG ATGGA TGACGATAGCCCGACGAC TT CCGRTGGARGTGC TG TGGGCCCAR GA TIGAGGAAG TGGACTATTC TG TGAAGTTTTAAGA- GACTGTC TG ATGG TTTTAGTGTC TG TG GG TT TG TTGTAGCAG TTATGC TG TGTGATC TTCTC TTTACTATTTTGCAAGTTTA ARA TG TARTATCATATATAATACTTATARTATTTTCAGTGTTATTCCTCC THGHMAARAARRARRARAAR
ENA(EXL468..,  ATTGCTAAGA TG TATCAGGGTGC THC TCC TAC TAATATGGGAGGAGGE A TGGATGACGATG6CCCGACGECTTCCGGTGAAGTGC TG TGEGCCCAA GATHGAGGAAG TGGAC TGATTCTGC TGAAGTTTTAAGA- GACTG@TTC TG ATAG TTTAG TG TCTATG GG TTTTGTTGTAGCAGTTATGCTETG TGATC TTCTCTTTACTATTTTGCAAG TTTAMTGT»«IT&TCuTuT.'nTuGTA(TI'quAT&'I'ITT(uGTGTTATI’(CTCCml\i AARRRARAAARR
ENA(EX1458.., GGG TG T T TAC TAATATG6GAGGAGGG ATGGA ToACGA TG6CCCGACG6C TTCC6aTaGAAGTACToG TG ACCCAN GATTGAGGAAG TGGAC TG TTC TG TGAAGTTTTANGAAGACTRTTTC TG ATGGTTTTAGTGTC TG TaTGa TTTT G TTGTAGCAGTTATGC TATGTGATC TTCTCTTTACTATTTTGCARGTTTAARATGTAGTATCATATATARTACTTATAATATTTTCAGTGTTATTCC- - ARARRAARRAARAAA
ENAJEX1473... GGG TG T T TAC TAATATG66AGGAGGG A TG ToACGA TG6CCCGACGC TT (LG T6oAAGTECToGTGGACCCAN GATTGAGG ARG TAGAC TG TTC TG TGRS TTTTARGAAGAC TG TTTC TG ATGG TTTTAGTG TC TG TATG6 TTTT G TTGTAGCAGTTATGC TETGTGATC TTCTCTTTACTATTTTGCARGTTTA ARATGTAGTATCATATATARTACTTATAATATTTTCAGTGTTATTCC- -« ARARRAARAAARAAA
ENA[EX1462... GGG TG T T TAC TAATATGGGAGGAGGG A TG G ToACGA TG6CCCoACGC TTCC6aTaGAAG TACToATGGACCCAN GATTGAGGAAG TAGAC TG TTC TG TGAAGTTTTARGAAGAC TG TTTC TG A TGGTTTTAGTGTC TG TATGG TTTT G TTGTAGCAGTTATGC TR TGTGATC TTCTCTTTACTATTTTGCARGTTTAARATGTAGTATCATATATARTACTTATAATATTTTCAGTGTTATTCC- - ARARRAARRRARAAA

Figure 4.11: Multiple sequence alignment analysis of the ESTs deed from saffron stigmas given by (Giuliano et al. 2008), highlighted nucleotides
“ATCG” showing three different types of allele of the same gene.
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Figure 4.12: Sequence logo (pictograms) of the TC,s microsatellite region showing two type of motifs, first type is the reference TCys sequence
for which the primer pairs were designed, containing both (CA)7(TC)zs5 repeat region (-CTTTAT CACA CACACACACA TCTCTCTCTC
TCTCTCTCTC TCTCTCTCTC TCTCTCTCTC TCTCTCTCTCT AGAAGAT-) motif, 190bp sequence length, while the second sequence contain
the SSR sequence related to the reference sequence, -CTTTAT CACACCAC TCTTTTTCTT TTCTCTCTTC CTTTTGCTAT AGAAGAT-, but

are without conspicuous SSR motifs,
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4.3.4 Nucleotide sequence variation and phylogenetic tree of the barcoding genes

Species and accessions of the Crocus series Crocus were used to test universality of the
matK, trnH, rbcL and ITS primers (Table 4.1). The success levels for matK XF, matK
390F, trnH, rbcL and ITS primers were 100% and all five primers amplified regions of the
expected sizes (see below and Figure 4.6). The ITS primers amplified multiple copies
within individuals (Figure 4.6) and products of the ITS were not sequenced. Examination
of sequence quality and coverage indicated that matK 390F, matK XF, trnH and rbcL

generated high quality sequences and are described below.

4.3.4.1 matK 390F+1326R plastid gene sequence

Seventeen (17) sequences ranging from 802-965bp length of were aligned and used in the
analysis. C. moabiticus and C. banaticus sequences (EU497045 and EU496995) were
downloaded from NCBI. These sequences contained 929 (96.2%) identical sites and
pairwise identity was 99.4%. The entire sequence contains 6 SNPs dispersed between 220-
839bp regions at 220, 252, 356, 531, 540 and 839" base pair position. Also C.
cartwrightianus sequence has a 6bp insertion from 673-679bp (see Appendix 4, Figure
A4.T7).

4.3.4.2 matK XF+5R plastid gene sequence

Seventeen sequences ranging from 802-942bp along with C. moabiticus and C. banaticus
(EU497045 and EU496995) sequences downloaded from NCBI were applied in the
analysis. The sequences contained 903 (95.9%) identical sites while pairwise identity was
99.3%. The region 210-2550bp is SNP rich region containing 11 SNPs at 214, 246, 308,
350, 412, 426, 455, 525 and 534,827,862" base pair position (see Appendix 4, Figure
A4.8).

4.3.4.3 trnH plastid gene sequence

The analysis involved seventeen sequences ranging from 605-650bp along two sequences
of C. moabiticus and C. banaticus (EU110227 and EU110175) from NCBI. The
sequences contained 635 (97.5%) identical sites and pairwise identity was 99.3%. the SNP
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rich region is located between 500-520bp containing 6 SNPs at 505, 506, 511, 512, 517
and 518" base pair position. C. moabiticus also has a 6bp insertion between 560-565bp
(see Appendix 4, Figure A4.10).

4.3.4.4 rbcL plastid gene sequence

The rbcL analysis included sixteen sequences ranging from 700-726bp. The sequence of
C. banaticus (JX903213) was downloaded from NCBI, while C. moabiticus sequence has
not been submitted to the database yet. The rbcL region contained 6 SNPs between 1-
670bp at 5, 35, 446, 479, 575, 608 and 666™ base pair position (see Appendix 4, Figure
A4.9).

4.3.4.5 Phylogenetic analysis

By and large, all sequences either amplified or downloaded from the NCBI were very
much identical except for the single nucleotide polymorphism, discriminating different
species and accession (Figure 4.13). C. banaticus, a member of the subgenus Crociris was
used as the outgroup here. Levels of species discrimination based on the sequences from
matK, trnH and rbcL were carried out alone, as well as by combining sequences of all four
regions in head to tail orientation (matkK 390F, matK XF, trnH and rbcL respectively).
Species and accession discriminating power in the phylogenetic trees constructed using
matK 390F, matK XF, trnH, rbcL sequences alone, were not very different from that of
the combined sequence. Rather, various combinations of all four loci in the composite tree
were more powerful in resolving and differentiating between species and accessions than
either of the loci individually (Figure 4.13).

The phylogenetic tree is divided into two clades G and H (each sister to two
unresolved single-sequence branches); Clade G contains one species, C. mathweii, along
three accessions of C. pallasii. Similarly, C. banaticus is present as a sister branch with
the purple flowering accession of C. cartwrightianus (CcWBD10), while C. asumaniae
and C. mobiaticus group with clade G and H, having 76.5% nodal support. However, they
are more closely related to clade G than to clade H (see Clade G, Figure 4.13). The
chromatogram of C. asumaniae with matK 390F+1326R and rbcL revealed diversity in
nucleotide sequence (see Appendix 4, Figure A4.6) and could be the potential ancestral

species of the whole group or it itself may be a polyploid. In clade H, six closely related
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species of C. sativus are grouped together. It was interesting that C. sativus accessions i.e.
the Spanish and Cashmirianus (C. sativus accession) group separately and the C.
cartwrightianus accession (CcrCR09) appeared to the closest species to the C. sativus
accession from Spain. Further, this accession could be the potential maternal parent of the
Spanish saffron (Clade H, Figure 4.13). Morphologically C. cartwrightianus var. albus
and C. sativus cartwrightianus (the garden-named non-species) are similar (Figure 1.2)
and in the phylogenetic tree of the barcoding genes are grouped together in one sub-clade
with 82.1% nodal support. The ATPs and TC,s results were also similar, and both species
might be one, or C. sativus cartwrightianus might be a hybrid between C. cartwrightianus
var. albus and C. sativus. Further, C. hadriaticus and C. thomasii group together having
weak with 50.3% nodal support. Similarly, all C. pallasii accessions clustered together
with 98.2% nodal support, but C. pallasii (cplVD09) grouped with C. sativus (Clade H,
Figure 4.13). Nevertheless, the barcoding genes do not contradict the allotriploid nature of
C. sativus and the results of ATPs and TCys, and indicated that one allele in C. sativus is
most probably originating from C. pallasii (Clade G, Figure 4.13) and a second allele is

from C. cartwrightianus (Clade H, Figure 4.13).
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Figure 4.13: Molecular phylogenetic analysis of four barcoding genes (combined), matK

XF, matK 390F, trnH, rbcL. Neighbour-Joining tree was constructed with 1000 bootstrap

replicates in Geneious R 6. Consensus percentages are given at each node using Tamura

3-parameter model to calculate genetic distance. The analysis included 17 nucleotide

sequences from Crocus series Crocus separated into two main lineages shown by different

colours, clade G and clade H cluster with three sister branches and C. banaticus used as an

outgroup from subgenus Crociris. C. moabiticus and C. banaticus sequences were

downloaded from NCBI. The C. sativus sequences are indicated in red within the groups.

Names above comprise section name followed by series, species name and unique

accession identification number (Table 2.2).
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4.4 Discussion

The PCR primers developed here, as well as ‘universal primers’ used for phylogenetic
studies, were successful in amplifying genomic DNA fragments of the expected sizes
from the species of Crocus tested from series of the section Crocus and Nudiscapus
(Figures 4.1 to 4.6). Indeed, all but one of the 20 primer pairs (Table 4.1) tested
amplified sequences of the correct length from at least one accession of every species.
The conservation of the primers and amplification confirms the close phylogenetic
relationships of these species, despite of their relatively diverse morphology (Figure
1.4& Figurel.2) and the taxonomic definition of the individual species (Jacobsen and
@rgaard, 2004; Petersen et al., 2008; Seberg and Petersen, 2009).

Genetic diversity in C. sativus (saffron) is limited or largely unknown. Further,
lack of pollination coupled with homoeologous recombination adds further to the
existing genetic bottlenecks (Nehvi et al. 2007; Rubio-Moraga et al., 2009; Fernandez et
al., 2011). Therefore, the current study was designed to capture interspecific variation
particularly within saffron accessions, and 10 species included more than one accession
(from 2 to 5). A number of studies based on morphological traits and molecular markers
have been carried out over recent years to understand diversity in saffron and clarify
Crocus phylogeny (see Chapters I, 11l and below). However, little insight has been
gained so far on this front. Perhaps, the first extensive study was carried out by Petersen
et al. (2008, also see Figure 1.8), who sequenced five plastid genes from 86 recognized
species of the genus Crocus. To add further to existing knowledge, here 20 primer pairs
including 5 universal barcodes and 15 other EST-SSR and SNP markers were applied
and products of 6 primers were sequenced with multiple accessions of many of the
species used.

SSR markers are highly polymorphic and transferable across species and even
genera, while ESTs are very informative in gene tracking, but the conserved nature of
genes in related species results in low levels of polymorphism (Gao et al., 2004; Xue et
al., 2008). To see maximum polymorphism, over six thousand publicly available ESTs
of C. sativus (D’Agostino et al., 2007) were in silico screened for SSRs and applied
along with SNP markers (Table 4.1). The overall results highlight the possibilities of

using molecular approaches to find ancestors of saffron and to determine relationships
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between C. sativus, and other species within and outside of the section Crocus of the
genus. The results with the EST-SSR, SNPs and universally proposed barcode primers
in this chapter complement the results obtained with IRAP markers (see Chapter I11) in
discriminating and establishing genetic relationships in Crocus species. Further, the
current work adds information to identify polymorphisms, define genome relationships,

and interpret phylogeny and ancestry of the genus (Figures 4.7-4.13 and below).

4.4.1 ATPs sequence variation

PCR results indicate that ATPs (ATP synthase, EC 3.6.3.14, making ATP from ADP
and inorganic phosphate) sequences are well-conserved and ancient components of the
genus Crocus as they were amplified from all member of the genus (Figures 4.1A,
4.2A). A total of 123 ATPs sequences were applied to understand the relationships of C.
sativus with related species, and the phylogenetic analysis indicated the presence of
three types of alleles, showing unique SNPs in each allele (Figures 4.7, 4.8 and below).
Sequences in clade A, and a few sequences in the clades B (‘C. sativus cartwrightianus’
serial 9), C (C. flavus, serial 30) and D (C. niveus, C. sativus and C. asumaniae, serial
81, 82 and 83) were apparently recombinant (Figure 4.8B). These variants were not
detected in any of the C. sativus clones, but the evolutionary pattern cannot be
reconstructed. Sequences in clade B (20 sequences), C (50 sequences) and D (40
sequences) contain members of both section Crocus and Nudiscapus and have a specific
type of allele and sequences of C. sativus are represented in these three clades (Figures
4.8A). Sequences in clade B were amplified from nine species, C. goulimyi, C.
laevigatus, C. speciosus, C. veneris, C. kotschianus, C. sativus, C. asumaniae, ‘C.
sativus cartwrightianus’ and C. tommasinianus. Except C. asumaniae and C. sativus,
belonging to Crocus series Crocus, the other six species belong to different series of
sections Crocus and Nudiscapus and ‘C. sativus cartwrightianus’ IS an un-recognized
species presumably of garden origin (see Mathew, 1982 and Figure 1.9). The C.
asumaniae is present as a sub-group with C. sativus in Petersen et al. (2008) in a clade
with strong 96% nodal support. Although Crocus asumaniae has 26 chromosomes, still
the universal barcode sequence data of C. asumaniae also indicated heterozygosity in

sequence chromatogram (see Appendix 4 Figure A 4.6 and above).
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Nevertheless, grouping of these species in clade B is indicating the origin or
shared origin of this allele in C. sativus from C. asumaniae or another related common
ancestor (see Figures 4.8A). Sequences in clade C and D are predominantly (but not
exclusively) from section Crocus, and the sequence of C. sativus reveals intraspecific
diversity (see clades C, D). Four out of five C. sativus sequences in clade C grouped
between C. cartwrightianus (CcwADO08) and C. mathewii (CmtHRO09) and four out of
seven C. sativus sequences in clade D grouped with C. cancellatus (CcanD10) and C.
oreocreticus (CorVDO09). The C. cartwrightianus, C. mathewii and C. oreocreticus all
have 16 somatic chromosomes and are among the most likely parents of C. sativus
(Fernandez, 2006; Petersen et al., 2008; Seberg and Petersen 2009; Harpke et al., 2013),
as is supported by the results of this chapter.

Monocots have undergone one to several rounds of whole genome duplication
(WGD) events. For example at least two WGDs have taken place prior to the divergence
of cereals and other grasses (see Stein, 2007; Jiao et al., 2011). The genome size in C.
sativus is estimated to be greater than 30,000 Mbp (based on C. vernus; 2n=8;
11,000Mbp), which is about 80 times larger than Arabidopsis thaliana or twice the size
of the barley genome per haploid genome (Frello et al., 2004; Candan et al., 2009).
However, nothing is known about WGD events in the genus Crocus, which are now
known to have occurred widely several times in the evolution of plant lineages (see
D’Hont et al., 2012). The basic chromosome number of around x=8 does not give
enough evidence for the recent polyploidy in saffron (Harpke et al., 2013). Although
these ancient WGD events are nowadays detected by sensitive analysis of predicted
protein sequences from whole genome DNA analysis, they in general would not be
detected by PCR primer amplification or high-stringency hybridization of probes.
Moreover, the completed sequenced genomes have revealed a considerable amount of
redundant genes that are attributed to these WGDs (see Soltis et al., 2009). However, the
multiple variants of all the nuclear sequence found in many species, and particularly C.
sativus, suggests that the nuclear sequences and perhaps the ATP synthase gene (Figures
4.8A, 4.8B) is present in more than one copy. It was also important that most species
were found on several branches, indicating that the duplication of the sequence has
occurred before the separation of sections Crocus and Nudiscapus, and also that there

has been no deletion of the sequence during subsequent speciation.
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It is widely believed that diversity is scarce in C. sativus due to its autotriploid
nature (Brighton 1977; Mathew 1982; Fluch et al., 2009), but the ATP synthase gene
analysis was extremely helpful in identifying not only diversity within C. sativus
accessions, as well as it suggesting the probability of C. sativus being an allotriploid
rather than to be autotriploid having a single ancestral species. Thus the results shown
here go parallel to the assumptions published in few earlier reports (Fernandez, 2006;
Grilli Caiola and Canini, 2010). The nuclear ATP synthase gene is well annotated in the
poplar genome (Tusken et al., 2006) and is a vacuolar ATP synthase subunit B family
protein CDS. In poplar, it appears on chromosomes IV and X, two chromosomes shown
to have extensive duplicated segments. As genome sequencing and mapping is
advancing in Crocus, this may be an interesting ‘anchor’ to examine genome evolution

and duplication events, and test assembly results.

4.4.2 TC, EST-SSR sequence variation

Microsatellites are a ubiquitous class of simple repetitive DNA present in all eukaryotes
and development of SSR markers has provided a key resource for investigating genetic
diversity (Heslop-Harrison and Schwarzacher, 2012). Like ATPs, the sequences (-
CTTTAT CACA CACACACACA TCTCTCTCTC TCTCTCTCTC TCTCTCTCTC
TCTCTCTCTC TCTCTCTCTCT AGAAGAT-) that are flanking the (CA)7 (TC),s repeat
motif in the reference C. sativus sequence are well conserved across all the 44 species
analysed (Figures 4.31, 4.41). The nucleotide sequence revealed the presence of several
variant copies of (TC),s within each genome and, the microsatellite motif itself is highly
variable, with little correlation to the known species relationships (Figure 4.10B, 4.12).
The results here are in agreement with those of Derakhshan et al. (2014), where the
authors reported amplification of 2-8 alleles per locus using different SSR markers
developed from safflower (see Derakhshan et al., 2014).

Phylogenetic analysis of the genus Crocus has led to the suggestion that it is not
monophyletic (Petersen et al., 2008), although others believe in its monophyletic origin
(Harpke et al., 2013). Here too, individual species showed high levels of polymorphism
in sequence, and most species were included in several major branches and no well
resolved phylogeny related to major branches was evident (Figure 4.10A). The current

analysis reveals that (TC),s sequences are present in more than one copy in each Crocus
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genome, and the PCR is amplifying homoeologous sites. Notably, all species from series
Crocus form some reasonably well-resolved branches, and in particular, the C. sativus
sequences are always related closely to those from C. pallasii ssp. pallasii and C.
cartwrightianus (Figure 4.10A). In the phylogenetic reconstruction of the genus Crocus,
all the 107 (TC),s sequences were divided into two main groups (clades E, F). In clade
F, C. sativus sequences are distributed in three sub-clades F2, F3 and F4 with strong
nodal support (Figure 4.10A). Although section Nudiscapus is inferred as monophyletic,
in my analysis of ATP synthetase gene (see above) and TC,s, the sequences of section
Nudiscapus are distributed in more than one clade. However, these results do not
contradict previous results, where homoeologous copies of pCOSAt103 gene were
identified in about one third the Nudiscapus taxa (Harpke et al., 2013) and the authors
suggested allotetraploid origin for the section Nudiscapus.

In most angiosperms, compound microsatellites are found such as CA-TC. In
plants AC/GT satellites are scarce compared to mammalian genomes (Morgante 2002),
while the tetranucleotide SSRs are much less frequent in coding than in the non-coding
regions (Scotti et al., 2000). But in this analysis, only one tetranucleotide (ATGT)14
tested, and amplified multiple bands from most species, indicating the existence of
multiple copies of (ATGT)14 (Figure 4.3E, 4.4E). Further, microsatellites evolve rapidly
and variation in number of units of the repeats is common; their cross taxon utility is
also well documented (Varshaney et al., 2005). Given the range of accessions studied
here, both within and between Crocus species (see Table 2.2), it is expected that length
polymorphism will be high, certainly compared to that in related varieties of crops. For
example, Saeidi et al. (2006) found microsatellite variation between Aegilops tauschii
accessions gave no useful taxonomic or phylogenetic conclusions because it was so
high, although the same microsatellites were known to be valuable in studying wheat
pedigrees including the Ae. tauschii D genome.

In A. thaliana, rice, soybean, maize and wheat SSR frequency was reported
higher in the ESTs compared to the non-coding genomic DNA. While, abundance of
AGI/CT repeats and lower frequency of AT microsatellite has been reported in ESTs
(Morgante, 2002). However, in the current analysis out 6,603 Crocus ESTs, only 15
ESTs containing 2-4bp repeat regions were found, and the results here contradict the

above but go parallel to those suggesting SSRs are rare in the protein-coding regions

128



(Wang et al., 1994; Toth et al., 2000). In the Crocus microsatellite analysis here, there
was an unexpected type of variation: 40 sequences had the CT motif, while the
remaining 67 had variants with multiple poly T (2 to 7) interspersed mostly with C; 28
sequences had the CA repeat (mostly those also with the CT microsatellite; ten
sequences in two groups had only the CT and no CA repeat) while the remaining
sequences had 0 to 3 CA repeats (Figure 4.10B). Microsatellites are widely used as
rapidly evolving markers to discriminate related germplasm, and their evolution is
normally considered to occur through replication slippage and recombination resulting
from unequal crossing over, or gene conversion (Toth et al., 2000; Li et al., 2002).
Although there are numerous recent publications exploiting variation in SSRs as
molecular markers, there has been almost no work on the mechanisms of evolutionary
changes in the last decade, and indeed few studies involving sequencing of
polymorphisms between accessions. The results here suggest that a better understanding
of the mechanisms of SSR evolution is needed in both plant and animals, for a better
understanding of both inter and intraspecific SSR polymorphism. These mechanisms,
leading to length variability within the SSR motifs (although giving variation that does
not follow a single-stepwise model), do not account for variation of the nature detected
here in the SSR region between the Crocus accessions. C. cartwrightianus, C.
oreocreticus and C. hadriaticus are among the potential progenitor species of C. sativus
(Mathew et al., 1982; Zubor et al., 2004; Petersen et al., 2008; Seberg and Petersen,
2009). Based on a single copy nuclear gene pCOSAt103 C. pallasii has also been
proposed as a candidate ancestor (Harpke et al., 2013), although the authors do not
mention the subspecies of C. pallasii; but from the results here (e.g. Fig. 4.7). It is
evident that the three C. pallasii sub-species show as many differences at the DNA level
as the recognized species. In analysis of the (TC),s sequences, C. sativus sequences were
found associated with C. cartwrightianus, C. oreocreticus, C. pallasii subsp. pallasii and
C. hadriaticus in sub-clades F2, F3 and F4, that would support the allotriploid origin of

C. sativus as well as the results of ATPs (see above).
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443 Variation in matK, rbcL and trnH chloroplast and mitochondrial

(barcoding) genes

Universal DNA barcoding strategies have been employed for diverse groups of both
plants and animals and have aided to our understanding and the course of recognizing
new species. Barcoding systems in land plants seem to be more puzzling, as in plant
genome the substitution rates are considerably lower than those observed in animals (see
Newmaster et al., 2006). In the current study, to further clarify C. sativus putative
ancestors, universal barcoding genes i.e. matK, trnH, rbcL and ITS (Table 4.1) were
sequenced from Crocus series Crocus and assessed. Nucleotide sequence analysis of
these genes revealed high levels of polymorphism with few clear patterns of inheritance
(Figures 4.6, 4.13) consistent with data from of Peterson et al. (2008), variation within
wild accessions was so high that no clear phylogeny could be inferred. Furthermore,
both the unconventional use of the assembly algorithm to group the most similar
sequences (discounting random nucleotide variations) and the phylogenetic trees built
using the Neighbour Joining algorithm revealed some important patterns of
relationships. In addition, recombinant sequences appeared to be identified by the
assembly algorithm as ungrouped sequences (where the sequence had fragments of two
other sequences). This feature of sequence evolution is notable and it would be
interesting to confirm it with additional primers.

Out of the five marker barcodes, ITS is known to be the most polymorphic and
have the highest discriminatory power (Li et al., 2011). No bacterial or fungal
contamination was detected in any sample; still several polymorphic copies of ITS
region were amplified (Figure 4.6). Perhaps, the multiple copies of ITS have been
amplified from different homoeologous groups as C. sativus alone has 13 rDNA sites
(see Chapter V). As the origin of the multiple ITS copies was not known, the products of
ITS barcode were not sequenced. DNA sequences of matK, trnH and rbcL regions were
analysed separately as well as assorted in head to tail. In both cases the tree topology
remained almost identical (Figure 4.13).

In the current study, C. banaticus, the only member of subgenus Crociris
(Mathew, 1982) was applied as outgroup, and it is located robustly as a sister group to

clade G along with C. cartwrightianus, C. asumaniae and C. moabiticus. Previous
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mitochondrial and nuclear DNA based studies have placed C. banaticus with other
members of section Crocus (Petersen et al., 2008; Harpke et al., 2013). Furthermore,
based analyses of barcoding genes, C. hadriaticus and C. thomasii have been reported to
be closely related to one another (Gismondi et al., 2013), although the authors also
proposed an early separation, and suggested very ancestral origin for the two species,
rejecting the possibility that either of the two could be the progenitor species for C.
sativus. The current work too, indicated the two species to be closely related to one
another, but contradict their early separation from C. sativus or C. cartwrightianus group
(clade H, Figure 4.13). Both species exist as a subgroup to C. sativus, and my these
results are in agreement to the published data of Petersen et al. (2008). Comparative
karyotype analysis has also revealed C. cartwrightianus as one of the ancestors of C.
sativus in case of autotriploidy (Mathew, 1982; Grilli Caiola et al., 2004). DNA
sequencing- based studies have also suggested C. cartwrightianus as a potential ancestor
for C. sativus (Petersen et al. 2008; Grilli Caiola and Caniani, 2010; Gismondi et al.,
2013) and the results here, for the maternally inherited sequences, were consistent with
C. cartwrightianus as providing the female ancestor of C. sativus, and the nuclear gene
analysis supported C. pallasii subsp. pallasii as the second ancestor (Figure 4.13). The
latter, contradict the RAPD markers analysis of Grilli Caiola et al. (2004) where the
authors rule out the hypothesis of close relationships between C. sativus and C. pallasii.
Nevertheless, intraspecific variation comprises the core of modern evolutionary
biology, and its ever-increasing importance is well documented (see Funk and Omland,
2003). Besides identifying the potential ancestors of C. sativus, the barcoding genes
revealed intraspecific variation in different accessions of C. pallasii, C. cartwrightianus
and C. sativus. Possible reasons for such variation could be related to the difference in
geographical distribution or nursery practices that may cause heritable epigenetic
changes (Slatkin, 1987; Hyten et al., 2006 and above). In the analysis here, substantial
variation was revealed between different accessions of C. cartwrightianus, and in the
future it will be important to survey the full range of variation within this species to see
if any accessions more closely match the alleles in the less diverse C. sativus.
Knowledge about different alleles across the Crocus genus has potential for making new

hybrids and increasing the genetic base: identification of such variation will also be
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useful to allow us to discriminate and identify the authenticity of saffron sample from

possible contaminants.

4.4.4 Variation in C. sativus

Phenotypic variation, such as flower size, tepals shape, colour intensity, pistil weight
and pollen viability suggest the possibility of saffron improvement through selection
(Grilli Caiola et al., 2001; Macchia et al., 2013 and Figure 1.4). Nevertheless, clone
selection of saffron is one of the major issues addressed today by many research groups
(Agayev et al., 2009). Saffron multiplies by vegetative means, which does not induce
genomic variations except for the rare mutation, and these too are not easily detectable
in a triploid genome (see Chapters I, 111). Evolutionary history of the genus Crocus is
very complex as indicated by intensive species hybridization and explosive speciation in
the evolution of Crocus (Frello et al., 2004) and that could be one of the selective
pressures in the origin of saffron (Fernandez, 2007).

At the nucleotide level different accessions of C. sativus grown around the world
have shown rare diversity, while differences in saffron quality are mainly attributed to
the post-harvest processing of stigmas, and to some extent agronomy, and are
independent of the saffron is genetic origin (Grilli Caiola et al., 2004; Ordoudi et al.,
2004; Fluch et al., 2009); recent report has revealed the effects of geographical origin,
cultivation and environment in saffron (Macchia et al., 2013). Earlier, eleven IRAP
markers (in all possible combinations) were applied to gain insights of the genetic
variation between saffron accessions grown worldwide, and the data showed minimum
diversity within C. sativus accessions (Chapter IlI). Therefore, it is very likely that
saffron has originated once and then has undergone artificial selection. Such practice
offer advantages for many of the traits required for domestication and in maintaining its
genetic characteristics while compromising on most of the variability (Rubio-Moraga et
al., 2009).

Genetic heterogeneity provides vigour and is a possible solution to the
vulnerability of monocultured crops (Zhu et al., 2000). A solid understanding of the
genetic variability and population structure of the wild and cultivated plant populations
is necessary for sustainable management, conservation of genetic resources and

broadening of the genetic base of plant species (Heslop-Harrison and Schwarzacher,
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2012). Thus, one of the chief aims of the current project was to ascertain genetic
diversity in C. sativus. There are several reports that support the allotriploid nature of C.
sativus (see Fernandez, 2006; Grilli Caiola and Canini, 2010). The ATPS and TCys
sequences has revealed intraspecific variation in C. sativus as well as supported the new
concept of allotriploid C. sativus (Figures 4.8B, 4.10B). Though, there was no evidence
from the nuclear genes that any accession of C. sativus included unique sequences.
However, for the chloroplast genes analysed here, there was some evidence that the
accessions identified as Kashmir/Cashmeriensis had a different range of polymorphisms
from those of the European C. sativus accessions suggesting multiple maternal origins
(Figure 4.13). These results are partly contradictory to my previous IRAP amplified
polymorphism results, where minimum to no diversity was detected (Chapter III).
However, the sequence based diversity is not known, as the IRAP bands were not
sequenced. The results obtained with ATPS, TCys and barcoding genes indicate that
different C. sativus species might have evolved through independent events, or genetic
differences, found between C. sativus (CstCD09, Cashmirianus) and C. sativus
(CstPERQ9, Spanish) might be due to different habitat selections (see Figure 4.13). Such
intraspecific variation has been reported in Italian and Spanish saffron too (Gismondi et
al., 2013). Not formally characterized, there is little evident morphological variation
between the diverse saffron collections once grown in a common nursery at the
Crocusbank collection in Cuenca, Spain (Figures 1.4, 1.12). Recent RAPD and SSR
analysis of different Iranian saffron accessions have also indicated the existence of
genetic variability among saffron accessions (Namayandeh et al., 2012; 1zadpanah et al.,
2014). Moreover, the results revealed that the DNA barcoding approach can be used not
only for molecular intraspecific discrimination but is equally effectively in tracing the
authenticity and geographical origin of saffron, along may be applied along other known
DNA or biochemical markers (Maggi et al., 2011; Torelli et al., 2014).

Saffron reproducing asexually, so it is also interesting to consider if new genetic
variation is occurring via somatic mutation (Grilli Caiola et al., 2004; Fernandez et al.,
2011). This might involve targeting candidate genes where variation is noted in field-
grown material, or alternatively genetic mapping of loci in wild species before
examination of the equivalent loci in saffron. Furthermore, given this result, it will now

be interesting to sequence whole chloroplast genomes from European and Asian saffron
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accessions, and to compare these with the sequences from other Crocus species. It is
possible that organellar genome fragments have been transferred to the nuclear genome
(Huang et al., 2003), so it is important that this is ruled out, and the use of whole-
genome sequencing with modern methods is likely to be most effective so that we can
look more closely at the way in which saffron has evolved.
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5 CHAPTER V: RELATIONSHIPS OF CROCUS SPECIES BASED
ON CYTOGENETIC INVESTIGATION AND ORGANIZATION

OF REPETITIVE DNA SEQUENCES

5.1 Introduction

5.1.1 Cytogenetic structure of Crocus sativus

Crocus series Crocus is a heterogeneous group of largely autumn-flowering crocuses,
widespread in the Mediterranean and Asia Minor. Most of the species occur in the wild
and a few are grown as ornamentals while the most economically important Crocus
sativus is grown for the production of saffron and not known in the wild (see Chapter 1).
The genus Crocus shows a wide range of chromosomal variation i.e. 2n=6 to 2n= 70 (C.
candidis 2n=6, C. mathewii 2n=70), even at the species level chromosome numbers may
vary (Mather, 1932; Karasawa, 1935, 1942; Brighton et al., 1973; Goldblatt and Takei,
1997; Schneider et al., 2012). The tremendous economic importance and the presence of
large chromosomes have always inspired cytogenetic investigation of the genus
(Karasawa, 1942; Agayev, 2002 and Chapter I). The pioneering cytological work of
Himmerbaur, Sugiura, Mather and Karasawa in the early 20th century revealed the
variability in chromosome number for Crocus: 2n=24 and 2n=15 or 2n=14 (Himmerbaur
1926; Sugiura, 1931; Mather, 1932; Karasawa, 1935). Later, Pathak (1940), Feinbrun
(1958), Brighton et al., (1973), Brighton (1977), Mathew (1977), Ghaffari (1986),
Goldblatt and Takei, (1997), Ebrahimzadeh et al. (1998), Frello and Heslop-Harrison,
(2000b), Frello et al., (2004), Fernandez et al. (2009) Schneider et al., (2012) have
studied the chromosome number and karyotype evolution within the genus Crocus. The
authors highlighted the extreme complexity of the genus at the karyotype level and most
describe C. sativus as a triploid species with 2n=3x=24, x=8 (see Table 5.1 and
discussion below).

Since cytogenetic analysis provides direct insight into karyotype evolution, it
plays a critical role in reconstructing phylogenies. Therefore, today cytogenetics is an
integral part of phylogenetic reconstruction and genome mapping projects (Schmidt and

135



Heslop-Harrison, 1998; Schwarzacher, 2003a; Markova and Vyskot, 2009). Phylogeny
of the genus and the parental species involved in C. sativus speciation are not explicitly
known (see Fernandez et al., 2011). Comparison of the primitive members of the genus
Crocus (Mathew, 1982) with the closely related genus Syringodea (x= 6) suggest that
the basic chromosome number for the genus Crocus could be x= 6, that might have
undergone subsequent reduction to x= 4 by descending dysploidy in several lineages of
Crocus and polyploidization events may be based on the basic numbers of x = 3-6
(Goldblatt and Takei, 1997). Comparative morphological and molecular approaches
have led to the hypothesis that C. cartwrightianus, C. hadriaticus, C. oreocreticus, C.
thomasii, C. pallasii or C. cartwrightianus var. albus maybe potential ancestors, of C.
sativus through hybridization, polyploidy or mutation (Chapters 11, V). Further, it is a
widely accepted theory that C. sativus has been propagated from a sterile autotriploid
clone (Mathew, 1982; Ghaffari, 1986; D'Agostino et al., 2007). The EST-SSR and SNP
data clearly demonstrated the existence of some diversity and presence of more than one
and up to three copies of genes, indicating that C. sativus is most likely an allotriploid
(previewed in Chapter V). With no comparison, saffron is a high value, sustainable crop
where improvement is potentially possible through exploitation of diversity within the
genus Crocus. Several potential candidate species already pinpointed as ancestral
species of C. sativus: confirmation of it will provide an opportunity to attempt to make
new hybrids, to resynthesize saffron, introduce novel diversity and compare the different
forms (see below).

Table 5.1: Chromosome number in members of the series Crocus (modified from Grilli
Caiola and Canini, 2010).

Serial | Species Subspecies Authority Chromosome | Reference
(2n)
1 C. asumaniae - B. Mathew & T. Baytop 26 Mathew 1999
2 C. cartwrightianus | - W. Herbert 16 Brighton 1977
3 C. hadriaticus - W. Herbert 16 Brighton et al. 1973
4 C. mathewii - H. Kerndorff & E. Pasche 16 Mathew 1999
5 C. moabiticus - F. Bornmuller & J.E. 14 Kerndorff 1988
Dinsmore
6 C. nagabensis - D. Al-Eisawi 14 Al-Eisawi 2001
7 C. oreocreticus - B. L. Burtt 16 Brighton et al. 1973
8 C. pallasii pallasii K. L. Goldbach 14 Mathew 1999; Candan et al.,
2009
turcicus B. Mathew 12 Mathew 1999
dispathaceus | E.A. Bowles 14 Mathew, 1999

9 C. thomasii - M. Tenore 16 Brighton et al. 1973
10 C. sativus - C. Linnaeus 14,15 Mather, 1932

24 Karasawa, 1935

24 Pathak, 1940

16, 20, 24,40 | Karasawa, 1942

24 Agayev, 2002
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5.1.2 Repetitive DNA organization in C. sativus

Polyploid formation has been a major force in the evolution of many plants and animals
(Mable, 2013; Madlung, 2013). However, our understanding of the subsequent evolution
of DNA sequences that become united in a common nucleus is limited (McClintock,
1983; Heslop-Harrison and Schwarzacher, 2012). The recent advancements in
sequencing technologies at affordable costs have given a direct access to the genomic
architecture of both plants and animals (see http://genomesonline.org). It is now known
the gene content and order among angiosperms is relatively uniform and that the
remarkable diversity in genome sizes is due to the presence of various classes of
repetitive DNA elements (Bennett and Leitch, 2011; Heslop-Harrison and
Schwarzacher, 2011).

In plants, repetitive DNA may account for up to 70-80% or even more of their
whole genome and may be found dispersed in the form of TEs, that are free to propagate
in the genomes (see Chapter Ill), or as tandem repeats in discrete clusters (Orgel and
Crick, 1980; Kubis et al., 2003). The rapid evolution of both tandemly arranged and
dispersed repetitive DNA often leads to changes in sequence composition and
abundance and it could possibly be the main force responsible in speciation (Schmidt
and Heslop-Harrison, 1998; Shapiro and Sternberg, 2005). Thus, understanding the role
and nature of repeated DNA elements is extremely important in investigating
organizational and phylogenetic relationships among the genomes (Schwarzacher 2003a;
Kalendar et al., 2011; Heslop-Harrison and Schmidt, 2012; Estep et al., 2013).

Tandemly repeated DNA comprises sequences of various motifs and lengths that
are tandemly organised in the form of long arrays extending from few to tens of
kilobases, concentrating at one or more distinct genomic locations and are referred to as
satellite DNAs (Frello et al., 2004). Many different satDNA families have been
described in plants, showing species or genome specific diversity in their DNA sequence
and chromosomal distribution (Schweizer et al., 1988; Vershinin et al., 1994, Contento
et al., 2005). Often long arrays of different satellites (referred to as library of satDNAS)
may coexist in the same genome (Kuhn et al., 2007), mainly concentrated in the
heterochromatic regions around the centromere, or at interstitial or subtelomeric regions

(Heslop-Harrison and Schwarzacher, 2011). Despite their abundance, the biological
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significance of most repetitive DNA still remains uncertain and most is considered as
selfish DNA (Orgel and Crick, 1980; Shapiro and Sternberg, 2005). Nevertheless,
regions of chromosomes rich in repetitive DNA families have lower susceptibility to
recombination events (Kuhn et al., 2007; Estep et al., 2013).

Fluorescent in situ hybridization (FISH) and genomic in situ hybridization
(GISH) are powerful techniques for identifying chromosomes and following their
alteration during evolution over long time-scales associated with speciation, as well as
over shorter periods associated with plant breeding (Schwarzacher et al., 1992; Heslop-
Harrison et al., 2003; Frello et al., 2004). Within the genome, tandemly repeated DNA
sequences are convenient landmarks for many aspects of genome analysis. Some repeats
show chromosome, genome or species specificity and can be combined with total
genomic DNA probe as a tool for the recognition chromosomal arm, chromosome or a
genome in case of polyploids, thus providing evidence of rare gene flow in natural
populations (Zhao et al., 1998; Carvalho et al., 2009). Interestingly, except for C. vernus
where repetitive DNA sequences have been isolated and tested across wild species of the
genus (Frello and Heslop-Harrison, 2000a, 2000b; Frello et al., 2004), to the best of my
knowledge no major satellite DNA sequences (abundant non-rRNA-related and non-
telomere tandem repeats) have been isolated from Crocus.

The aim of the current work was to 1) exploit FISH or GISH using total labelled
genomic DNA as a probe to chromosome spreads of C. sativus to ascertain the potential
ancestral species; 2) isolate and characterize some repetitive DNA sequences from C.
sativus; 3) investigate physical organization of the tandemly organized repetitive DNA
sequences along the chromosomes of C. sativus and series Crocus; and 4) use any
isolated sequences of repetitive DNA, and microsatellite, 5S and 45S rDNA sequences
as chromosome markers to identify homologous chromosomal pairs and to establish the

karyotype for C. sativus.

5.2 Materials and Methods

The list the species used in the current study is given as (Table 5.2). Except for C.
pallasii for which accessions of sub species were included in the current study, for all

other species only one accession was used. While intra-specific variation in tandem
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repeat array size and localization is well known, width of sampling was given priority

over testing multiple accessions here. Sources of all the material are given in (Table 5.2).

5.2.1 DNA extraction, restriction enzyme digestion and gel electrophoresis

Total genomic DNA was extracted from the Crocus species (Table 5.2) following the
standard CTAB method described in Materials & Methods (Chapter I1). Genomic DNA
was digested with restriction endonucleases; Haelll, Hindlll, BamHI, Sau3Al, Dral and
EcoRIl (New England BiolLabs) in the presence of appropriate buffers. Restriction

digestion and gel electrophoresis conditions were as described earlier in (Chapter II).

5.2.2 lsolation of repetitive DNA sequences from C. sativus

Appropriate restricted genomic DNA products of Haelll and Dral of 200-3000bp were
eluted and cloned into pPGEM®-T Easy vectors (Promega). About 50-100 white colonies
were chosen, grown on LB agar plates, transferred onto positively charged nylon
membrane and hybridized for 16hrs with digoxigenin labelled C. sativus genomic DNA
probe. The process of cloning, plasmid selection and dot blot hybridization was as

described in materials and methods (Chapter Il and appendix 5).

5.2.3 Insitu hybridization

For in situ hybridization both meiotic and mitotic chromosomes were prepared from
fixed material on clean glass slides. Chromosomal preparation, probe labelling and in
situ hybridization followed the protocol of Schwarzacher and Heslop-Harrison (2000)

and described in materials and methods (Chapter 2, section 2.2.11-2.2.12).

5.2.4 Probes used

For in situ hybridization probes used included:

pTa7l contains a 9kb EcoRI fragment of the repeat unit of 25S5-5.8S-18S rDNA isolated
from T. aestivum (Gerlach and Bedbrook, 1979) and was linearised with EcoRI before
labelling.

Total genomic DNA from Crocus species (Table 5.2) was sheared to 3-5kb fragments

by autoclaving before labelling. GISH was carried out with and without autoclaved
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genomic DNA from C. sativus (20-30x of the probe concentration) that was added to the

mixture as blocking DNA.

Table 5.2: List of Crocus species used in the study given along University of Leicester
identification code and source of origin.

Serial | Species Subspecies University of Source
Leicester Number
1 C. asumaniae - CaswD09 JW Dix Export (The Netherlands)
2 C. cartwrightianus - CcwBD09 JW Dix Export (The Netherlands)
3 C. hadriaticus - ChdwD09 JW Dix Export (The Netherlands)
4 C. mathewii - CmatD08 JW Dix Export (The Netherlands)
5 C. oreocreticus - CorVDO09 JW Dix Export (The Netherlands)
6 C. pallasii pallasii CplvD09 JW Dix Export (The Netherlands)
7 C. thomasii - CtomVD09 JW Dix Export (The Netherlands)
8 C. sativus - CstPER09 Spain
53  Results

Multi target in situ hybridization with genomic and repetitive DNA probes was applied
simultaneously to the spread mitotic and meiotic chromosomes of C. sativus. Genomic
probes from Crocus series Crocus were used with an aim to identify the chromosomal
complement from the potential donor parents, while unique banding patterns of
repetitive DNA was helpful in identify and designating the chromosomal pairs for
karyotyping C. sativus. The same strategy was applied to test some more distantly
related species of C. sativus (outside Crocus series Crocus) as controls, and to rule out
the possibility of any cross hybridization.

5.3.1 Karyotype of C. sativus

Figures 5.1 and 5.2 illustrate the karyotype and ideogram of C. sativus following in situ
hybridization with total genomic DNA from °C. sativus cartwrightianus’, C. pallasii
subsp. pallasii and 45S rDNA. The genomic probes showed disperse weak hybridization
signals and relatively stronger uniform signals around the centromeric region of all
chromosomes (Figures 5.1, 5.2C). Interestingly, both the genomic probe from °C. sativus
cartwrightianus’ and C. pallasii subsp. pallasii labeled with biotin (red) and 45S rDNA
(pTa7l) probe labelled with digoxigenin (green) strongly labelled the rDNA regions.
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Further, both probes localized 45S rDNA sites at discrete sites on 13 chromosomes in
the triploid C. sativus. All 45S rDNA sites were terminal, and none was intercalary
(Figures 5.1, 5.2). Several cells from different accessions of C. sativus (Spanish and
Kashmirian) were analysed and there were no polymorphisms between accessions as far
as the number or locations of 45S rDNA sites was concerned (see discussion).

Here the karyotype of C. sativus is drawn and position of the 45S rDNA on each
chromosome is shown (Figure 5.1A). Chromosome types are numbered according to
their sizes and presence of satellites, while length of chromosome is taken as per Agayev
(2002) and Fernandez et al. (2009); although length measurements can be made on
chromosomes prepared for in situ hybridization using 8-hydroxyquinoline pretreatment
and enzymatic digestion, the length variation is larger than with protocols using more
extreme pretreatment and acid digestion, so the published results were used here; no
substantial inconsistencies were noted. The first triplet consists of sub-acrocentric
chromosomes with large but relatively polymorphic satellite regions. These are the
largest chromosomes in the karyotype of C. sativus having strong DAPI bands on the
long arm at the sub-centromere and this triplet can be easily distinguished. The second
triplet of chromosomes is also sub-acrocentric, characterized by the presence of satellites
on the long arm of all the three chromosomes. Further, the intensity of 45S rDNA
fluorescence in this triplet was different, and this variation is most likely due to the
different sizes of satellite region (compare chromosomes in Figure 5.1B). The third pair
is sub-metacentric while the fourth triplet is comprised by metacentric chromosomes,
and all contain 45S rDNA sites. The 45S rDNA signals are comparatively weaker on the
fourth triplet as compared to the third triplet of chromosomes (Figure 5.1A, B).
Similarly, the fifth triplet comprises of heteromorphic chromosomes, one of the
chromosomes 5(1) is metacentric and has a prominent 45S rDNA site and a strong DAPI
band near the centromere (arrows in Figures 5.1B, 5.2) while the other two
chromosomes 5(2,3) are sub-acrocentric and have no satellites nor the strong DAPI
bands. Sub-metacentric chromosomes comprise the sixth and seventh triplet, while the
eighth triplet are metacentric chromosomes. No rDNA sites were detected in the latter
three
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Figure 5.1: A) An ideogram of C. sativus (2n=3x=24, x=8) based on length of chromosome,
position of centromere and presence of 45S rDNA sites, 1-8 indicating to morphologically similar
chromosome (triplet8), chromosomesl,2,5(2,3): Subacrocentric, chromosomes
3,4,5(1),8:Metacentric, chromosomes6,7:Submetacentric (from Agayev et al., 2002). B) Root-tip
metaphase chromosomes of C. sativus after fluorescent in situ hybridization with 45S rDNA clone,
pTa7l labelled with digoxigenin 11-dUTP (detected in green) and total genomic DNA from ‘C.
sativus cartwrightianus’ labelled with biotin 16-dUTP (detected in red). For karyotype, C)
metaphase plate shows individual chromosomes from were cut and paired together (B}42Arrows

indicate DAPI bands. Bar represents 5pm.



Figure 5.2: Root-tip metaphase chromosomes of C. sativus (2n=3x=24) after fluorescent
in situ hybridization (FISH). A) C. sativus chromosomes fluorescent blue with DAPI
staining. B) Hybridization pattern of the 45S rDNA clone, pTa7l labelled with
digoxigenin 11-dUTP (detected in green) showing 13 45S rDNA sites. C) In situ
hybridization of the total genomic DNA from C. pallasii subsp. pallasii labelled with
biotin 16-dUTP (detected in red) showing hybridization signals with the 13 45S rDNA
sites and on single chromosomal arms and centromeric region of few smaller
chromosomes. D) Overlay of A, B and C images. Arrows indicate DAPI bands. Bar

represents 5 pm.
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5.3.2 Meiotic chromosomes pairing in C. sativus

Figures 5.3 to 5.5 illustrate the meiotic pairing behaviour of chromosomes in the pollen
mother cells (PMC) of C. sativus. Heterotypic meiotic division was observed in the
PMC of C. sativus, where the conjugations of chromosomes were variable and non-
uniform. In several instances all 24 chromosomes paired into eight trivalents or even
possible quadrivalents (Figure 5.3A). In other PMC trivalents and bivalents were
observed, while in still some other cases a mixture of trivalents, bivalents and univalent
were observed. In these heterotypic meiotic divisions lagging C. sativus chromosomes
were seen (Figure 5.3B, C). Furthermore, variation in the number of paired
chromosomes ranged from five to eight for the trivalent, one to three for bivalents and
from zero to three for the univalent (sees Figures 5.3A, B, C, and D).

The early meiotic pachytene chromosomes analysed here did not pair
completely: rather incomplete pairing was evident in most cases, and three partially
paired chromosomes were detected. Here only representative images and enlarged
partially paired triplet chromosomes are shown (Figure 5.3E, 5.4). The meiotic
pachytene chromosomes in (Figure 5.4A) probed with total genomic DNA from C.
tomasii (green) and C. asumaniae (red) revealed eight bright signals of 45S rDNA sites
after hybridization with C. asumaniae genomic DNA. The majority of the chromosomes
are intertwining, and the univalent, bivalent or trivalent nature of the chromosomes is
not very clear. However, one trivalent chromosome enlarged on the right hand side
(RHS) clearly shows incompletely paired chromosomes (see arrow Figure 5.4A).
Further, the pachytene chromosomes of C. sativus hybridized with labelled total
genomic DNA from C. hadriaticus (red) and C. mathewii (green). This metaphase also
revealed seven to eight 45S rDNA sites, that are labelled by C. mathewii genomic DNA
(Figure 5.4B). Most chromosomes are present as a complex network of ‘fibres’,
however, in the proximity of interphase nucleus three fibres corresponding to a triplet of
incompletely paired meiotic chromosomes are seen and enlarged on the RHS of the
same plate (see arrow in Figure 5.4B). Similarly, (Figure 5.4C) is an early pachytene
stage probed with C. pallasii subsp. pallasii (red) and pTa71 (green), where clustering of
45S rDNA may reveal potential bivalents and trivalents. Along the 45S rDNA sites,
three chromosomes in the form of thin fibres are seen, indicating the incompletely paired

triplet chromosomes (arrow in Figure 5.4C). The appearance of the univalent, lagging
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chromosomes or incomplete pairing in the first meiotic division may be due to weak
affinity between the chromosomes. Furthermore, in several PMC the reduction divisions
were abnormal, where the chromosomes making non-disjunctions and the final division
of PMC resulted into 3-7 or 8 nuclei (see A-H, Figure 5.5). Also in different PMC,
significant variation in the size of individual cells was observed (compare Figure 5.5A,
B). Although, the actual number of chromosomes in the daughter nuclei could not be
counted, but as a result of the failure of chromosomes to pair and segregate faithfully,
the daughter cells clearly contained uneven number of chromosomes (Figure 5.51). On
account of the abnormal meiotic division in PMC, the pollen is often somewhat
deformed.
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Figure 5.3: A-D) Meiotic chromosomes stained with acetocarmine at metaphase I in C.
sativus (2n=3x=24). The cells show as few as 7-8 structures of paired chromosomes,
representing trivalents, bivalents and univalent chromosomes. The “?” is indicting
ambiguity. E) Chromosomes of C. sativus at meiotic prophase probed with C. pallasii
subsp. pallasii labelled with biotin 16-dUTP (detected in red) and 45S rDNA clone,
pTa7l labelled with digoxigenin 11-dUTP (detected in green). Arrow indicates the
incompletely paired triplet chromosome. Bar represents 10um in A, B, C, D and 5um in

E. (Stained meiotic figures jointly with Drs John Bailey and Farah Badakshi.)
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Figure 5.4: Meiotic pachytene chromosomes of C. sativus (2n=3x=24) after fluorescent in situ hybridization (FISH). A) C. sativus chromosomes
probed with C. tomasii labelled with digoxigenin 11-dUTP (detected in green) and C. asumaniae labelled with biotin 16-dUTP (detected in red).
B) C. sativus chromosomes probed with C. hadriaticus labelled with biotin 16-dUTP (detected in red) and C. mathewii labelled with digoxigenin
11-dUTP (detected in green). C) C. sativus chromosomes probed with C. pallasii subsp. pallasii labelled with biotin 16-dUTP (detected in red)
and 45S rDNA clone, pTa71 labelled with digoxigenin 11-dUTP (detected in green). Arrows indicate multiple paired chromosome axes seen in

enlargements (right). Bar represents Spm in main images
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Figure 5.5: Heterotypic pollen mother cells (PMCs) following aberrant meiotic division
in C. sativus (2n=3x=24) most likely with three A, B) three, C, D) four, E, F) five, G,
H) six or up to eight cells. Non-disjunction of chromosomes resulted in daughter cells
with uneven numbers of chromosomes (I), forming restitution nuclei and becoming

cellularized. Bar represents 10pm.
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5.3.3 Insitu hybridization and characterization of potential donor parents

In situ hybridization gave discrimination along chromosomes when the preparations
were extended in length and methods were optimized to show the best discrimination of
signal. However, under these pretreatment and preparation conditions, there was some
variability in extension of individual chromosomes. Centromeres were sometimes
difficult to localize, particularly when there was strong in situ hybridization signal. For
each probe two representative images are given and where possible chromosomes were
aligned into triplet groups. Although it was not possible to align chromosomes, as
consistent groups of three in all metaphases and prometaphases, the results were
informative given the weak discrimination of chromosomes by the in situ hybridization

signal. Summary of the in situ hybridization is given as (Table 5.3).

5.3.3.1 In situ hybridization with genomic DNA from C. cartwrightianus and C.
pallasii subsp. pallasii
The in situ hybridization in both metaphase and prometaphase chromosomes of C.
sativus probed with labelled genomic DNA from C. cartwrightianus (in B, detected in
red) and C. pallasii subsp. pallasii (in C, detected in green) was fairly uniform (Figures
5.6, 5.7). Further, the hybridization patterns indicated that DNA sequences from
genomic DNA of both C. cartwrightianus and C. pallasii subsp. pallasii show high
homology to major regions of all 24 chromosomes in C. sativus. Both genomic probes
showed weak hybridization signals to most chromosomes, while some regions
particularly the whole arms of largest chromosomes and centromeric, pericentromeric
regions of the short chromosomes showed preferential hybridization (see chromosome 4,
5 and 8 Figures 5.6, 5.7). Much of these dispersed in situ hybridization signals are most
probably due to different classes of transposable and other repetitive DNA elements.
Based on the hybridization patterns of the three colours (DAPI and in situ
hybridization signal), as well as karyotype shown (Figure 5.1), sizes and (sometimes
indistinct) centromere positions, chromosomes were matched, and in general three
similar chromosomes were placed in each group, 1 to 8, in the karyotypes (see Figures
5.6, 5.7). Chromosome 1 is the largest and all three chromosomes in the two metaphases

are similar. A prominent DAPI-positive sub-centromeric band collocates with a green
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band with minimal red hybridization. The distal part of the long arm shows only weak
hybridization with the probes, while both probes show strong hybridization to the region
of the short arm, slightly stronger with green than red (seen as a more yellow short arm
in the overlay Figures 5.6A, 5.7A). Chromosome 2 is also large and has a satellite (45S
rDNA site) on the long arm; the third member of the group is slightly smaller and shows
a slightly different hybridization pattern. The short arm has strong intercalary
hybridization to both probes while the long arm has relatively uniform hybridization of
both probes except for exclusion from the terminal satellite region. Chromosomes 3 and
4 are middle-sized and the end of the long arm shows little hybridization, while the
broad centromeric region, particularly in chromosome 4 (like chromosome 5(1) too),
shows stronger hybridization with the green probe and red. The left-hand chromosome 5
has more centromeric in situ and DAPI signal than the other two. The three smallest
chromosomes show distinctive morphology (with 8 being more metacentric than 6 and
7), and with the hybridization patterns that form three fairly well defined groups 6 and 7
(with strongest signal intercalary on the short arm and 8 with more centromeric in situ
signal). Nevertheless, chromosomes in further complete and partial metaphases or
prometaphases seen elsewhere in the slides fitted the patterns seen in these two
metaphases and in general could be assigned to the same groups (Figures 5.6, 5.7).

5.3.3.2 In situ hybridization with genomic DNA from C. thomasii and C. asumaniae

In situ hybridization of C. sativus metaphase chromosomes is given in (figures 5.8 and
5.9), labelled with total genomic of C. thomasii (detected in red) and C. asumaniae
(detected in green). The genomic probe from C. thomasii indicated a higher degree of
homology to C. sativus chromosomes than C. asumaniae, and hybridized to all major
regions of the 24 chromosomes (see B in Figures 5.8, 5.9). Variation in signal intensity
and hybridization pattern on the same as well as within the triplet chromosome was
evident (see Figure 5.4 and below)

The genomic probe from C. asumaniae showed strong hybridization to the 45S
rDNA sites, and relatively weak, but uniform hybridization, along chromosome arms
with some exclusion from centromeric regions; particularly where there were DAPI-

positive bands such as in chromosome 1 and 5(1) (see D in Figures 5.8, 5.9). As with the
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45S probe, major and minor hybridization sites were seen, and sometimes sites had been
lost but comparable to the 45S rDNA karyotype (compare Figures 5.1 and 5.8).

As in the other C. sativus metaphases, chromosomes could be placed into groups
of three based on their morphology, DAPI staining, rDNA sites and in situ hybridization
patterns. However, the C. thomasii probe often discriminated one of each group of three
chromosomes by a somewhat different hybridization pattern (see C, Figures 5.8, 5.9).
Two members of the chromosome 1 showed four distinct bands, while the third showed
more diffuse but still strong hybridization. Among the chromosome 2 pair, one
chromosome showed stronger overall hybridization than the other members of the pair,
and the hybridization pattern on the chromosome 3 was more or less identical, where the
small arm showing more intense but uniform C. thomasii signals. Similarly, variation in
signals of chromosome 4 was evident; the red signals are strong in the centromeric
region of one chromosome, but present on more or less uniform on the other two
chromosomes. The chromosome 5 is heteromorphic (see karyotype in Figure 5.1) and so
was the in situ hybridization pattern with C. thomasii labelled DNA. On chromosome 6
and 8, the signals are centromeric and relatively uniform, but on chromosome 7, the
signals are more intense on one chromosome as compared to the other two chromosomes
(see Figures 5.8, 5.9). It is also clear from the results, that there is less homology of C.
asumaniae probe to the C. sativus chromosomes (compare Figures 5.2, 5.8) suggesting
less relationship to the ancestral species. The C. thomasii genomic DNA probe (see B, in
Figures 5.8, 5.9) like the other genomic probes did not show strong differential labelling
of any genome or group of 8 chromosomes. However, within the karyotype, about half
of the groups showed a pair of closely similar chromosomes, and one which was more
distinct. This is supportive firstly of a close relationship of C. thomasii to one of the
ancestral genomes, and secondly to a 2x + 1x, rather than an autotriploid or x + X + x

amphitriploid origin of C. sativus.

5.3.3.3 In situ hybridization with genomic DNA from C. hadriaticus and C. mathewii

Figure 5.10 illustrates the in situ pattern of C. sativus metaphase chromosomes
hybridized with labelled total genomic DNA from C. hadriaticus (detected in red) and
C. mathewii (detected in green). Two representative metaphases are given, where the

results are comparable. Good quality spread metaphase chromosomes were not
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available, and the current cells did not allow a cut-out of individual chromosomes into
pairs of three, as previously carried out for the other genomic probes (see Figures 5.6-
5.9). The labelled C. hadriaticus genomic DNA produced dispersed weak hybridization
signals on all chromosomes, except for a few chromosomes (less than eight) where the
signals are quite strong and uniform along the whole chromosomes (compare B and F in
Figure 5.10). Similar to other genomic probes, the C. hadriaticus probe also labelled the
centromeric and sub-centromeric regions of most chromosomes (see B, Figure 5.10).
Whereas the C. mathewii total genomic DNA weakly labelled the entire genome of C.
sativus but specifically labelled few chromosomes (most probably 3) and the 45S rDNA
regions (compare C and G in Figure 5.10). The prominent DAPI bands that most
probably representing the sub-metacentric repetitive DNA region of the large
chromosome is also labelled by the C. mathewii genomic DNA (see C in Figure 5.10).
Previous labelling of total genomic DNA from several species generated probes which
specifically label the 45S rDNA regions (see for example Figures 5.2, 5.9), so it is not
surprising that the C. mathewii label shows this hybridization pattern (see C in Figure
5.10). The 45S rDNA may represent almost 5% of the entire DNA present in C. sativus
(see Figure 5.1) and the current results further revealed the overall affinity of C.
hadriaticus to be much higher with the C. sativus as compared to the C. mathewii.

5.3.3.4 Insitu hybridization with genomic DNA from C. oreocreticus and C. sativus
cartwrightianus’
Comparable in situ hybridization patterns were obtained in both metaphases of C.
sativus probed with labelled genomic DNA from C. oreocreticus (B, F detected in red)
and the garden origin ‘C. sativus cartwrightianus’ (C, G detected in green Figure 5.11).
The overall hybridization of both C. oreocreticus and ‘C. sativus cartwrightianus’
indicated that DNA sequences from genomic DNA of both show similarity to major
regions of all 24 chromosomes in C. sativus. The C. oreocreticus probe weakly labelled
the entire chromosomes and specifically labelled the centromeric, sub-centromeric
regions (see B, F in Figure 5.11). Similarly, the DAPI-positive bands on large
chromosomes as well as the rDNA regions are also strongly labelled. Interestingly, some

interstitial regions among C. sativus chromosomal arms showed strong hybridization.
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Although, no experimental evidence is available at the moment but such interstitial high
intensity signals may be compared to chromosomal translocations (see C in Figure 5.11).

Except for some minor discrepancies, the in situ hybridization results obtained
with ‘C. sativus cartwrightianus’ is largely uniform in both metaphases (C, G in Figure
5.11). The unevenness could be due to the loss of some repetitive DNA during labelling,
or denaturation steps involved in GISH, or larger regions of single copy DNA that are
not labelled strongly. However, in both metaphases, the genomic hybridization signals
were seen on most chromosomes, and some regions particularly the centromeric,
pericentromeric regions and rDNA sties showed strong hybridization (C and G in Figure
5.11). Similar to other genomic probes, the prominent DAPI positive sub-centromeric
bands collate with ‘C. sativus cartwrightianus’ and indicate the presence of related
families of repetitive DNA within the members of the genus Crocus. My previous
molecular marker results revealed a close relationship of ‘C. sativus cartwrightianus’
with C. sativus (see chapters Ill, IV); indeed the in situ results too confirmed this and
indicated that ‘C. sativus cartwrightianus’ under high stringency conditions labelled

most of the chromosomes uniformly.
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Figure 5.6: Prometaphase karyotype of C. sativus labelled with genomic DNA from C.
cartwrightianus (in B, biotin label, detected in red) and C. pallasii subsp. pallasii (in C,
digoxigenin label, detected in green), and the DNA stained with DAPI (in D), and with
channels as overlay in the cut-out karyotype (A) and complete chromosome figure
(bottom). The cut out is presented conventionally with long arm uppermost and in size
order from longest to shortest and three similar chromosomes were placed in each group

1 to 8 in the karyotype.
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Figure 5.7: Metaphase karyotype of C. sativus labelled with genomic DNA from C.
cartwrightianus (in B, biotin label, detected in red) and C. pallasii subsp. pallasii (in C,
digoxigenin label, detected in green), and the DNA stained with DAPI (in D), and with
channels as overlay in the cut-out karyotype (A) and complete chromosome figure
(bottom). The cut out is presented conventionally with long arm uppermost and in size
order from longest to shortest and three similar chromosomes were placed in each group

1 to 8 in the karyotype.
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Figure 5.8: Metaphase karyotype of C. sativus labelled with genomic DNA from C.
thomasii (in B, biotin label, detected in red) and C. asumaniae (in C, digoxigenin label,
detected in green), and the DNA stained with DAPI (in D), and with channels as overlay
in the cut-out karyotype (A) and complete chromosome figure (bottom). The cut out is
presented conventionally with long arm uppermost and in size order from longest to
shortest and three similar chromosomes were placed in each group 1 to 8 in the

karyotype.
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Figure 5.9: Metaphase karyotype of C. sativus labelled with genomic DNA from C.
thomasii (in B, biotin label, detected in red), C. asumaniae (in C, digoxigenin label,
detected in green), DNA stained with DAPI (in D), channels as overlay in the cut-out
karyotype (A) and complete chromosome figure (bottom). The cut out is presented
conventionally with long arm uppermost and in size order from longest to shortest.

Three similar chromosomes were placed in groups 1-8 in the karyotype.
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Figure 5.10: Root-tip metaphase chromosomes of C. sativus (2n=24) after fluorescent in
situ hybridization (GISH) of the total genomic DNA from C. hadriaticus (B, F) labelled
with biotin 16-dUTP (detected in red) and C. mathewii (C, G) labelled with digoxigenin
11-dUTP (detected in green). C. sativus chromosomes fluorescent blue with DAPI (D,

H). Overlay of red, green and blue filters (A, E). Bar represents 5pm.
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Figure 5.11: Root-tip metaphase chromosomes of C. sativus (2n=24) after fluorescent in
situ hybridization (GISH) of the total genomic DNA from C. oreocreticus (B, F)
labelled with biotin 16-dUTP (detected in red) and “C. sativus cartwrightianus’ (C, G)
labelled with digoxigenin 11-dUTP (detected in green). C. sativus chromosomes
fluorescent blue with DAPI (D, H). Overlay of red, green and blue filters (A, E). Bar

represents S5pum.



5.4 Discussion

5.4.1 Ancestral species of C. sativus

The current phylogeny of the genus Crocus is based on an extensive set of published
morphological and molecular data that consistently put C. sativus closely associated
with other members of the genus, in Crocus series Crocus (see Mathew, 1982; Petersen
et al., 2008; Seberg and Petersen, 2009; Harpke et al., 2013). Earlier, potential ancestral
species of C. sativus were identified using IRAPs, EST-SSRs, barcoding genes and SNP
markers (see Chapters Il and 1V). Here, genomic in situ hybridization was used on both
the meiotic as well as the mitotic chromosomes to infer the parental genome during the
cell cycle to therefore identify the ancestral genome of C. sativus. The molecular
cytogenetics approach is based on the phylogenetic information gained from previous
result chapters, augmented with published reports where C. sativus is placed closely to
related species in series Crocus: C. cartwrightianus, C. thomasii, C. pallasii (different
subsp. pallasii accession) C. hadriaticus, C. oreocreticus and C. mathewii (also see
Table 5.1). The relatively strong genomic in situ hybridization seen with all the species
used here (Figures 5.6 to 5.11) confirms the close relationship of the repetitive DNA
sequences present in all the genomes used. Within the overall hybridization patterns, I
was able to interpret differences between the species used as genomic probes, although
the results will need additional confirmation.

Some variation was observed in the genomic hybridization pattern among
different batches of probes prepared from the same species, as has been found with
genomic in situ hybridization with many species where the repetitive DNA component is
not consistently labelled. The results shown were obtained after optimizing in situ
hybridization conditions and changing the standard protocol (see Schwarzacher and
Heslop-Harrison, 2000) that included GISH with and without blocking DNA, high and
low stringency washing conditions, denaturation of the chromosomes and probe at
different temperatures etc. By and large, consistent results were obtained using blocking
DNA (20-30x of probe concentration) and then subsequent high stringency washing
condition of 75-80%. The in situ results obtained with genomic probes labelled with

different nucleotides (biotin and digoxiginin) were comparable not only on mitotic
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spreads, but also in between mitotic and meiotic chromosomes (compare Figures 5.4A
with 5.8, 5.9 and 5.4B with 5.10).

Taken together, the in situ hybridization patterns (Figures 5.6, 5.7) indicate that
DNA sequences from genomic DNA of C. cartwrightianus, C. thomasii, C. pallasii
subsp. pallasii and ‘C. sativus cartwrightianus’ indicate the highest homology to major
regions of all 24 chromosomes in C. sativus (Figures 5.6, 5.7, 5.11). Among the species
belonging to the series Crocus, several studies have indicated C. cartwrightianus to be
the most probable candidate for the origin of saffron (Brighton, 1977; Mathew, 1977,
Petersen et al., 2008). Similarly, several recent studies have also shown the affinity of C.
pallasii subsp. pallasii with C. sativus (Sanei et al., 2007; Erol et al., 2013). The results
obtained here support to previous findings, but partially contradict the findings of Grilli
Caiola et al. (2004), where the authors consider C. pallasii to be more distantly related
to C. sativus (see also Chapters 111, 1V). In fact both C. cartwrightianus (2n= 16) and C.
pallasii subsp. pallasii (2n=14) are fertile, diploid, autumn flowering plants. Further,
both occur in the wild and are found in areas overlapping with C. sativus or saffron
cultivation (Brighton, 1977; Mathew, 1992; Grilli Caiola and Canini, 2010). Thus the
possibility of their recent or past hybridization resulting in triploid saffron seems very
likely.

The °C. sativus cartwrightianus’ is an unrecognized species (see Table 2.2)
presumably a garden-origin variant, or hybrid, which has both morphological and DNA
based similarities with C. cartwrightianus cv. albus (see A4, A4 Figures 1.2 and Chapter
[11). In spite of this, C. cartwrightianus and C. cartwrightianus cv. albus have 16
chromosomes, and still both have visible differences not only in morphology but also in
pollen grain structure and germination (Karasawa, 1956; Grilli Caiola, 1995).
Nevertheless, both C. cartwrightianus cv. albus and C. sativus are infertile, and
anomalous pollen grain percentage, pollen size and in vitro percentage pollen
germination together with ISSR profile, suggest that C. cartwrightianus cv. albus is
more similar to C. sativus than some accessions of the purple form of C. cartwrightianus
(Rubio-Moraga et al., 2009; Grilli Caiola and Canini, 2010). There is substantial
intraspecific variation within C. cartwrightianus accessions in morphology (e.g. stigma
length; personal observation see Al, A2 Figures 1.2) and DNA markers (Chapters Il

and 1V). The GISH results also indicated the DNA sequence-based similarities between
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C. cartwrightianus and ‘C. sativus cartwrightianus’ (Figure 5.11). Because of the close
relationships of the two Crocus species and the albus variant to each other and the
hybrid species (saffron), there is no clear discrimination of one or two sets of 8
chromosomes, contrasting with, for example, the triploid hybrid Crocus 'Golden yellow'
(C. flavus x C. angustifolius, species in different sections of the genus), and many other
hybrids from different plant families, where genomic in situ hybridization clearly
discriminates the ancestral origin of chromosomes in hybrids (see @rgaard et al., 1995;
Schwarzacher et al., 2003a).

Much of the dispersed in situ hybridization signal is likely to originate from
transposable elements, because they are dispersely distributed along the chromosmoes. It
will be interesting to analyse sequences of larger numbers of TE from both the species
used as probes: these can now be obtained and analysed with high-throughput DNA
sequencing approaches. It may be that, as in Brassica oleracea with a CACTA
transposon, regions show species-specific amplification (Alix et al., 2008) and may be
usable for identification of the ancestral origins of the different chromosomes. The
stronger, more band-like signals seen in both in situ hybridization and DAPI staining
suggest the presence of distinctive tandemly repeated DNA sequences (see Heslop-
Harrison and Schwarzacher, 2011). However, cloning experiments during this work and
also by Frello and Heslop-Harrison (2000a) did not identify abundant tandem repeat
families. Although the authors (Frello et al., 2004) isolated some centromeric tandem
repeats but these did not show discrimination between species or chromosomes, in
contrast to the genomic DNA probe here where differences were detected. Again, it will
be valuable to analyse large amounts of genomic DNA sequence from C. sativus and
other Crocus species to examine the nature and evolution of the repetitive DNA families
present.

A small-scale cloning and screening experiment in the course of the present work
has identified some candidate repetitive sequences (see Appendix 5). Although time
constraints did not allow either Southern hybridization or in situ hybridization, to
explore the long range and physical organization of these isolated repetitive DNA
elements within the genus Crocus; these expermints will form important tools of future
work (Appendix 5). Repetitive DNA sequences located around the centromeres of the

largest chromosome in C. sativus will be of particular interest (Figure 5.10). It is likely
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that high throughput sequencing will reveal large numbers of tandem repeats and using

bioinformatics strategy we may be able to see if certain repeats are chromosome

specific. Such investigation will have several implications in future introgression,

genomic enrichment of saffron.

Table 5.3: Brief summary of the GISH analysis of C. sativus.

Labelled
genomic probe

Metaphase chromosomes

C. sativus

C. sativus C. sativus C. sativus

C.sativus | C.sativus | C.sativus | C. sativus

C. thomasii

Eu +/+
Het +/-

C. asumaniae

Eu -/-
Het +/+

C. hadriaticus

Eu +/+
Het +/+
Het +/-

C. mathewii

Eu +/+
Het +/+

C.cartwrightianus

Eu +/+
Eu +/-
Het +/-

C. oreocreticus

Eu +/+
Eu +/-
Het +/-

C. pallasii subsp.
pallasii

Eu +/+
Eu +/-
Het +/-

C. sativus
cartwrightianus

Eu +/+
Eu -/-
Het +/-

Labelled
genomic probe

Euchromatin signals

Heterochromatin signals

Uniform, 8-12 strong, others weak

Large strong centromeric

C. thomasii (particularly on small chromosomes)
and terminal bands, some are NORs
Uniform weak signals on all 24 chromosomes Strong NORs and centromeric to
C. asumaniae whole small arm, often only localized

to NORs

C. hadriaticus

Up to 8 strong, remaining uniform weak signals

Centromeric or terminal to whole arm
signal on 12-16 chromosome, some
are NORs

C. mathewii

Signals similar to C. hadriaticus, 8 strong,
others uniform weak signals

Similar to C. asumaniae, strong
labelling of all NORs, DAPI bands

C.
cartwrightianus

16 strong, the intensity of signals is often not
the same on both arms, 8 weak, sometimes no
big difference

Strong centromeric or terminal to
whole arm signal on 21 chromosome,
some are NORs

C. oreocreticus

Uniform to all 24 chromosomes, some have
sub-terminal strong signals.

Large sub-telomeric, centromeric
signals, some NORs, sometime
interstitial regions only

pallasii

C. pallasii subsp.

Very similar to C. cartwrightianus, but often
localized strong interstitial signals

Similar to C. cartwrightianus,
sometimes strong hybridization to
NORs

C. sativus
cartwrightianus

16-20 strong, sometime all uniform signals

Strong NORs and centromeric to
whole arm, hybridization to DAPI
bands
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5.4.2 Karyotype and allopolyploid nature of C. sativus

Karyological complexity of the genus Crocus is known and previous studies have
revealed variability in C. sativus chromosome number from 2n=14, 15, 20, 24 and 40
(Sugiura, 1931; Mather, 1932; Karasawa, 1935, 1942; Ghaffari, 1986; Fernandez et al.,
2009). Cytological examinations reported here, from 2010 to 2014 however, revealed no
less than 2n=24 mitotic chromosomes. Therefore, authors who counted less or more than
24 chromosomes in C. sativus are most likely mistaken, either through wrong
identification of material or the cytological method, including counting of satellites as
complete chromosomes. Similar results to these reported her were obtained by Agayev
(2002) and Fernandez et al. (2009), the authors investigated C. sativus karyotype by
analyzing material of different geographical regions and discoverd no differences in
chromosomal count. Agayev (2002) and Agayev et al. (2010) present karyotype of C.
sativus based on alkali-hydrolysis to make chromosome preparations and aceto-iron-
hematoxylin staining. The chromosome morphology from their C. sativus accession was
consistent with that reported here; however, they found a difference in the satellite (45S
rDNA) in the Kashmirian accession and assumed the Spanish saffron is a cultivar
genetically different to the Kashmiri saffron. However, in the current analysis, no such
differences were observed (see Figure 5.1) and the variation may have occurred in
somatic material. Thus it may be argued that C. sativus originated only once in history,
and then subsequently spread, undergoing certain genetic or phenotypic changes in the
subsequent evolution. | could also observe slight morphological differences amongst the
different accessions as well as at the genetic level based on EST-SSR and SNP markers
(Figure 1.4 and Chapter 1V).

Karyotyping is an effective tool for the physical comparison of chromosomes
and may provide direct insight into the ancestral species involved in hybrid formation
(Frello et al., 2004). The karyotype of C. sativus based on the length of chromosomes,
rDNA sites, centromeric position and DAPI bands reveal e.g. eight groups of three
chromosomes (Figures 5.1, 5.6, 5.7). The majority of previous studies have suggested C.
sativus to be autotriploid (Chapter I, 111 and 1V) and its sterility has been attributed to its
aberrant pollens, because the female gametophyte is less frequently sterile and some
introgression is possible (see Grilli Caiola and Canini, 2010). Karasawa (1935),

considered saffron is an autotriploid species whose chromosomes at metaphase form
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eight trivalents, and proposed its probable origin from a diploid Crocus. Similarly,
Ghafarri (1986) interpreted his meiotic figures with frequent trivalents as showing C.
sativus is autotriploid, although, he also observed other meiotic figures of different
pairing configurations at low frequencies. He also shows chromosomes lagging at
anaphase and possible bridges, features that could lead to formation of restitution nuclei
and multiple pollen mother cell formation as illustrated in (figure 5.5) above. All the
species used for genomic probing, showed some degree of labelling on to the
chromosomes of C. sativus, which does indicate that the genomes are indeed closely
related. However, both the meiotic preparations (Figures 5.3 to 5.4) and mitotic in situ
hybridization (Figures 5.6 to 5.11) do not support autotriploidy, since one of the three
genomes was often different in hybridization with genomic DNA probes, and meiotic
figures showed variable pairing (Figures 5.3, 5.4 and below).

Meiotic pachytene analysis of C. sativus revealed the presence of univalents,
bivalents and trivalents. Presence of trivalent chromosomes supports autotriploidy, while
univalents, bivalents and quadravalents suggest an allotriploid origin of C. sativus. By
and large, the in situ results indicated that the three genomes are similar to each other
and at least two and maybe all the three genomes possibly arose from different ancestral
species (Figures 5.4, 5.7). Both bivalents and trivalents chromosomes indicate that no
two genomes are exactly similar but that two are more closely related than the third one
(Figure 5.3). However, more work needs to be done, and detailed meiotic analysis will
be extremely helpful in resolving the phylogeny of C. sativus. Unlike hexaploid Triticum
aestivum, where a single major locus, the Phl is responsible for its true diploid-like
behaviour (Hao et al., 2011), in Crocus genes controlling meiotic pairing are unknown.
Mechanisms controlling pairing of chromosomes could be more complex. Varying
degrees of pairing between chromosomes, heterotypic meiosis and restitution nuclei
were seen (Figures 5.2 - 5.5).

Allotriploids are believed to form a higher frequency of crossovers than their
diploid progenitors (Leflon et al., 2010). Further, two diploid species, C.
cartwrightianus and C. pallasii subsp. pallasii was found to be closely related to C.
sativus (Figures 5.3, 5.4). It could be assumed from the analysis that if the two genomes
are highly similar in C. sativus, then possible evidence of homoeologous pairing

amongst these genomes may be seen. Indeed, the in situ hybridization with C. pallasii
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subsp. pallasii indicated possible translocation within the chromosomes (see Figure 5.7).
Further, the karyotypes of both species show similarities with C. sativus (Sanei et al.,
2007; Agayev et al., 2009) and particularly the presence of odd chromosome in the
karyotype of C. pallasii subsp. pallasii and C. sativus provides further evidence of their
shared ancestry (see Figure 5.1 and Table 5.4). A high degree of variation in the
karyotype of C. pallasii subsp. pallasii (from Western and Central Turkey) as well as
cytological similarities between C. pallasii subsp. pallasii with C. dispathaceus have
been reported (Brighton, 1977). Being closely related, growing in adjacent areas and
having the same number of chromosomes the author proposed possible hybridization
between the two subspecies. It is very likely such a hybridization event may result in a
series of chromosomal interchanges and/or pericentric inversion that may result in the
origin of odd chromosome present in the karyotype of C. sativus today (Figure 5.1 and
Table 5.4).

There is no doubt that a better understanding of the Crocus phylogeny and
chromosome evolution in Crocus could be gained if genomic DNA for PCR-based
results (see Chapters Ill, 1V), probes (labell DNA) for in situ hybridization and
chromosome numbers (of the potential ancestors) were checked from plants coming
from natural populations. However, to date no study that addressed C. sativus ancestry,
and where the material is obtained directly from natural populations. In virtually all
cases, Crocus corms are supplied by commercial suppliers and rarely come from
collections of scientific organizations, so the true origin of the plants cannot be
ascertained (Table 2.2). Further, the commercial suppliers (nurseries) grow Crocuses for
ornamental and gardening purposes and therefore, the identity of plants in which
chromosomes were counted remains doubtful. Future work, using all members of the
Crocus series Crocus needs to be done from natural populations, as accessing the
karyotypes from species collected in wild will make a direct comparison and can be used

to support the molecular markers results.
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Table 5.4: Karyotype of the members of Crocus series Crocus

No Chromoso
. me Chromosome | Chromosome | Chromosome | Chromosome | Chromosome | Chromosome | Chromosome | Chromosome
Crocus species
Number 1 2 3 4 5 6 7 8
(2n)

1 Crocus sativus 24 3 large 3 large Medium size Medium size 1 metacentric Small Small Small
acrocentric with | acrocentric with sub-metacentric | Metacentric 2,3 acrocentric acrocentric acrocentric metacentric
satellite on the small satellite on
short arms the long arms

2 C. 16 Large Large Small Small Small Small Small Small

cartwrightianus acrocentric acrocentric with metacentric metacentric metacentric metacentric metacentric acrocentric
chromosomes small satellite on
the long arms
3 C. hadriaticus Large Large acrocentric | Sub-metacentric | Sub-metacentric | Sub-metacentric | Sub-metacentric | Sub-metacentric | Sub-metacentric
16 acrocentric with small or acrocentric or acrocentric or acrocentric or acrocentric or acrocentric or acrocentric
chromosomes satellite on the chromosomes chromosomes chromosomes chromosomes chromosomes chromosomes
long arms

4 C. thomasii 16 Large Large acrocentric | Metacentric or Metacentric or Metacentric or Metacentric or Small Small
acrocentric with small sub-metacentric | sub metacentric | sub metacentric | sub-metacentric | acrocentric acrocentric
chromosomes satellite on the

long arms
5 C. pallasii subsp. 14 Large Large One smaller pair | Metacentric and | Metacentric and | Metacentric and | Metacentric and
pallasii acrocentric, acrocentric, of acrocentric sub-metacentric | sub metacentric | sub-metacentric | sub-metacentric
Sub-metacentric | Sub-metacentric with satellites on
the long arms
sub-metacentric
6 C. pallasii subsp. 14 Acrocentric Acrocentric with | Acrocentric Metacentric Metacentric Smaller sub- Acrocentric
dispathaceus small satellite on metacentric
the long arms
7 C. pallasii subsp. 12 Large Acrocentric Acrocentric Acrocentric Smaller Smaller
turcicus metacentric metacentric metacentric
with small

satellites on one
arm
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6 CHAPTER VI: GENERAL DISCUSSION

The conclusions from individual results chapters have been discussed in the appropriate
sections above. The general discussion here aims to show the overall progress towards the
objectives set out in (Chapter I Introduction) and highlight a few broader implications of the
work for both academic and applied areas. The current work also discusses future research

opportunities as well as identifying prospects of the overall project.

6.1  Genome studies and breeding in orphan crops “Cultigens”

Over the years, plant breeders have been remarkably successful in developing new and highly
productive cultivars of all major crops with desired traits. There has been a tremendous
increase in crop productivity, and it may be attributed for a good reason to the application of
Mendel’s principles in breeding as well as to a better understanding of the crop genomics (see
Chapter 1). All that has been achieved is inspite of the rapid emergence of more virulent races
of pathogens, and in more disturbed and changing global environmental conditions
(Chakraborty and Newton, 2011). So far the applications of traditional plant breeding
practices, coupled with more recent genetic engineering approaches, have succeeded in
steadily increasing and maintaining food for the ever-growing population (see Borlaug,
1983). However, when the global population reaches nearly 9.4 billion people in 2050, the
challenges for agriculture will be overwhelming (http://www.fao.org). Perhaps, key to the
success stories in agriculture are all related directly or indirectly to the identification and
maintenance of useful biodiversity within species.

The dried stigmas of C. sativus (saffron) are highly valued since antiquity, and
consumed as a spice or drug of immense significance, with hardly any sector of life where
saffron has no applications. Today is a great time for scientists interested in whole genome
sequences and large-scale genomics. Still, inspite of all the recent advances in modern
agriculture systems, and in generating molecular data, reconstructing species-level
phylogenies and identification of useful diversity in non-model crops such as C. sativus
remains a challenge. The earliest farmers knowingly or unknowingly maintained useful
genetic variation in nearly every species that could be chosen from the wild. These ancient

farmers planted, harvested and reselected these species in order to gradually develop
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improved populations with a range of desirable traits. However, after the sudden genetic
selection leading to the first domesticated species and the birth of agriculture, perhaps
marked initiation of the loss of genetic diversity. Even today, the desirable genes, which were
either selected by man (the first breeder) or nature itself, are dispersed within both the
domesticated and wild plant populations and can be reselected if required (see Vaughan et
al., 2007). In saffron too, variation may be confined to natural resources. In the first place
identifying and preserving any diversity in C. sativus is of utmost importance: a project to
secure vital diversity in Crocus was initiated in the form of “the CrocusBank project” (see
www.crocusbank.org/). The failure to secure local land races that carry genetic variation
coupled with destruction of natural habitats in the Mediterranean possibly added to the
reduction of genetic diversity in saffron. Further, sterility and exclusive vegetative
propagation in saffron result in offspring’s that are genetically identical to the mother corms.
Further, lack of mechanization and people no longer interested to labour in fields for saffron
cultivation, and urbanization, along with the global climatic changes had also some role in
loss of locally grown saffron materials that cannot be neglected (Fernandez et al., 2011 and
Chapter 1).

Hybrids may deliver higher yields and better quality than their parents alone (Madlung,
2013). Identification of the ancestral parent species for C. sativus holds much promise for
advances in Crocus agriculture. Identification of the potential donor parents will not only
help in reintroducing novel biodiversity into saffron, by exploiting the wild ancestors, and if
certain traits could be transferred into saffron, it would allow the fixation of heterosis and a
set of given genetic combinations. Further, understanding of the genetic mechanisms
underpinning sterility may allow it to overcome so has potential implications for saffron
growers as well as in modern agriculture and may open gateways for a technology that could
exploit and facilitate triploid hybrid vigor. Thus this may pave a way to hybrid seed or other
propagation systems in saffron as well as for the exploitation of sterile plants with higher
ploidies. To date, the potential ancestry of C. sativus is not resolved and the current work,
identified candidate ancestral species using molecular cytogenetic approaches (see Chapters
I, 1V, V). The availability of whole genome sequences for C. sativus and potential diploid
ancestors as well as the generation of complementary large-scale transcriptomic and protein
interaction data will opens novel avenues of research that would allow exploitation and may

facilitate the indefinite use of hybrid vigor. Thus in future we may possibly obtain true seed
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from a crop that is currently propagated vegetatively (also see Van de Peer and Pires, 2012;
Madlung, 2013).

6.2  Origin and genetic diversity in Crocus sativus

The results here show that, outside C. sativus, there was a high level of diversity, evident at
morphological (varietal for cultivated species) and genetic level. Individual accessions of
Crocus species obtained from different sources and often individual corms, while clearly
related, showed extensive variation at the DNA level in nearly every assay. Interestingly,
accessions of the same species purchased from different nurseries showed significant
differences, for example comparing the purple flowering C. cartwrightianus where the C.
cartwrightianus accession CcrCR09 (Rare Plants) which is grouping very closely with C.
sativus while CcwBDO09 (JW Dix Export, The Netherlands) is on the outer periphery of the
group (see sub-clade D1, Figure 3.6). No doubt, all species within Crocus series Crocus are
closely related and except for C. sativus, all others are fertile and hence diploid (or possibly
tetraploid and acting as pseudo-diploid). Indeed, variation within species for sequences and
IRAP patterns was often as high as between different Crocus species. The results obtained
here are generally consistent with other molecular studies of wild species that are sexually
reproducing, although the new results found higher variation than in many other groups: the
molecular analysis of the DNA also showed considerable differences between all species
within the Crocus series Crocus. In the IRAPs, this variation was typically greater than that
within species (see Chapter I11). However, the sequence analysis here identified almost no
well-supported branches that included only a single species. Thus, in agreement with other
studies, it is likely that speciation has occurred relatively recent (see Chapter 1V). Unlike the
situation in many other genera with unknown relationships, the markers used here were not
able to resolve any major evolutionary lineages within Crocus series Crocus, although they
did support the monophyletic origin of the natural series.

Exclusive asexual multiplication in C. sativus (saffron), that lacks recombination, have
revealed the existence of limited genetic variability within saffron grown worldwide,
consistent with most of the previous studies. Despite the 6000 high quality Crocus ESTs (see
D'Agostino et al., 2007) there were a limited number of suitable ESTs to develop useable

EST-SSR markers for Crocus (Chapter 1V). The overall published results taken together
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suggest that C. sativus is a single clone that has been propagated vegetatively and distributed
over much of the world. The results showed here too with the IRAPs strongly support the
clonal origin and subsequent vegetative spread of saffron germplasm.

There is minimal variation in C. sativus at the morphological (Figure 1.4) as well as at
the DNA level, although existence of single-locus (gene) somatic mutations cannot be ruled
out (see Chapter 1V). Except for a minor discrepancy, the in situ pattern was consistent and
the in situ hybridization with genomic probes was informative and gave discrimination along
the chromosomes of C. sativus. However, the shared ancestry and DNA sequence based
similarities between members of Crocus series Crocus did not allow clear discrimination of
one or two sets of 8 chromosomes, as for example previously carried out for the triploid
hybrid Crocus 'Golden yellow' C. flavus x C. angustifolius (drgaard et al., 1995). It is
noteworthy, that C. sativus is most probably an allopolyploid species, with ancestors arising
within the Crocus section of the genus, and C. cartwrightianus, C. thomasii and C. pallassii
subsp. pallassii being the best candidate ancestors (see below). The IRAPSs, sequence and
cytological evidence presented in (Chapters Ill, IV and V) respectively support this
conclusion.

One reason why GISH did not allow clear discrimination of one or more sets of 8
chromosomes, could be the ancestral form does not exist anymore or its ancestral species has
evolved rapidly in the triploid condition. A similar condition is described for bread wheat
(genome AABBDD) that originated ~10,000 years ago, where the A (Triticum urartu) and D
(Aegilops tauschii) genome donors are known, but the origin of the B genome is still unclear.
Although Ae. speltoides (from the Sitopsis section) is seen to be the most likely B genome
donor (Feldman and Levy, 2005). It is likely that whole genome approaches such as
Genotyping by Sequencing (GBS) developed by Liu et al. (2014) will give additional
information about the relationships of the genomes. As discussed above with respect to SSRs
and IRAPs, the choice of the most appropriate marker system relies not only on the
availability of markers, but also on the genetic structure of a species to be examined (Heslop-
Harrison and Schwarzacher, 2012), and the results here indicate that whole genome surveys,
separated for nuclear and organellar genomes, will be essential to confirm ancestral

relationships in saffron.
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6.3 Molecular markers, genome diversity and evolution

The CrocusBank project for the first time collected saffron from around the world and
provided a baseline for the identification of useful diversity among saffron accessions and to
identify the diploid ancestral species. Molecular markers for identification of chromosomes
and genomes are important in wide hybridization and alien introgression programmes, which
have enabled plant breeders to exploit variation from diverse germplasm. However, given the
large genome sizes in Crocus, and unknown levels of variation at the start of this study, it
was essential to use a complementary approach and a range of different markers from both
heterochromatic and euchromatic regions. The results revealed possibilities to use molecular
approaches and infer ancestry of C. sativus (saffron) as well as to determine relationships of
C. sativus with other species.

Based on IRAPs profiling C. sativus showed maximum similarity to the purple flowering
C. cartwrightianus (accession CcrCR09), C. pallasii subsp. pallasii and °C. sativus
cartwrightianus’ (see Figure 3.6 Chapter I11). SNPs data indicated similarity of C. thomasii
with C. hadriaticus and suggested C. oreocreticus to be one of the potential ancestor species
for the two (clade A Figure 4.8A). Furthermore, the sequences from C. sativus, C.
asumaniae, ‘C. sativus cartwrightianus’, C. hadriaticus and C. kotschyanus are found in
three clades (clades B, C, D Figure 4.8A) and this not only indicates the relationship of C.
sativus with these species, but also highlights the potential hybrid nature and reticulate
evolution of Crocus species. Beside this, the EST data also revealed affinities of C.
asumaniae with C. versicolor and the purple flowering C. cartwrightianus (JW Dix Export,
The Netherlands) with C. cancellatus. The diversity in sexual C. pallasii subsp. dispathaceus
was high grouped with C. laevigatus and C. boryi instead of clustering with C. pallasii subsp.
pallasii (see Figure 4.10). The EST data also suggested the relationship of C. asumaniae, C.
cartwrightianus cv. albus and C. thomasii (see Figure 4.10 and Chapter 1V for details) and
the barcoding genes data complemented the IRAP, SNP and ESTs data, showing C.
cartwrightianus cv. albus grouping with ‘C. sativus cartwrightianus’ and we speculated both
to be the same species (clade H, Figure 4.13). More importantly, the purple flowering C.
cartwrightianus (accession CcrCR09) grouped with the Spanish accession of C. sativus. Thus
it is reasoned that C. cartwrightianus (accession CcrCR09) could be one of the top candidate

ancestors for C. sativus (see Figure 4.13 and Chapter IV for details). The cumulative results
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reveals, that C. sativus is most similar to C. pallasii subsp. pallasii, C. cartwrightianus, C.
thomasii, as well as the garden origin ‘C. sativus cartwrightianus’. All of them have
karyotype structures similar to C. sativus, and except for C. pallasii subsp. pallasii, all have
2n =16 (see Figure 6.1). Further, the results shown here are reproducible and are well
supported by published data, where the authors used different approaches to answer the
puzzle of C. sativus ancestry. Thus the current results in addition to indicating the allotriploid
nature, also illustrated this species may be considered as a possible donor parents.

Based on the diversity analysed here, it is clear that further collections of wild Crocus
species are required from across their ranges. Given the difficulty of maintaining the material
in Gene banks or gardens, collection for DNA and attempts at propagation should be linked
to in situ conservation of the areas where Crocus is wild.

Although the current analysis is perhaps one of the most extensive on C. sativus there are
still options for further work. Other types of markers for in situ hybridization using natural
diploid species collected from the wild as a source of DNA and chromosomes is extremely
important. Further, the integration of several molecular approaches has been important and in
the present study the conclusions are not derived from only one type of marker, rather IRAP,
ESTs, SNPs and barcoding genes were analysed, and the conclusions deriving from the PCR
and sequencing was confirmed by cytological observation. Given the complexity of genome,
even deeper sampling of sequence would not have been certain to increase the strength of the
sequence results alone, for example.

In the future, with the decreasing costs of whole genome and RNA sequencing, it might
be hoped that extensive genome sequencing and more transcriptome sequence will enable
better characterization of the relationships between the different species in Crocus. In
particular, given the results with in situ hybridization present in (Chapter V), it is likely to be
important to elucidate the nature and extent of whole genome duplication events that have
happened during Crocus evolution in relatively recent periods. It is also to be hoped that the
nature of the chromosome fission, fusion and duplication events can be better characterized,
as done, for example, in Brassica by Cheng et al. (2013).

Crocus sativus origin data can be used for resynthesis of the species with potentially
better characteristics. Also there is the potential for transformation with specific genes: if a
flowering modification consisting of homoeotic transformation of anthers into stigmas could

be achieved, production of saffron would double, and quality would increase due to lack of
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pollen contamination. Thus a better understanding of the genetics of C. sativus and the
complex genome structure along the phylogenetic relationships of the hybrid and wild types
must be gained. This will allow dissecting the loci that influence tolerance, high yield and

domestication-like traits in C. sativus.
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Figure 6.1: Floral morphology and chromosome numbers shows the potential hybrid nature
of C. sativus (autotriploid or the allotriploid origin) and genetic relationship of saffron with
other diploid Crocus species series Crocus. On the top C. sativus (2n=3x=24, x=8) and
asterisk indicates to the flowers of the most potential three ancestor species closer to C.
sativus. 1) C. cartwrightianus, accession (CcrCR09), showing maximum morphological and
genetically similarity to saffron suggesting the maternal ancestor (see result in chapter 1V,
phylogeny tree of barcoding genes), 2) C. pallassii subsp. pallassii being the best candidate
ancestors from nuclear DNA markers results (see Chapters Il & 1V, phylogeny tree of
IRAPs,SNP and an EST-SSR markers), 3) C. thomasii, (there is a cytological evidence

presented in Chapter V) all Chapters are respectively support this conclusion.
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Figure A4.1: PCR amplification pattern of the EST-SSR markers from C. biflorus, C. veneris and C. korolkowii. Markers used from left to right
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Figure A4.2: Colony PCR for the ATPs gene sequences. For transformation three different
concentrations of the bacterial cells were used and placed here one above the other as a
column. “M” is DNA size marker HyperLadder I. Asterisks indicating to the sequenced
bacterial colony, and values with letters (D3-D20) indicating to the Crocus accessions that
included: D3 C. tommasinianus (CtmLD09), D4 C. tommasinianus (CtmBDO09), D5 C.
tommasinianus (CtmTDO09), D6 C. tommasinianus (CtmADQ9), D7 C. versicolor (CvrPP09),
D8 C. niveus (Cniv08), D9 C. goulimyi (CgulD08), D10 C. kotschyanus (CkotP09), D11 C.
kotschyanus (Ckot/z08), D12 C. angustifolius (CangP09), D13 C. korolkowii (Ckor08), D14
C. flavus (CflaP09), D15 C. speciosus (CspP09), D16 C. laevigatus (Clae08), D17 C. boryi
(Cbor08), D18 C. cancellatus (CcanD10), D19 C. biflorus (CbfAD10), D20 C. verneris
(CvenD10). See also Table A4.1 & A4.2.
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Figure A4.3: Colony PCR for the ATPs gene sequences. For transformation three different
concentrations of the bacterial cells was used and placed here one above the other as a
column. “M” is DNA size marker Q-step 2. Asterisks indicating to the sequenced bacterial
colony, and values with letters (D22-D49) indicating to the Crocus accessions that included:
D22 C. sativus, J.Perez, Spain (CstPERQ9), D23 C. sativus, (Kashmir, Cstkf09), D24 C.
sativus violet purple, dark striped (CstVD09), D25 C. sativus Cashmirianus Hort Lilac
(CstCDQ09), D26 Crocus sativus (CsatP09), D27 Crocus sativus (Cstsut09), D28 Crocus
sativus cartwrightianus cv. albus (CstcP09), D29 C. pallasii (CpltR09), D30 C. pallasii
(CplvDO09), D31 C. pallasii (CpIDDQ09), D32 C. mathewii (CmatD09jean), D33 C. mathewii
(CmtHR09), D34 C. thomasii (CtmVDO09), D35 C. thomasii (Ctoml09john), D36 C.
asumaniae (CaswDQ09), D37 C. asumaniae (CasADQ09), D38 C. asumaniae (CasAT09jhon),
D39 C. oreocreticus (CorVR09), D40 C. oreocreticus (CorvDO09), D41 C. hadriaticus
(ChdwD08), D42 C. hadriaticus (ChalR09), D43 C. hadriaticus (ChdARDO09), D44 C.
cartwrightianus (CcwBDQ09), D45 C. cartwrightianus (CcrCR09), D46 C. cartwrightianus
(CcwADO08), D47 C. pallasii (CplvD09), D48 C. asumaniae (CaswDO09), D49 C.
cartwrightianus (CcwBD10).
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Figure A4.4: Colony PCR for the TCy sequences. For transformation three different
concentrations of the bacterial cells was used and placed here one above the other as a
column. “M” is DNA size marker Q-step 2. Asterisks indicating to the sequenced bacterial
colony, and values with letters (1A-21A) indicating to the Crocus accessions that included:
1A C. sativus (J.Perz, Spain, CstPER09), 3A C. tommasinianus (CtmLDO09), 4A C.
tommasinianus (CtmBD09), 5A C. tommasinianus (CtmTD09), 6A C. tommasinianus
(CtmADQ9), 7A C. versicolor (CvrPPQ9), 8A C. niveus (Cniv08), 9A C. goulimyi (CgulD08),
10A C. kotschyanus (CkotP09), 11A C. kotschyanus (Ckot/z08), 12A C. angustifolius
(CangP09), 13A C. korolkowii (Ckor08), 14A C. flavus (CflaP09), 15A C. speciosus

(CspP09), 16A C. laevigatus (Clae08), 17A
(CcanD10), 19A C. biflorus (CbfAD10), 21A C.

C. boryi (Cbor08), 18A C. cancellatus
verneris creamy (CvenD10).
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Figure A4.5: Colony PCR for the TCy sequences. For transformation three different
concentrations of the bacterial cells was used and placed here one above the other as a
column. “M” is DNA size marker Q-step 2. Asterisks are indicating the sequenced bacterial
colony, and values with letters (22A-49A) indicating to the Crocus accessions that included:
22A C. sativus, J.Perez, Spain (CstPERQ9), 23A C. sativus, (Kashmir, Cstkf09), 24A C.
sativus, violet purple, dark striped (CstvDO09), 25A C. sativus Cashmirianus Hort Lilac
(CstCDO09), 26A Crocus sativus (CsatP09), 27A Crocus sativus (Cstsut09), 28A Crocus
sativus cartwrightianus cv. albus (CstcP09), 29A C. pallasii (CpltR09), 30A C. pallasii
(CplVD09), 31A C. pallasii (CpIDDQ09), 32A C. mathewii (CmatD09jean), 33A C. mathewii
(CmtHRO09), 34A C. thomasii (CtmVDO09), 35A C. thomasii (Ctoml09john), 36A C.
asumaniae (CaswD09), 37A C. asumaniae (CasAD09), 38A C. asumaniae (CasAT09jhon),
39A C. oreocreticus (CorVR09), 40A C. oreocreticus (CorVDO09), 41A C. hadriaticus
(ChdWD08), 42A C. hadriaticus (ChalR09), 43A C. hadriaticus (ChdARDO09), 44A C.
cartwrightianus (CcwBDQ09), 45A C. cartwrightianus (CcrCR09), 46A C. cartwrightianus
(CcwADO08), 47A C. pallasii (CplvD09), 48A C. asumaniae (CaswD09), 49A C.
cartwrightianus (CcwBD10).
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Table A4.1: List of Crocus species and accessions along information about transformed
colonies of the ATPs and TC,s gene sequences. Colony sequence identification code and
sequence length in bp.

Section Series Species Accession
Seq. Length (bp)
1A2 178 - -
. 1A3 Not good - -

1 | crocus Crocus ‘S:p:‘g;’ us (LPerz, | copErog [1A4 164 - -
1A8 164 - -
1A12 163 - -
3A8 163 4D3 205
3A9 Not good 15D3 202

3 Crocus Verni C.tommasinianus CtmLDO09 3A10 178 12D3 206
3A11 166 11D3 205
3A12 188 10D3 205
4A7 Identical to 4 A 12 3D4 202
4A9 162 4D4 202

4 Crocus Verni C.tommasinianus CtmBD09 4A12 175 6D4 205
4A13 166 7D4 205
4 A15 Not good 15D4 202
5A4 175 2D5 205
5A5 166 3D5 226

5 Crocus Verni C.tommasinianus CtmTD09 5A6 188 7D5 205
5A9 Identical to 5 A5 8D5 205
5A13 166 11D5 205
6A3 Identical to 6 A 14 1D6 205
6A4 Identical to 6 A 11 6D6 205

6 Crocus Verni C.tommasinianus CtmADO09 6 A1l 166 7D6 209
6A13 156 14D6 205
6 Al14 183 15D6 205
7TA1 173 2D7 205
7A5 Identical to 7 A 10 6D7 201

7 Crocus Versicolores C.versicolor CvrPP09 TA7 Identicalto 7 A 1 10D7 202
7A9 173 15D7 205
7A10 165 12 D7 205
8A6 206 1D8 205
8A7 190 2D8 205

8 Crocus Longiflori C.niveus Cniv08 8A13 174 7D8 205
8A 14 201 11D8 205
8A 15 Identical to A1l 13D8 205
9A7 Identical to 9 A 11 1D9 205
9A8 186 3D9 205

9 Crocus Longiflori C.goulimyi CgulD08 9A10 171 8D9 205
9A 11 171 13D9 226
9A12 192 14D9 205
10A8 Identical to 10 A 10 5D10 202
10A9 175 7D10 226

10 | Crocus Kotschyani C.kotschyanus CkotP09 10A 10 175 8D10 202
10A 14 175 12D10 | 205
10A 15 161 15D10 205
11A2 175 2D11 202

) C Kotschyanus / 11A6 175 i 3D11 205

11 | Crocus Kotschyani ZONATUS Ckot/z08 11A11 Identical to 11 A 6 6D11 205
11A12 Identical to 11 A 6 7D11 205
11A13 Identical to 11 A 6 15D11 205
12 A5 Identical to 12 A 12 1D12 205
12A9 169 4D12 205

12 | Nudiscapus Reticulati C.angustifolius CangP09 12A10 Identical to12all 6D12 205
12A11 163 11D12 205
12A12 134 15D12 205
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13A2 172 3D13 202
13A6 190? 5D13 226
13 | Nudiscapus Orientales C.korolkowii Ckor08 13A7 163 9D13 205
13A12 178 10D13 226
13A13 163 12D13 | 205
14A1 178 3D14 205
14A2 170 5D14 205
14 | Nudiscapus Flavi C.flavus CflaP09 14A10 170 9D14 205
14 A12 176 11D14 | 205
14A13 156 12D14 | 202
15A2 172 3D15 226
15A3 221-97% 4D15 202
15 | Nudiscapus Speciosi C.speciosus CspP09 15A4 165 6D15 205
15A13 167-97% 7D15 226
15A14 264 10D15 | 205
16 A2 169 3D16 205
16 A3 155 4D16 226
16 | Nudiscapus Laevigatae C.laevigatus Clae08 16 A6 151 5D16 205
16 A7 Not good 6D16 205
16 A8 163 14D16 | 205
17A7 151 1D17 205
17A8 Identical to 17 A 10 2D17 202
17 | Nudiscapus Laevigatae C.boryi Cbor08 17A10 163 6D17 202
17A11 164 12D17 202
17A12 155 13D17 202
18A1 161 4D18 205
18A2 134 5D18 205
18 | Nudiscapus Reticulati C.cancellatus ssp CcanD10 18A3 Identical to 18 A 1 8D18 205
18A6 Identical to 18 A 1 10D18 | 153
18A7 134 13D18 205
19A1 227 2D19 205
19A2 154 5D19 202
. - . 19A3 186 6D19 202
19 | Nudiscapus Biflori C.biflorus CbfAD10 19A9 186 12 D19 | 205
19A10 167 15D19 202
20A4 215 - -
20 A5 Identical to 20 A 14 - -
20 | Nudiscapus Orientales C.korolkowii CkrGD10 20A6 224 - -
20A14 193 - -
20A 15 217 - -
21A1 191 1D20 226
21A2 157 2D20 202
21 | Nudiscapus Aleppici C.verneris creamy CvenD10 21A3 168 3D20 226
21A9 175 9D20 205
21A10 170 10D20 226
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Table A4.2: List of Crocus accessions from Crocus series Crocus along with information
about transformed colonies of the ATPs and TC,s gene sequences. Colony sequence
identification code and sequence length in bp.

Section Series Species Accession

Seq length (bp) =] BT
22A2 Identical to 22 A 12 | 3D22 202
- 22 A5 166 4D22 226
22 Crocus Crocus gﬁzz?::vus, RS CstPER0O9 22A7 163 5D22 202
22A12 | 162 6D22 205
22 A 13 | Not good 11D22 205
23A1 163 2D23 205
23A6 Identical to 23 A 10 | 3D23 226
23 | Crocus Crocus C.sativus, Farah Cstkf09 23 A7 | Notgood 5D23 205
23A10 | 162 9D23 226
23A15 | 163 10D23 213
24 A1 188 5D24 205
C sati iol 24 A2 174 9D24 226
24 | Crocus | Crocus pdsr;tl'e"“jé;’llosfrtipe 4 | Cstvpos 24A7 | 163 10024 | 202
! 24 A8 178 12D24 205
24 A12 | 162 13D24 226
25A3 162 2D25 226
C.sativus 25A 12 | 163 7D25 205
25 Crocus Crocus Cashmirianus Hort CstCD09 25A 13 | 196 10D25 205
Lilac 25A14 | 182 11D25 202
25A15 | 174 15D25 202
26 A7 163 3D26 226
26 A8 180 4D26 205
26 Crocus Crocus Crocus sativus CsatP09 26 A11 | 166 6D26 226
26 A12 | 163-52% 7D26 205
26 A13 | 180 15D26 205
27 A6 188 1D27 205
27 A7 162 6D27 205
27 Crocus Crocus Crocus sativus Cstsut09 27A11 | 198 7D27 205
27A12 | 186 12D27 202
27 A13 | 166 13D27 226
28A1 Identical to 28 A 6 1D28 202
: 28 A2 163 3D28 220
28 Crocus Crocus g?t;lljrsigsﬁttigrﬁs Albus CstcP09 28 A6 166 6D28 226
28 A13 | 163 7D28 205
28A 14 | 170 10D28 205
29A1 190 1D29 205
29A3 Identical to 29 A 13 | 3D29 205
29 Crocus Crocus C.pallasii CpltR09 29A13 | 163 8D29 205
29A14 | 196 9D29 205
29 A 15 | 163 12D29 202
30A4 163 1D30 205
30A5 186 6D30 205
30 | Crocus Crocus C.pallasii CplVD09 30A8 180 10D30 205
30A 11 | 168 11D30 205
30A12 | 162 13D30 202
31A3 Identical to 31 A4 2D31 205
31A4 194 6D31 205
31 Crocus Crocus C.pallasii CpIDD09 31A6 151 9D31 205
31A7 168 12D31 209
31A8 196 13D31 202
32A3 164 1D32 201
32A4 184 2D32 205
32 | Crocus Crocus C.Mathewii CmatD09jean 32 A5 164 5D32 205
32A11 | 188 11D32 205
32 A14 | Notgood 8D32 202
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33A6 182 1D33 209
33A7 163 7D33 205
33 Crocus Crocus C.Mathewii CmtHRO9 33A11 | 156 10D33 202
33A12 | 163 12D33 205
33A14 | 184 15D33 205
34A9 184 2D34 205
34A10 | 163 3D34 205
34 Crocus Crocus C.thomasii CtmVvDO09 34A12 | 202 7D34 205
34A13 | 163 12D34 202
34A14 | 182 13D34 209
35A2 163 1D35 206
35A3 191 4D35 205
35 Crocus Crocus C.thomasii Ctoml09john 3BA7 168 6D35 205
35A8 Not good 167 9D35 205
35A11 | 168 15D35 205
36A1 165 1D36 205
36 A2 174 3D36 205
36 Crocus Crocus C.asumaniae CaswD09 36 A3 165 7D36 205
36 A5 173 10D36 205
36 A8 165 15D36 205
37A2 192 1D37 205
37A3 165 2D37 205
37 Crocus Crocus C.asumaniae CasADO09 37A12 | 171 6D37 205
37A14 | 192 7D37 205
37A15 | 163 11D37 205
38A4 171 2D38 205
38A5 194 3D38 205
38 | Crocus Crocus C.asumaniae CasAT09jhon 38A8 Identical to 38 A 4 4D38 205
38A 14 | 164 11D38 206
38A 15 | 200 13D38 205
39A1 162 2D39 205
39A3 Identical to 39 A9 9D39 205
39 Crocus Crocus C.oreocreticus CorVR09 39A7 198 10D39 202
39A8 162 11D39 205
39A9 162 12D39 205
40A3 Not good 1D40 206
40A4 171 53% 3D40 206
40 Crocus Crocus C.oreocreticus CorVD09 A0 A7 162 6D40 206
40A8 174 10D40 205
40 A11 | 168 13D40 205
41 A3 Identical to 41 A 9 1D41 202
41 A4 168 7D41 205
41 Crocus Crocus C.hadriaticus ChdwD08 41 A6 163 10D41 205
41 A9 163 11D41 205
41 A10 | 172 15D41 205
42 A8 Identical to 42 A 15 | 5D42 205
42A9 168 7D42 202
42 Crocus Crocus C.hadriaticus ChalR09 42 A12 | HQ<85% 9D42 205
42 A13 | 168 12D42 205
42 A15 | 163 15D42 202
43 A2 163 3D43 205
43 A3 178 4D43 206
43 Crocus Crocus C.hadriaticus ChdARDO09 43 A8 196 6D43 202
43A9 163 10D43 205
43 A11 | 198 11D43 202
44 Al 177 3D44 205
44 A3 161 4D44 202
44 | Crocus Crocus C.cartwrightianus CcwBD09 44 A5 Identical to 44 A7 7D44 205
44 A6 178 8D44 205
44 A7 143 15D44 205
45A1 Identical to 45 A 9 1D45 202
45A2 198 4D45 202
45 Crocus Crocus C.cartwrightianus CcrCR09 45A4 163 6D45 205
45A9 163 11D45 202
45A10 | 170 13D45 205
16A1 Identical to 46 A 13 | 1D46 205
46 Crocus Crocus C.cartwrightianus CcwADO08 46 A8 162 7D46 205
46 A10 | 192 8D46 202

206




46 A12 | 178 10 D46 205
46 A13 | 163 15D46 205
47 A5 166 2D47 202
47A8 Identical to 47 A5 5D47 205
47 | Crocus Crocus C.pallasii CplVvD09 47 A10 | 163 6D47 205
47A14 | 163 10D47 205
47 A15 | 188 14D47 205
48A1 Identical to 48 A 12 | 1D48 205
48 A5 171 2D48 226
48 Crocus Crocus C.asumaniae CaswD09 48 A12 | 163 8D48 226
48A13 | 171 9D48 205
48 A14 | 198 12D48 205
49A1 172 2D49 202
49 A5 170 4D49 202
49 Crocus Crocus C.cartwrightianus CcwBD10 49 A10 | 168 7D49 205
49A11 | 163 8D49 205
49 A'12 | Not good 14D49 205
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Consensus

2

A

Bits

Sequence Logo

|dentity

1. Crocus CROC C. asumaniag(...

2.JX903213.1_Crocus bhanaticu...
3. Crocus CROC C cartwrightian...

Consensus

il, EEBAEEN A ATAAATIAA BTAR I T | AN BABEEDA

| LG U GAAGCA@THA

o

450 470 430 570 580 660

7@_# MW% a mﬁf ﬁ;ﬁf

AGGCCCECCCC AGATAAATTEA, CTACGEMGGTGG GAAGCAMTTTA

AGGCCCEBCCCC AGATAAATT':A. CTACGTGGTGG GAAGCAMTTTA
AGGCCCACCCC AGATAAATTAA, CTACGEMGGTGG GAAGCACTTTA

Sequence Logo =1
0
(8]
Identity
1. asumani_27_300F_H01.ab1 TTTYEGTTCCTAT AATGGAAATATIOA

2. EU406995.1_Crocus banaticus voucher... TTTECETTCCTAT AATGHEAAATATAA
3. Crocus CROC C cartwrightianus(CerC... TTTTGGETTCCTAT AATGEAAATATAA
4. EU407045.1_Crocus moabiticus vouch... TTTESCTTCCOTAT ALTGEAAATATAA

B

Figure A4.6: A) Cut out sequence logo of the matK 390F+1326R plastid gene. Highlighted

nucleotides “G, C, A” showing heterozygosity in C. asumaniae (2n=26, X=8). B) Cut out
sequence logo of the rbcL plastid gene. Highlighted nucleotides (Y, M) showing

heterozygosity in C. asumaniae (2n=26, X=8).
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Consensus

1. EU406095.1_Crocus banaticus voucher.. TAC TCAGAATAAATC TATTTERTC TTTTTTCAAAAGAAACTAAAAGACTATT GGTTCCTA.
2. Crocus CROC C cartwrightianus (CcwB.. TAC TCAGAATAAATC TATT TR TC TTTTTTCAAAAGAAACTAAAAGACTATT ;G TTECTA.
3. EU407045.1_Crocus moabiticus vouch... TAC TCAGAATAAATC TATTTCTCTTTTTTCAAAAGAAACTAAAAGACTATT 'GTTC‘LTA.
4. Crocus CROC C. asumaniae(CaswWD0.. TAC TCAGAATAAATCTATTTCTCTTTTTTCAAAAGAAACTAAAAGACTATT -GTTCCTA.
5. Crocus CROC C. mathewii(CmtHR09)... TAC TCAGAATAAATCTATTTCTCTTTTTTCAAAAGAAACTAAAAGACTATT GGTTCCTA.
8. Crocus CROC C. pallasii(CplDD0OMD_.. TAC TCAGAATAAATCTATTTCTCTTTTTTCAAAAGAAACTAAAAGACTATT GGTTCCTA.
7. Crocus CROC C. pallasii(CpIROIID_ m.. TAC TCAGAATAAATC TATTTCTCTTTTTTCAAAAGAAACTAAAAGACTATT GGTTCCTA.
8. Crocus CROC C. pallasii(CptR09)D3_... TAC TCAGAATAAATCTATTTCTCTTTTTTCAAAAGAAACTAAAAGACTATT GGTTCCTA‘
9. Crocus CROC C.Cashmerianus' Hot. ... TAC TCAGAATAAATCTATTTCTCTTTTTTCAAAAGAAACTAAAAGACTATT -GTTCCTA.
10. Crocus CROC C. p:llasn(CplvnuB)Dz TACTCAGAATAAATCTATTTCTCTTTTTTCAAAAGAAACTAAAAGACTATT -GTTCCTA.
11. Crocus CROC C. sativus Spain(C.stP.. TAC TCAGAATAAATC TATTTCTCTTTTTTCAAAAGAAACTAAAAGACTATT -GTTCCTA.
12. Crocus CROC C. hadriaticus(ChdWD0. TAC TCAGAATAAATC TATTTC TCTTTTTTCAAAAGAAACTAAAAGACTATT GTTCCTA.
13. Crocus CROC C. oreocreticus(CorVR... TAC TCAGAATAAATCTATTTCTCTTTTTTCAAAAGAAACTAAAAGACTATT -GTTCCTA.
14. Crocus CROC C. thomasii (Ctm\D09).. TAC TCAGAATAAATCTATTTCTCTTTTTTCAAAAGAAACTAAAAGACTATT GTTCCTA.
15. Crocus CROC C cartwrightianus(CerC.. TAC TCAGAATAAATC TATTTC TCTTTTTTCAAAAGAAACTAAAAGACTATT sGTTCCTA.
16. Crocus CROC C cartwrightianus(CewA TAC TCAGAATAAATCTATTTCTCTTTTTTCAAAAGAAACTAAAAGACTATT GTTCCTA.
17. Crocus CROC C.sativus cartwrightian.. TACTCAGAAT:QDAATCTATTT%TCTTTTTT(';;\OAAAGAAAC TAAAAGAC TAT:ED GTTCCT“}D\
Consensus _b.u.fa-\:—':\:—'ab—(:f"_
1. EU406985.1_Crocus banaticus voucher.. T T C AAACTTTTCTTGAGC GAAGATAT T TCTATGGAAAAATGGAACATC TTCAAACEGAACA
2. Crocus CROC C cartwrightianus (CcwB.. T TCAAACTTTTC T TGABMCGAAGATATTTC TATGGAAAAATGGAACATCTTCAAACGGAACA
3. EU407045.1_Crocus moabiticus vouch... T TC AAAC T T TTC T TGAGCGAAGATATTTC TATGGAAAAATGGAACATCTTCAAACGGAACA
4. Crocus CROC C. asumaniae(CaswDD.. TTCAAACTTTTC TTGAGCGAAGATATTTCTATGGAAAAATGGAACATC TTCAAACGGAACA
5. Crocus CROC C. mathewii(CmtHR09)... T TCAAACTTTTC TTGAGCGAAGATATTTC TATGGAAAAATGGAA\ ATCTTCAAACGGAACA
8. Crocus CROC C. pallasii(CpIDD0OMD_.. T TC AAAC T T TTC TTGAGC GAAGATATTTC TATGGAAAAATGGAACATC TTCAAACGGAACA
7. Crocus CROC C. pallasii(CpIR09ID_ m.. T TCAAACTTTTCTTGAGCGAAGATATTTCTAT AAAAATGGAACATCTTCAAACGGAACA
8. Crocus CROC C. pallasii(CptR09)D3_... TTCAAACTTTTCTTGAG (:AAGATATTTCTATG AAAAATGGAACATCTTCAAACGGAACA
9. Crocus CROC C.Cashmerianus' Hort. ... T TC AAAC T T T TC TTGAGC GAAGATATTTC TATGGAAAAATGGAACATCTTCAAACGGAACA
10. Crocus CROC C. pallasii(CpivD09) D2. T TC AAAC T T TTC TTGAGCGAAGATATTTC TATGGAAAAATGGAACATCTTCAAACGGAACA
11. Crocus CROC C. sativus Spain(C.stP.. T TC AAAC T T TTC TTGAGCGAAGATATTTC TATGGAAAAATGGAACATCTTCAAACGGAACA
12. Crocus CROC C. hadriaticus(ChdWD0.. T TCAAACTTTTC TTGAGCGAAGATATTTCTATGGAAAAATGGAACATC TTCAAACGGAACA
13. Crocus CROC C. oreocreticus(CorVR... T TCAAACTTTTC TTGAGCGAAGATATTTC TATGGAAAAATGGAACATCTTCAAACGGAACA
14. Crocus CROC C. thomasii (CtmVD09).. T TCAAACTTTTC TTGAGC GAAGATATTTCTATGGAAAAATGGAACATCTTCAAACGGAACA
15. Crocus CROC C cartwrightianus(CerC..T TCAAACTTTTC TTGABMCGAAGATATTTCTATGGAAAAATGGAACATC TTCAAACGGAACA
18. Crocus CROC C cartwrightianus(CewA. T TC AAACT T TTC TTGABCGAAGATATTTC TATGGAAAAATGGAACATC TTCAAACGGAACA
17. Crocus CROC C.sativus cartwrightian... T TC AAACTTTTC TTGABMCGAAGATATTTCT

ATGGAAAAATGGAACATCTTCAAACGGAACA
3 550

520 530 540
Consensiis PEEEAAAR - - AAESTEATEIEE AW - AK - PEAAT - ARAAIAAITIT

1. EU408095.1_Crocus banaticus voucher.. T T CAAAAGGAACTCATCTT
2. Crocus CROC C cartwrightianus (CewB.. T TC AAAAGGAACT CA TS
3. EU407045.1_Crocus moabiticus vouch... T TCAAAAGGAACTCATCTT
4. Crocus CROC C. asumaniae(CaswD0... T TCAAAAGGAACTCATCTT
CTT

CT'T

CTT

CTT

TT

T

T

TT

TT

T

T

TT

T-T.

CTGATGAAGAAATGGAAATATAATTTTG
CTGATGAAGAAATGGAAATATAATTTTG
CTGATGAAGAAGTGGAAATATAATTTTG
CTGATGAAGAAATGGAAATATEATTTTG
5. Crocus CROC C. mathewii(CmtHR09)... T T CAAAAGGAACTCAT CTGATGAAGAAATGGAAATATEATTTTG
8. Crocus CROC C. pallasii(CpiDDogpD_.. T TCAAAAGGAACTCAT CTGATGAAGAAARN AAATATEATTTTG
7. Crocus CROC C. pallasi(CplR0g)IDm. T TCAAAAGGAACTCAT CTGATGAAGAAAN AAATATEATTTTG
8. Crocus CROC C. pallasii(CptR09)D3_... T TCAAAAGGAACTCATC CTGATGAAGAAAN AAATATEATTTTG
9. Crocus CROC C.Cashmerianus’ Hort. ... T TCAAAAGGAACTCATC CTGATGAAGAAATGGAAATATAATTTTG
10. Crocus CROC C. pallasii(Cpivoog) D2. T T CAAAAGGAACTCATC CTGATGAAGAAATGGAAATATAATTTTG
11. Crocus CROC C. sativus Spain(C.stP.. T TCAAAAGGAACTCATC CTGATGAAGAAATGGAAATATAATTTTG
12. Crocus CROC C. hadriaticus(Chdwpo. T TC AAAAGGAACTCATC CTGATGAAGAAATGGAAATATAATTTTG
13. Crocus CROC C. oreocreticus(CorvR.. T T CAAAAGGAACTCATC CTGATGAAGAAATGGAAATATAATTTTG
14. Crocus CROC C. thomasii (CtmvD02). T TCAAAAGGAACTCATC CTGATGAAGAAATGGAAATATAATTTTG
15. Crocus CROC C cartwrightianus(CerC.. T T CAAAAGGAACTCATC CTGATGAAGAAATGGAAATATAATTTTG
16. Crocus CROC C cartwrightianus(CewA T TC AAAAGGAACTCATC CTGATGAAGAAATGGAAATATAATTTTG
17. Crocus CROC C.sativus cartwrightian.. T T CAAAAGGAACTCATC CTGATGAAGAAATGGAAATATAATTTTG
850 6860 670 680 690 700 710
Consensus R TATTAAAAAATTRITE AW M------ AR AATEAKAT - MMA - ATAATTEATITETA:
1. EU406095.1_Crocus banaticus voucher.. T T TAC TAAAAAATTC TTMGACGGT AAGGAATCAAATGTTAGATAATTCATTTCTA.
2. Crocus CROC C cartwrightianus (CcwB.. T T TAC TAAAAAATTC TTCGACGG TENEC CMAAGGAATCAAATGTTAGATAATTCATTTC TA,
3. EU407045.1_Crocus moabiticus vouch... T T TAMITAAAAAATTRT TCGACGGT AAGGAATCAAATGTTAGATAATTCATTTCTA.
4. Crocus CROC C. asumaniae(CaswD0... T T TAC TAAAAAATTCTTCGACGGT AAGGAATCAAATGTTAGATAATTCATTTCTA.
5. Crocus CROC C. mathewii(CmtHR09).... T T TAC TAAAAAATTCTTCGACGG AAGGAATCAAATGTTAGATAATTCATTTCTA.
8. Crocus CROC C. pallasi(CpiDD0gMD_.. T T TAC TAAAAAATTCTTCGACGGT AAGGAATCAAATGTTAGATAATTCATTTCTA.
7. Crocus CROC C. pallasii(CpIR09ID_ m.. T T TAC TAAAAAATTCTTCGACGGT AAGGAATCAAATGTTAGATAATTCATTTCTA.
8. Crocus CROC C. pallasii(CpttR09)D3_... T T TAC TAAAAAATTCTTCGACGGT AAGGAATCAAATGTTAGATAATTCATTTCTA.
9. Crocus CROC C.Cashmerianus' Hort. .. T T TAC TAAAAAATTCTTCGACGGT AAGGAATCAAATGTTAGATAATTCATTTCTA.
10. Crocus CROC C. pallasn(CpIVDDB)m TTTACTAAAAAATTCTTCGACGGT AAGGAATCAAATGTTAGATAATTCATTTCTA.
11. Crocus CROC C. sativus Spain(C.stP.. T T TAC TAAAAAATTCTTCGACGGT AAGGAATCAAATGTTAGATAATTCATTTCTA.
12. Crocus CROC C. hadriaticus(ChdwD0. T T TAC TAAAAAATTCTTCGACGGT AAGGAATCAAATGTTAGATAATTCATTTCTA.
13. Crocus CROC C. oreccreticus(CorVR... T T TAC TAAAAAATTC TTCGACGGT AAGGAATCAAATGTTAGATAATTCATTTCTA.
14. Crocus CROC C. thomasii (CtmvD08).- T T TAC TAAAAAATTCTTCGACGGT AAGGAATCAAATGTTAGATAATTCATTTCTA.
15. Crocus CROC C cartwrightianus(CerC.. T T TAC TAAAAAATTCTTCGACGGT AAGGAATCAAATGTTAGATAATTCATTTCTA.
16. Crocus CROC C cartwrightianus(CcwA- T T TAC TAAAAAATTCTTCGACGGT AAGGAATCAAATGTTAGATAATTCATTTCTA.
17. Crocus CROC C.sativus cartwrightian.. T T TAC TAAAAAATTCTTCGACGGT AAGGAATCAAATGTTAGATAATTC.ATTTCTA.
790 800 810 820 830 850
Consensus Ib_I:_G':lw—lz-b—Gf:- —u—c =
1. EU406095.1_Crocus banaticus voucher. G TACG TATCGGGACATC 3 GGACCGATTTATCAGATTCTGGTAT
2. Crocus CROC C cartwrightianus (CewB.. G TAC TG TATCGGGACATC GGACCGATTTATCAGATTCTGGTAT
3. EU407045.1_Crocus moabiticus vouch... G TAC TGTATCGGGACATC GGACCGATTTATCAGATTCTGGTAT
4. Crocus CROC C. asumaniae(CasWD0... G TAC TG TATCGGGACATC GGACCGATTTATCAGATTCTGGTAT
5. Crocus CROC C. mathewi(CmtHR08)... G TAC TGTATC GGGACATC GGACCGATTTATCAGATTCTGGTAT
8. Crocus CROC C. pallasii(CplDD08MD_.. G TAC TG TATCGGGACATC TGGACCGATTTATCEGATTCTGGTAT
7. Crocus CROC C. pallasii(CpIROOID m.. G TAC TG TATCGGGACATC TGGACCGATTTATCEGATTCTGGTAT
8. Crocus CROC C. pallasii(CpttROO)D3_... G TAC TG TATCGGGACATC > GATTTATCEGATTCTGGTAT
9. Crocus CROC C.Cashmerianus’ Hot. ... G TAC TGTATCGGGACATC GGACCGATTTATCAGATTCTGGTAT
10. Crocus CROC C. pallasii(CpvD09) D2. G TAC TG TATCGGGACATC GGACCGATTTATCAGATTCTGGTAT
11. Crocus CROC C. sativus Spain(C.stP.. G TAC TG TATCGGGACATC GG ACC(‘ATTTATCAGATTCTGGTAT
12. Crocus CROC C. hadriaticus(ChdWD0. G TAC TGTATCGGGACATC GGACCGATTTATCAGATTCTGGTAT
13. Crocus CROC C. oreocreticus(CorVR... G TAC TG TATCGGGACATC GGACCGATTTATCAGATTCTGGTAT
14. Crocus CROC C. thomasii (Ctm\D09).. G TAC TG TATCGGGACATC TGGACCGATTTATCAGATTCTGGTAT
15. Crocus CROC C cartwrightianus(CerC.. G TAC TG TATCGGGACATC TGGACCGATTTATCAGATTCTGGTAT
16. Crocus CROC C cartwrightianus(CewA G TAC TG TATCGGGACATC "TGGACCGATTTATCAGATTCTGGTAT
17. Crocus CROC C.sativus cartwrightian.. G TAC TG TATCGGGACATC TGGACCGATTTATCAGATTCTGGTAT

Figure A4.7: Multiple sequence alignment view of the matK 390F+1326R -plastid gene
sequences isolated form 17 accession of Crocus species series Crocus along with with C.
moabiticus and C. banaticus (EU497045 and EU496995) sequences downloaded from
NCBI, Sequence length is 802-965bp . Highlighted nucleotides “ATCG” indicating to the
single nucleotide polymorphism detected in the species and Dashes indicate deletions.
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210 220 230 240 250 260 270
Consensus ATTTENETTTSTIEAAAA  AAARTAAAA -ANTATDND - THEETATAREA AZNTETTAT -mAT

1. EU486905.1_Crocus banaticus voucher.. AT TTHEITCTTT T T TCAAAAGAAACTAAAAGACTATTTEGG T TCCTATACAATTCTTATGTAT
2. Crocus CROC C cartwrightianus (CowB... AT T T TC TTTT T TCAAAAGAAACGAAAAGACTATTTEGGTTCC TATACAATTCTTATGTAT
3. EU407045.1_Crocus moabiticus vouch... ATTTCTCTTTTTTCAAAAGAAAC TAAAAGACTATTTEGGTTCC TATACAATTCTTATGTET
4. Crocus CROC C. asumaniae(CaswD0... ATTTCTCTTTTTTCAAAAGAAACTAAAAGACTATTTEIGGTTCC TATACAATTCTTATGTAT
5. Crocus CROC C. mathewii(CmtHRO)A.. AT TTCTCTTTTTTCAAAAGAAAC TAAAAGACTATTTEGGTTCCTATACAATTC TTATGTAT
6. Crocus CROC C. pallasii(CptRO9}3_... ATTTCTCTTTTTTCAAAAGAAACTAAAAGACTATTTEIGGTTCC TATACAATTCTTATGTAT
7. Crocus CROC C. pallasii(CpiDD0g) A... AT TTCTCTTTTTTCAAAAGAAAC TAAAAGACTATTTEIGGTTCC TATACAATTCTTATGTAT
8. Crocus CROC C. pallasii(CpIROAI m... ATTTCTCTTTTTTCAAAAGAAACTAAAAGACTATTTEGGTTCC TATACAATTCTTATGTAT
9. Crocus CROC C. pallasii(CpivD09)R2_... ATTTCTCTTTTTTCAAAAGAAACTAAAAGACTATTTTGGTTCCTATACAATTCTTATGTAT
10. Crocus CROC C.Cashmerianus' Hort. .. AT T TC TC TT T T TTCAAAAGAAAC TAAAAGACTATTTTGGTTCC TATACAATTCTTATGTAT
11. Crocus CROC C. hadriaticus(ChdWD0... ATTTC TCTTT T T TCAAAAGAAACTAAAAGACTATTTTIMGT TCCTATACAATTCTTATGTAT
12. Crocus CROC C. sativus Spain(CstP... ATTTCTCTTTTTTCAAAAGAAACTAAAAGACTATTTTGGTTCCTATACAATTCTTATGTAT
13. Crocus CROC C. oreocreticus(CorVR... ATTTCTCTTTTTTCAAAAGAAACTAAAAGACTATTTTGGTTCCTATACAATTCTTATGTAT
14. Crocus CROC C. thomasii (Ctm\VD08)... AT TTC TC TT T T TTCAAAAGAAACTAAAAGACTATTTTGGTTCCTATACAATTCTTATGTAT
15. Crocus CROC C cartwrightianus(CerC... AT TTCTCTTTTTTCAAAAGAAACTAAAAGACTATTTTGGTTCCTATACAATTCTTATGTAT
18. Crocus CROC C.sativus cartwrightian... ATTTCTCTTTTTTCAAAAGAAACTAAAAGACTATTTTGGTTCCTATACAATTCTTATGTAT
17. Crocus CROC C cartwrightianus(CcwA.. AT TTC TC T T T T T TCAAAAGAAACTAAAAGACTATTTTGGTTCCTATACAATTCTTATGTAT
200 300 310 320 330 340 3?0

Consensus B NS TAA - BATTETTETTATITAE - ATNEARATEE T TTIEAA AR T NTETE - A -
1. EU406905.1_Crocus banaticus voucher.. CGTTTTTC TTCGTAAGCAMTC TTC TTATTTACGATTCACATCCTTTCAAACTTTTCTTGAG
2. Crocus CROC C cartwrightianus (CcwB... CGTTTTTC TTCGTAAGEMABTC TTCTTATTTACGATTCACATCCTTTCAAACTTTTCTTGAG
3. EU407045.1_Crocus moabiticus vouch... CGTTTTTCTTCGTAAGCATTCTTCTTATTTACGATTCACATCCTTTCAAACTTTTCTTGAG
4. Crocus CROC C. asumaniae(CaswWD0... CGTTTTTCTTCGTAAGCATTCTTCTTATTTACGATTCACATCCTTTCAAACTTTTCTTGAG
5. Crocus CROC C. mathewii(CmtHRO9A.. CGTTTTTC TTCGTAAGCATTCTTC TTAT TTACGATTCACATCCTTTCAAACTTTTCTTGAG
8. Crocus CROC C. pallasii(CpttR08)3_... CGTTTTTCTTCGTAAGCATTCTTCTTATTTACGATTCACATCCTTTCAAACTTTTCTTGAG
7. Crocus CROC C. pallasii(CpiDD09)M... CGTTTTTCTTCGTAAGCATTCTTCTTATTTACGATTCACATCCTTTCAAACTTTTCTTGAG
8. Crocus CROC C. pallasii(CpIR0O)AI m... CGTTTTTCTTCGTAAGCATTCTTCTTATTTACGATTCACATCCTTTCAAACTTTTCTTGAG
9. Crocus CROC C. pallasii(CpivD08)R2_... CGTTTTTCTTCGTAAGCATTCTTCTTATTTACGATTCACATCCTTTCAAACTTTTCTTGAG
10. Crocus CROC C.Cashmerianus' Hot. ... CGTTTTTC TTCGTAAGCATTCTTCTTATTTACGATTCACATCCTTTCAAACTTTTCTTGAG
1. Crocus CROC C. hadriaticus(ChdWD0... CGTTTTTCTTCGTAAGCATTCTTCTTATTTACGATTCACATCCTTTCAAACTTTTCTTGAG
12. Crocus CROC C. sativus Spain(CstP... CGTTTTTC TTCGTAAGCATTCTTCTTATTTACGATTCACATCCTTTCAAACTTTTCTTGAG
13. Crocus CROC C. oreocreticus(CorvR... CGTTTTTCTTCGTAAGCATTCTTCTTATTTACGATTCACATCCTTTCAAACTTTTCTTGAG
14. Crocus CROC C. thomasii (Ctm\VD08)... CGTTTTTCTTCGTAAGCATTCTTC TTATTTACGATTCACATCCTTTCAAACTTTTCTTGAG
15. Crocus CROC C cartwrightianus(CerC... CGTTTTTC TTCGTAAGCATTCTTC TTATTTACGATTCACATCCTTTCAAACTTTTCTTGAG
16. Crocus CROC C.sativus cartwrightian... CGTTTTTCTTCGTAAGCATTC TTCTTATTTACGATTCACATCCTTTCAAACTTTTCTTGARN
17. Crocus CROC C cartwrightianus(CcwA.. CGTTTTTC TTCGTAAGCATTC TTCTTATTTACGATTCACATCCTTTCAAACTTTTCTTGARN
400 410 420 430 440 450 480

Consensus AATA AT HEAT . ATTATTTTAATA AARSETAT - - ATTEETEETAT AT
TATGTTETGATTATTTTAATEGAACCCTATGGTCC TTCAAAGATCC TTTEATGCA
TATGTTETGATTATTTTAATGEGAACCC TATGGTCC TTCAAAGATCCTTTEATGCA

TGTTATGATTATTT TAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCA
TGTTATGATTATTTTAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCA
TGTTATGATTATTTTAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCA

[ TGTTATGATTATTT TAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCA
7. Crocus CROC C. pallasii(CpiDD09) ... TAATAGTATGTTATGATTATTT TAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCA
8. Crocus CROC C. pallasii(CpIRO®AI m... TAATAGTATGTTATGATTATTTTAATAGAACCCTATGGTCC TTCAAAGATCCTTTTATGCA
9. Crocus CROC C. pallasii(CplvDog)R2_... TAATAGTATGTTATGATTATTTTAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCA
10. Crocus CROC C.Cashmerianus’ Hort. ... TAATAGTATGTTATGATTATTT TAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCA
11. Crocus CROC C. hadriaticus(ChdWD0... TAATAGTATGTTATGATTATTT TAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCA
12. Crocus CROC C. sativus Spain(CstP... TAATAGTATGTTATGATTATTTTAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCA
13. Crocus CROC C. oreccreticus(CorvR... TAATAGTATGTTATGATTATTTTAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCA
14. Crocus CROC C.thomasii (Ctm\VD09)... TAATAGTATGTTATGATTATTT TAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCA
15. Crocus CROC C cartwrightianus(CerC... TAATAGTATGTTATGATTATTTTAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCA
16. Crocus CROC C.sativus cartwrightian... TAATAGTATGTTATGATTATTT TAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCA
17. Crocus CROC C cartwrightianus(CcwA... TAATAGTATGTTATCATTATTTTAATAGAACF'CTATGGTCCTTCAAAGATCCTTTTATGC;‘;
500 510 520 530 540 550 0

Consensus A AR AT A AR AR ARAND AN A AT A ATEATY - A AR

1. EU496995.1_Crocus banaticus voucher... AGGAACTCATCTTCTGATGAAGAAATGGAAATATAATTTTGTCAATTTATGGCAATATTAT
2. Crocus CROC C cartwrightianus (Cow TCTTCTGATGAAGAAATGGAAATATAATTTTGTCAATTTATGGCAATATTAT
3. EU487045.1_Crocus moabiticus voucl TCTTCTGATGAAGAAGTGGAAATATAATTTTGTCAATTTATGGCAATATTAT
4. Crocus CROC C. asumaniae(CasWDO... TCTTCTGATGAAGAAATGGAAATATEATTTTGTCAATTTATGGCAATATTAT
§. Crocus CROC C. mathewii(CmtHROG)A. . AGGAA\,Tf“ATCTTCTGATGAAGAAATGGAAATAT.ATTTTGTCAATTTATGGCAATATTAT
6. Crocus CROC C. pallasii( CptROB)AS _... TCTTCTGATGAAGAAABGGAAATATEATTTTGTCAATTTATGGCAATATTAT
7. Crocus CROC C. pallasii(CplDD09) A4... TCTTCTGATGAAGAAABGGAAATATEATTTTGTCAATTTATGGCAATATTAT
8. Crocus CROC C. pallasii(CpIROO)AI m... TTCTGATGAAGAAABGGAAATATEATTTTGTCAATTTATGGCAATATTAT
9. Crocus CROC C. pallasii( CplvD0@)A2 CTTCTGATGAAGAAATGGAAATATAATTTTGTCAATTTATGGCAATATTAT
10. Crocus CROC C.Cashmerianus' Hort. ... . TTCTGATGAAGAAATGGAAATATAATTTTGTCAATTTATGGCAATATTAT
11. Crocus CROC C. hadriaticus(ChdWD0... AGGAACTCATCTTC TGATGAAGAAATGGAAATATAATTTTGTCAATTTATGGCAATATTAT
12. frocus, CROG G, satlvus Spain(C sth.. IRG: GAA("TC ATCTTCTGATGAAGAAATGGAAATATAATTTTGTCAATTTATGGCAATATTAT
13. Crocus CROC C. oreocreticus(Cor\R... TTCTGATGAAGAAATGGAAATATAATTTTGTCAATTTATGGCAATATTAT
14. Crocus CROC C. thomasii (Ctm\D0B)... A > \TCTTCTGATGAAGAAATGGAAATATAATTTTGTCAATTTATGGCAATATTAT
15. Crocus CROC C cartwrightianus(CerC... AGGAACTCATCTTCTGATGAAGAAATGGAAATATAATTTTGTCAATTTATGGCAATATTAT
16. Crocus CROC C.sativus cartwrightian... AGGAACTCATCTTCTGATGAAGAAATGGAAATATAATTITTGTCAATTTATGGCAATATTAT
17. Crocus CROC C cartwrightianus(CewA.. AGGAACTCATCTTCTGAT :AAGAAATGGAAATATAATTTTGT\ AATTTATGGCAATATTAT

810 820 830 850 860 870

Consensus TACINEN - - A - ATARIA - _‘Je—unu-e—r«e-e - AMAITEA - AAATIS

1. EU406995.1_Crocus banaticus voucher... TAATAGTA
2. Crocus CROC C cartwrightianus (CcwB... TAATAGTA
3. EU407045.1_Crocus moabiticus vouch... TAATAGTA
4. Crocus CROC C. asumaniae(CaswD0... TAATAGTA
5. Crocus CROC C. mathewii(CmtHRO®)A.. TAATAGTA
. Crocus CROC C. pallasii(CptRO8M3_... TAATAGTA
A

A

A

A

A

A

A

1. EU406005.1_Crocus banaticus voucher... ATCTGGACCGATTTATCAGATTCTGGTATTATTGAGCGATTTGGTCGGATATETAGAAATC
2. Crocus CROC C cartwrightianus (CcwB... ATC TGGACCGATTTATCAGATTCTGGTATTATTGABMCGATTTGGTCGGATATGETAGAAATC
3. EU407046.1_Crocus moabiticus vouch... A TCTGGACCGATTTATCAGATTCTIGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATC
4. Crocus CROC C. asumaniae(CasWD0... ATCTGGACCGATTTATCAGATTCTIGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATC
5. Crocus CROC C. mathewii(CmtHRODA.. ATC TGGACCGATTTATCAGATTCTGGTATTATTGAGCGATTTGGTCGGATATC TAGAAATC
6. Crocus CROC C. pallasii(CptR00)3_... ATCTGGACCGATTTATCEGATTCTIGGTATTATTGAGCGATTTGGTCGGATATC TAGAAATC
7. Crocus CROC C. pallasii(CpiDD0) A... ATCTGGACCGATTTATCGEGATTCTGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATC
8. Crocus CROC C. pallasii(CpIROAI m... ATCTGGACCGATTTATCEGATTCTGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATC
9. Crocus CROC C. pallasii(CpvD0O)R2_... ATCTGGACCGATTTATCAGATTCTGGTATTATTGAGCGATTTGGTCGGATATC TAGAAATC
10. Crocus CROC C.Cashmerianus' Hot. ... ATC TGGACCGATTTATCAGATTCTGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATC
11. Crocus CROC C. hadriaticus(ChdWD0... ATC TGGACCGATTTATCAGATTCTGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATC
12. Crocus CROC C. sativus Spain(C.stP... ATC TGGACCGATTTATCAGATTCTGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATC
13. Crocus CROC C. oreocreticus(CovR... ATC TGGACCGATTTATCAGATTCTGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATC
14. Crocus CROC C. thomasii (Ctm\DD09)... ATC TGGACCGATTTATCAGATTCTGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATC
15. Crocus CROC C cartwrightianus(CerC... ATC TGGACCGATTTATCAGATTCTGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATC
16. Crocus CROC C.sativus cartwrightian... ATC TGGACCGATTTATCAGATTCTGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATC
17. Crocus CROC C cartwrightianus(CewA.. ATC TGGACCGATTTATCAGATTCTGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATC

Figure A4.8:Multiple sequence alignment view of the matK XF+5R -plastid gene
sequences isolated form 17 accession of Crocus species series Crocus along with with C.
moabiticus and C. banaticus (EU497045 and EU496995) sequences downloaded from
NCBI, Sequence length is 802-942bp. Highlighted nucleotides “ATCG” indicating to the
single nucleotide polymorphism detected in the species.
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TTTAABMGCTGGTGTTAAAGATTACAGATTGACTTATTATACTCCGGAGTACGAAACCAAAG
TTTAABMGCTGGTGTTAAAGATTACAGATTGACTTATTATACTCCGGAGTACGAAACCAAAG
TTTAAGGCTGGTGTTAAAGATTACAGATTGACTTATTATACTCCGGAGTACGAAACCAAAG
TTTAAGGCTGGTGTTAAAGATTACAGATTGACTTATTATACTCCGGAGTACGAAACCAAAG
TTTAAGGCTGGTGTTAAAGATTACAGATTGACTTATTATACTCCGGAGTACGAAACCAAAG
TTTAAGGCTGGTGTTAAAGATTACAGATTGACTTATTATACTCCGGAGTACGAAACCAAAG
TTTAAGGCTGGTGTTAAAGATTACAGATTGACTTATTATACTCCGGAGTACGAAACCAAAG
TTTAAGGCTGGTGTTAAAGATTACAGATTGACTTATTATACTCCGGAGTACGAAACCAAAG
TTTAAGGCTGGTGTTAAAGATTACAGATTGACTTATTATACTCCGGAGTACGAAACCAAAG
TTTAAGGCTGGTGTTAAAGATTACAGATTGACTTATTATACTCCGGAGTACGAAACCAAAG
TTTAAGGCTGGTGTTAAAGATTACAGATTGACTTATTATACTCCGGAGTACGAAACCAAAG
TTTAAGGCTGGTGTTAAAGATTACAGATTGACTTATTATACTCCGGAGTACGAAACCAAAG
TTTAAGGCTGGTGTTAAAGATTACAGATTGACTTATTATACTCCGGAGTACGAAACCAAAG
TTTAAGGCTGGTGTTAAAGATTACAGATTGACTTATTATACTCCGGAGTACGAAACCAAAG
TTTAAGGCTGGTGTTAAAGATTACAGATTGACTTATTATACTCCGGAGTACGAAACCAAAG
TTTAAGGCTGGTGTTAAAGATTACAGATTGACTTATTATACTCCGGAGTACGAAACCAAAG
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AGGCCCECCCCATGGCATCCAGGTTGAAAGAGATAAATTGAACAAGTATGGTCGTCCCCTA
AGGCCCECCCCATGGCATCCAGG TTGAAAGAGATAAATTEAACAAGTATGGTCGTCCCCTA
AGGCCCACCCCATGGCATCCAGGTTGAAAGAGATAAATTAAACAAGTATGGTCGTCCCCTA
AGGCCCACCCCATGGCATCCAGGTTGAAAGAGATAAATTAAACAAGTATGGTCGTCCCCTA
AGGCCCACCCCATGGCATCCAGG TTGAAAGAGATAAATTAAACAAGTATGGTCGTCCCCTA
AGGC CACCCCATGGCATCCAGGTTGAAAGAGATAAATTAAACAAGTATGGTCGTCCC
AGGCCCACCCCATGGCATCCAGGTTGAAAGAGATAAATTAAACAAGTATGGTCGTCCCC
AGGCCCACCCCATGGCATCCAGGTTGAAAGAGATAAATTAAACAAGTATGGTCGTCCCCTA
AGGCLCACLCLATGGCATCCAGGTTGAAAGAGATAAATTAAACAAGTATGGTCGTCCCLTA
AGGCCCACCCCATGGCATCCAGGTTGAAAGAGATAAATTAAACAAGTATGGTCG
AGGCCCACCCCATGGCATCCAGGTTGAAAGAGATAAATTAAACAAGTATGGTCG
AGGCCCACCCCATGGCATCCAGGTTGAAAGAGATAAATTAAACAAGTATGGTCG
AGGCCCACCCCATGGCATCCAGGTTGAAAGAGATAAATTAAACAAGTATGGTCG
AGGCCCACCCCATGGCATCCAGGTTGAAAGAGATAAATTAAACAAGTATGGTCG
G
G

=

AGGCCCACCCCATGGCATCCAGGTTGAAAGAGATAAATTAAACAAGTATGGTC
.AGGCUCACCCCATGGCATCCAGGTTGAAAGAGATAAATTAAACAAGTATGGTC
560 570 500 GDO 610
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TTATGAATGTCTACGTGGTGGGCTTGATTTTACCAAGGATGATGAAAACGTGAACTCACAA
TTATGAATGTCTACGEGGTGGGCTTGATTTTACCAAGGATGATGAAAACGTGAACTCACAA
TTATGAATGTCTACGTGGTGGGCTTGATTTTACCAAGGATGATGAAAACGTGAACTCACAA
TTATGAATGTCTACGTGGTGGGCTTGATTTTACCAAGGATGATGAAAACGTGAACTCACAA
TTATGAATGTCTACGTGGTGGGCTTGATTT TACCAAGGATGATGAAAACGTGAACTCACAA
TTATGAATGTC TACGEMGGTGGGC TTGATTTTACCAAGGATGATGAAAAMGTGAACTCACAA
TTATGAATGTC TACGEMGGTGGGC TTGATTTTACCAAGGATGATGAAAABMGTGAACTCACAA
TTATGAATGTC TACGEGGTGGGC TTGATTTTACCAAGGATGATGAAAAMGTGAACTCACAA
TTATGAATGTCTACGEMGGTGGGCTTGATTTTACCAAGGATGATGAAAAMGTGAACTCACAA
TTATGAATGTCTACGEMGGTGGGC TTGATTTTACCAAGGATGATGAAAAMGTGAACTCACAA
TTATGAATGTCTACGTGGTGGGCTTGATTTTACCAAGGATGATGAAAACGTGAACTCACAA
TTATGAATGTCTACGTGGTGGGCTTGATTTTACCAAGGATGATGAAAACGTGAACTCACAA
TTATGAATGTCTACGTGGTGGGCTTGATTTTACCAAGGATGATGAAAACGTGAACTCACAA
TTATGAATGTCTACGTGGTGGGCTTGATTTTACCAAGGATGATGAAAACGTGAACTCACAA
TTATGAATGTCTACGTGGTGGGCTTGATTTTACCAAGGATGATGAAAACGTGAACTCACAA
TTAT&AAT&TCTACGT&GTGGGCTTGATTTTACCAAGGATGATGAAAACGTGAACTCACAA
850 710

—G-G-F-e—ens-a -L:—Gl:-G—GL—

ATTTTGTGCTGAAGCABMT TTATAAAGCGCAGGCCGAAACAGGTGAAATCAAAGGACATTAC
ATTTTGTGCTGAAGCABMTTTATAAAGCGCAGGCCGAAACAGGTGAAATCAAAGGACATTAC
ATTTTGTGCTGAAGCACTTTATAAAGCGCAGGCCGAAACAGGTGAAATCAAAGGACATTAC
ATTTTGTGCTGAAGCACTTTATAAAGCGCAGGCCGAAACAGGTGAAATCAAAGGACATTAC
ATTTTGTGCTGAAGCACTTTATAAAGCGCAGGCCGAAACAGGTGAAATCAAAGGACATTAC
ATTTTGTGCTGAAGCACTTTATAAAGCGCAGGCCGAAACAGGTGAAATCAAAGGACATTAC
ATTTTGTGCTGAAGCACTTTATAAAGCGCAGGCCGAAACAGGTGAAATCAAAGGACATTAC
ATTTTGTGCTGAAGCACTTTATAAAGCGCAGGCCGAAACAGGTGAAATCAAAGGACATTAC
ATTTTGTGCTGAAGCACTTTATAAAGCGCAGGCCGAAACAGGTGAAATCAAAGGACATTAC
ATTTTGTGCTGAAGCACTTTATAAAGCGCAGGCCGAAACAGGTGAAATCAAAGGACATTAC
ATTTTGTGCTGAAGCACTTTATAAAGCGCAGGCCGAAACAGGTGAAATCAAAGGACATTAC
ATTTTGTGCTGAAGCACTTTATAAAGCGCAGGCCGAAACAGGTGAAATCAAAGGACATTAC
ATTTTGTGCTGAAGCACTTTATAAAGCGCAGGCCGAAACAGGTGAAATCAAAGGACATTAC
ATTTTGTGCTGAAGCACTTTATAAAGCGCAGGCCGAAACAGGTGAAATCAAAGGACATTAC
ATTTTGTGCTGAAGCACTTTATAAAGCGCAGGCCGAAACAGGTGAAATCAAAGGACATTAC
ATTTTGTGCTGAAGCACTTTATAAAGCGCAGGCCGAAACAGGTGAAATCAAAGGACATTAC

Figure A4.9: Multiple sequence alignment view of the rbcL -plastid gene sequences isolated
form 16 accessions of Crocus species series Crocus along with C. banaticus (JX903213)
sequences downloaded from NCBI, Sequence length is 700-726bp. Highlighted nucleotides
“ATCG” indicating to the single nucleotide polymorphism detected in the species.
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Consensus

© WO W =

- EU110175.1_Crocus banaticus voucher.. TATT TEMT T TTABMAAAABBAAATATGGGGCATGGATCCTTCAACGATTCATATACATTAA
- Crocus CROC C. asumaniae(CasWD0... TATT TEMT T TTABMAAAABBAAATATGGGGCATGGATCCTTCAACGATTCATATACAT TAANCHCRTAGAGAACTCTTATCCATTTATAGATGGAACTTCG
- EU110227.1_Crocus moabiticus vouch... TATT TSMT T T TEAAAAB-AAATATGGGGCATGGATCCTTCAACGATTCATATACATTAA
. Crocus CROC C. pallasii(CpIR0O)E! tr... TATT TEMT T T TEMIAAAABBAAATATGGGGCATGGATCCT TCAACGATTCATATACAT TAA
- Crocus CROC C. pallasii(CptR09) E3.+. . TATT TEMT T T TEMAAAABNAAATATGGGGCATGGATCCTTCAACGATTCATATACAT TAA
- Crocus CROC C. mathewii(CmtHROOE. TATT TESMT T T TEERAAAAMBAAATATGGGGCATGGATCCTTCAACGATTCATATACAT TAA
- Crocus CROC C. pallasii(CpIDD09)E4_...TATT TEMT T T TEEMA AAABBAAATATGGGGCATGGATCCT TCAACGATTCATATACATTAA
- Crocus CROC C cartwrightianus (CcwB... TATT TGMT T TTAGAAAAMBAAATATGGGGCATGGATCCTTCAACGATTCATATACATTAA
. Crocus CROC C. pallasii(CpIVDOO)E2 t. . TATTTTGT T TTAGAAAAACAAATATGGGGCATGGATCCTTCAACGATTCATATACATTAA
- Crocus CROC C.sativus cartwrightian... TATT T TGT T TTAGAAAAACAAATATGGGGCATGGATCCT TCAACGATTCATATACATTAA
- Crocus CROC C.Cashmerianus(CstC... TATTTTGT T TTAGAAAAACAAATATGGGGCATGGATCCTTCAACGATTCATATACATTAA
- Crocus CROC C. hadriaticus(ChdWD0..TATT T TG T T TTAGAAAAACAAATATGGGGCATGGATCCTTCAACGATTCATATACATTAA
- Crocus CROC C. oreocreticus(Cor\R... TATTTTGT T TTAGAAAAACAAATATGGGGCATGGATCCTTCAACGATTCATATACATTAA
- Crocus CROC C. sativus Spain(C.stP... TATTTTGTTTTAGAAAAACAAATATGGGGCATGGATCCTTCAACGATTCATATACATTAA
- Crocus CROC C. thomasii (CtmVD09).. TATTTTGTTTTAGAAAAACAAATATGGGE
- Crocus CROC C cartwrightianus(CerC.. TATT TTGTTTTAGAAAAACAAATATGGGE
- Crocus CROC C cartwrigtianus(CewA . TATT TTGTTTTAGAAAAACAAATATGGGGCATGGATCCTTCAACGATTCATATACATTAA

CATGGATCCTTCAACGATTCATATACATTAA
'ATGGATCCTTCAACGATTCATATACATTAA

TAGAGAACTCTTATCCATTTATAGATGGAACTTCG

TAGAGAACTCTTATCCATTTATAGATGGAACTTCG
TAGAGAACTCTTATCCATTTATAGATGGAACTTCG
TAGAGAACTCTTATCCATTTATAGATGGAACTTCG
TAGAGAACTCTTATCCATTTATAGATGGAACTTCG
TAGAGAACTCTTATCCATTTATAGATGGAACTTCG
TAGAGAACTCTTATCCATTTATAGATGGAACTTCG
TAGAGAACTCTTATCCATTTATAGATGGAACTTCG
TAGAGAACTCTTATCCATTTATAGATGGAACTTCG
TAGAGAACTCTTATCCATTTATAGATGGAACTTCG
TAGAGAACTCTTATCCATTTATAGATGGAACTTCG
TAGAGAACTCTTATCCATTTATAGATGGAACTTCG
TAGAGAACTCTTATCCATTTATAGATGGAACTTCG
TAGAGAACTCTTATCCATTTATAGATGGAACTTCG
TAGAGAACTCTTATCCATTTATAGATGGAACTTCG
TAGAGAACTCTTATCCATTTATAGATGGAACTTCG

Figure A4.10: Multiple sequence alignment view of the trnH -plastid gene sequences isolated form 17 accessions of Crocus species series
Crocus along with C. moabiticus and C. banaticus (EU110227 and EU110175) sequences downloaded from NCBI, Sequence length is 605-
650bp . Highlighted nucleotides “ATCG” indicating to the single nucleotide polymorphism detected in the species and dashes indicate deletions.
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1: Consensus matK 390F+1326R plastid gene sequences of Crocus series Crocus,
obtained by aligning both forward and reverse sequences for each species.

>EU497045.1_Crocus. moabiticus_voucher_C1927 maturase_K _ (matK)_ gene A new
nucleotide sequence entered manually.

AAATCCTTCAATGCTGGATTCAAGATGTTCCTCTTTTGCATTTCTTGCGATTCTTTCTTCACGAATATCATAATTGGAAT
AGTTTTTTAATTACTCAGAATAAATCTATTTCTCTTTTTTCAAAAGAAACTAAAAGACTATTTCGGTTCCTATACAATTC
TTATGTGTATGAATGTGAATTTGTATTCGTTTTTCTTCGTAAGCATTCTTCTTATTTACGATTCACATCCTTTCAAACTTT
TCTTGAGCGAAGATATTTCTATGGAAAAATGGAACATCTTCAAACGGAACATCTTATAATAGTATGTTATGATTATTTT
AATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCATTATGCTCGATGTCAAGGAAAAGCAATTCTGGCTTCAAAA
GGAACTCATCTTCTGATGAAGAAGTGGAAATATAATTTTGTCAATTTATGGCAATATTATTTTCACTTTTGGTATCAAT
CATACAGGATCCATATAAACCAACTATCAAACCATTCTTTCCATTTTCTGGGTTATCTTTCAAGTTTATTAAAAAATTA
TTCGACGGTAAGGAATCAAATGTTAGATATTCATTTCTAATAGATACTCTTACTACGAAATTTGATACCGCAGTCCCAG
TTATTTTTCTTATTAGATCTTTATCTAAAGCTCATTTTGTACTGTATCGGGACATCCTATTAGTAAGCCCATCTGGACCG
ATTTATCAGATTCTGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATCTTTCTCATTATCATAGTGGGTCCTCAAA
AAAACA

>EU496995.1 Crocus. banaticus_voucher_C1821 maturase_K _ (matK)_ gene A new
nucleotide sequence entered manually.

AAATCCTTCAATGCTGGATTCAAGATGTTCCTCTTTTGCATTTCTTGCGATT
CTTTCTTCACGAATATCATAATTGGAATAGTTTTTTAATTACTCAGAATAAATCTATTTATCTTTTTTCAAAAGAAACTA
AAAGACTATTTCGGTTCCTATACAATTCTTATGTATATGAATGTGAATTTGTATTCGTTTTTCTTCGTAAGCACTCTTCT
TATTTACGATTCACATCCTTTCAAACTTTTCTTGAGCGAAGATATTTCTATGGAAAAATGGAACATCTTCAAACAGAAC
ATCTTATAATAGTATGTTGTGATTATTTTAATGGAACCCTATGGTCCTTCAAAGATCCTTTCATGCATTATGCTCGATGT
CAAGGAAAAGCAATTCTGGCTTCAAAAGGAACTCATCTTCTGATGAAGAAATGGAAATATAATTTTGTCAATTTATGG
CAATATTATTTTCACTTTTGGTATCAATCATACAGGATCCATATAAACCAACTATCAAACCATTCTTTCCATTTTCTGGG
TTATCTTTCAAGTTTACTAAAAAATTCTTTGACGGTAAGGAATCAAATGTTAGATAATTCATTTCTAATAGATACTCTT
ACTACGAAATTTGATACCGCAGTCCCAGTTATTTTTCTTATTAGATCTTTATCAAAGCTCAATTTTGTACCGTATCGGG
ACATCCCATTAGTAAGCCCATCTGGACCGATTTATCAGATTCTGGTATTATTGAGCGATTTGGTCGGATATGTAGAAAT
CTTTCTCATTATCATAGTGGGTCCTCAAAAAAACA

>Crocus_CROC_C. cartwrightianus _ (CcwBD10)9D_matK_ (390F_1326R).

TCGATCTATTCATTCAATATTTCCTTTTTTAGAGGACAAATTATTACATTTACATTATGTATCAGATATACTAATACCCC
ATCCCATTCATATGGAAATCTTGGTTCAAATCCTTCAATGCTGGATTCAAGATGTTCCTCTTTTGCATTTCTTGCGATTC
TTTCTTCACGAATATCATAATTGGAATAGTTTTTTAATTACTCAGAATAAATCTATTTATCTTTTTTCAAAAGAAACTAA
AAGACTATTTCGGTTTCTATACAATTCTTATGTATATGAATGTGAATTTGTATTCGTTTTTCTTCGTAAGCACTCTTCTT
ATTTACGATTCACATCCTTTCAAACTTTTCTTGAGCGAAGATATTTCTATGGAAAAATGGAACATCTTCAAACAGAACA
TCTTATAATAGTATGTTGTGATTATTTTAATGGAACCCTATGGTCCTTCAAAGATCCTTTCATGCATTATGCTCGATGTC
AAGGAAAAGCAATTCTGGCTTCAAAAGGAACTCATCTTCTGATGAAGAAATGGAAATATAATTTTGTCAATTTATGGC
AATATTATTTTCACTTTTGGTATCAATCATACAGGATCCATATAAACCAACTATCAAACCATTCTTTCCATTTTCTGGGT
TATCTTTCAAGTTTACTAAAAAATTCTTCGACGGTGACGGTAAGGAATCAAATGTTAGATAATTCATTTCTAATAGATA
CTCTTACTACGAAATTTGATACCGCAGTCCCAGTTATTTTTCTTATTAGATCTTTATCTAAAGCTCAATTTTGTACCGTA
TCGGGACATCCTATTAGTAAGCCCATCTGGACCGATTTATCAGATTCTGGTATTATTGAGCGATTTGGTCGGATATGTA
GAAATCTTTCTCATTATCATAGTGGGTCCTCAAAAAAACAGGGGTTGTATCGAATAAAGTATATACTTCGACTTTCGTT
TTTGCTAAAAA

>Crocus_CROC_C. cartwrightianus (CcrCR09) D8matK _ (390F _1326R).

TCGATCTATTTCATTCAATATTTCCTTTTTTAGAGGACAAATTATTACATTTCCATTATGTATCAGATATACTAATACCC
CATCCCATTCATATGGAAATATTGGTTCAAATCCTTCAATGCTGGATTCAAGATGTTCCTCTTTTGCATTTCTTGCGATT
CTTTCTTCACGAATATCATAATTGGAATAGTTTTTTAATTACTCAGAATAAATCTATTTCTCTTTTTTCAAAAGAAACTA
AAAGACTATTTTGGTTCCTATACAATTCTTATGTATATGAATGTGAATTTGTATTCGTTTTTCTTCGTAAGCATTCTTCT
TATTTACGATTCACATCCTTTCAAACTTTTCTTGAACGAAGATATTTCTATGGAAAAATGGAACATCTTCAAACGGAAC
ATCTTATAATAGTATGTTATGATTATTTTAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCATTATGCTCGATGT
CAAGGAAAAGCAATTCTGGCTTCAAAAGGAACTCATCTTCTGATGAAGAAATGGAAATATAATTTTGTCAATTTATGG
CAATATTATTTTCACTTTTGGTATCAATCATACAGGATCCATATAAACCAACTATCAAACCATTCTTTCCATTTTCTGGG
TTATCTTTCAAGTTTACTAAAAAATTCTTCGACGGTAGGAATCAAATGTTAGATAATTCATTTCTAATAGATACTCTTA
CTACGAATTTGATACCGCAGTCCCAGTTATTTTTCTTATTAGATCTTTATCTAAAGCTCAATTTTGTACTGTATCGGGAC
ATCCTATTAGTAAGCCCATCTGGACCGATTTATCAGATTCTGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATCT
TTCTCATTATCATAGTGGGTCCTCAAAAAAACAGGGGTTGTATCGAATAAAGTATATACTTCGACTTTCGTTTTTGCTA
AAAA
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>Crocus_CROC_C_cartwrightianus (CcwADO08) D7__matK_ (390F_1326R).

TCGATCTATTTCATTCAATATTTCCTTTTTTAGAGGACAAATTATTACATTTCCATTATGTATCAGATATACTAATACCC
CATCCCATTCATATGGAAATATTGGTTCAAATCCTTCAATGCTGGATTCAAGATGTTCCTCTTTTGCATTTCTTGCGATT
CTTTCTTCACGAATATCATAATTGGAATAGTTTTTTAATTACTCAGAATAAATCTATTTCTCTTTTTTCAAAAGAAACTA
AAAGACTATTTTGGTTCCTATACAATTCTTATGTATATGAATGTGAATTTGTATTCGTTTTTCTTCGTAAGCATTCTTCT
TATTTACGATTCACATCCTTTCAAACTTTTCTTGAACGAAGATATTTCTATGGAAAAATGGAACATCTTCAAACGGAAC
ATCTTATAATAGTATGTTATGATTATTTTAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCATTATGCTCGATGT
CAAGGAAAAGCAATTCTGGCTTCAAAAGGAACTCATCTTCTGATGAAGAAATGGAAATATAATTTTGTCAATTTATGG
CAATATTATTTTCACTTTTGGTATCAATCATACAGGATCCATATAAACCAACTATCAAACCATTCTTTCCATTTTCTGGG
TTATCTTTCAAGTTTACTAAAAAATTCTTCGACGGTAAGGAATCAAATGTTAGATAATTCATTTCTAATAGATACTCTT
ACTACGAAATTTGATACCGCAGTCCCAGTTATTTTTCTTATTAGATCTTTATCAAAGCTCAATTTTGTACTGTATCGGG
ACATCCTATTAGTAAGCCCATCTGGACCGATTTATCAGATTCTGGTATTATTGAGCGATTTGGTCGGATATCTAGAAAT
CTTTCTCATTATCATAGTGGGTCCTCAAAAAAACAGGGGTTGTATCGAATAAAGTATATACTTCGACTTTCGTTTTTGC
TAAAAA

>Crocus_CROC_C. Cashmirianus'_Hort._Lilac (CstCD09)5D_matK__ (390F_1326R).

TCGATCTATTCATTCAATATTTCCTTTTTTAGAGGACAAATTATTACATTTCCATTATGTATCAGATATACTAATACCCC
ATCCCATTCATATGGAAATATTGGTTCAAATCCTTCAATGCTGGATTCAAGATGTTCCTCTTTTGCATTTCTTGCGATTC
TTTCTTCACGAATATCATAATTGGAATAGTTTTTTAATTACTCAGAATAAATCTATTTCTCTTTTTTCAAAAGAAACTAA
AAGACTATTTTGGTTCCTATACAATTCTTATGTATATGAATGTGAATTTGTATTCGTTTTTCTTCGTAAGCATTCTTCTT
ATTTACGATTCACATCCTTTCAAACTTTTCTTGAGCGAAGATATTTCTATGGAAAAATGGAACATCTTCAAACGGAACA
TCTTATAATAGTATGTTATGATTATTTTAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCATTATGCTCGATGTC
AAGGAAAAGCAATTCTGGCTTCAAAAGGAACTCATCTTCTGATGAAGAAATGGAAATATAATTTTGTCAATTTATGGC
AATATTATTTTCACTTTTGGTATCAATCATACAGGATCCATATAAACCAACTATCAAACCATTCTTTCCATTTTCTGGGT
TATCTTTCAAGTTTACTAAAAAATTCTTCGACGGTAAGGAATCAAATGTTAGATAATTCATTTCTAATAGATACTCTTA
CTACGAAATTTGATACCGCAGTCCCAGTTATTTTTCTTATTAGATCTTTATCTAAAGCTCAATTTTGTACTGTATCGGGA
CATCCTATTAGTAAGCCCATCTGGACCGATTTATCAGATTCTGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATC
TTTCTCATTATCATAGTGGGTCCTCAAAAAAACAGGGGTTGTATCGAATAAAGTATATACTTCGACTTTCGTTTTTGCT
AAAAA

>Crocus_CROC_C. hadriaticus (ChdWDO08) D11 _matK_(390F_1326R).

TCGATCTAATTCATTCAATATTTCCTTTTTTAGAGGACAAATTATTACATTTCCATTATGTATCAGATATACTAATACCC
CATCCCATTCATATGGAAATATTGGTTCAAATCCTTCAATGCTGGATTCAAGATGTTCCTCTTTTGCATTTCTTACGATT
CTTTCTTCACGAATATCATAATTGGAATAGTTTTTTAATTACTCAGAATAAATCTATTTCTCTTTTTTCAAAAGAAACTA
AAAGACTATTTTTGTTCCTATACAATTCTTATGTATATGAATGTGAATTTGTATTCGTTTTTCTTCGTAAGCATTCTTCTT
ATTTACGATTCACATCCTTTCAAACTTTTCTTGAGCGAAGATATTTCTATGGAAAAATGGAACATCTTCAAACGGAACA
TCTTATAATAGTATGTTATGATTATTTTAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCATTATGCTCGATGTC
AAGGAAAAGCAATTCTGGCTTCAAAAGGAACTCATCTTCTGATGAAGAAATGGAAATATAATTTTGTCAATTTATGGC
AATATTATTTTCACTTTTGGTATCAATCATACAGGATCCATATAAACCAACTATCAAACCATTCTTTCCATTTTCTGGGT
TATCTTTCAAGTTTACTAAAAAATTCTTCGACGGTAAGGAATCAAATGTTAGATAATTCATTTCTAATAGATACTCTTA
CTACGAAATTTGATACCGCAGTCCCAGTTATTTTTCTTATTAGATCTTTATCTAAAGCTCAATTTTGTACTGTATCGGGA
CATCCTATTAGTAAGCCCATCTGGACCGATTTATCAGATTCTGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATC
TTTCTCATTATCATAGTGGGTCCTCAAAAAAACAGGGGTTGTATCGAATAAAGTATATACTTCGACTTTCGTTTTTGCT
AAAAA

>Crocus_CROC_C._oreocreticus (CorVR09)10D_matK _ (390F_1326R).

TCGATCTATTCATTCAATATTTCCTTTTTTAGAGGACAAATTATTACATTTCCATTATGTATCAGATATACTAATACCCC
ATCCCATTCATATGGAAATATTGGTTCAAATCCTTCAATGCTGGATTCAAGATGTTCCTCTTTTGCATTTCTTGCGATTC
TTTCTTCACGAATATCATAATTGGAATAGTTTTTTAATTACTCAGAATAAATCTATTTCTCTTTTTTCAAAAGAAACTAA
AAGACTATTTTGGTTCCTATACAATTCTTATGTATATGAATGTGAATTTGTATTCGTTTTTCTTCGTAAGCATTCTTCTT
ATTTACGATTCACATCCTTTCAAACTTTTCTTGAGCGAAGATATTTCTATGGAAAAATGGAACATCTTCAAACGGAACA
TCTTATAATAGTATGTTATGATTATTTTAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCATTATGCTCGATGTC
AAGGAAAAGCAATTCTGGCTTCAAAAGGAACTCATCTTCTGATGAAGAAATGGAAATATAATTTTGTCAATTTATGGC
AATATTATTTTCACTTTTGGTATCAATCATACAGGATCCATATAAACCAACTATCAAACCATTCTTTCCATTTTCTGGGT
TATCTTTCAAGTTTACTAAAAAATTCTTCGACGGTGGAATCAAATGTTAGATAATTCATTTCTAATAGATACTCTTACT
ACGAAATTTGATACCGCAGTCCCAGTTATTTTTCTTATTAGATCTTTATCTAAAGCTCAATTTTGTACTGTATCGGGAC
ATCCTATTAGTAAGCCCATCTGGACCGATTTATCAGATTCTGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATCT
TTCTCATTATCATAGTGGGTCCTCAAAAAAACAGGGGTTGTATCGAATAAAGTATATACTTCGACTTTCGTTTTTGCTA
AAAA
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>Crocus_CROC_C. asumaniae (CaswD09) D13 _matK _ (390F 1326R)

TCGATCTATTCATTCAATATTTCCTTTTTTAGAGGACAAATTATTACATTTCCATTATGTATCAGATATACTAATACCCC
ATCCCATTCATATGGAAATATTGGTTCAAATCCTTCAATGCTGGATTCAAGATGTTCCTCTTTTGCATTTCTTGCGATTC
TTTCTTCACGAATATCATAATTGGAATAGTTTTTTAATTACTCAGAATAAATCTATTTCTCTTTTTTCAAAAGAAACTAA
AAGACTATTTCGGTTCCTATACAATTCTTATGTATATGAATGTGAATTTGTATTCGTTTTTCTTCGTAAGCATTCTTCTT
ATTTACGATTCACATCCTTTCAAACTTTTCTTGAGCGAAGATATTTCTATGGAAAAATGGAACATCTTCAAACGGAACA
TCTTATAATAGTATGTTATGATTATTTTAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCATTATGCTCGATGTC
AAGGAAAAGCAATTCTGGCTTCAAAAGGAACTCATCTTCTGATGAAGAAATGGAAATATCATTTTGTCAATTTATGGC
AATATTATTTTCACTTTTGGTATCAATCATACAGGATCCATATAAACCAACTATCAACCATTCTTTCCATTTTCTGGGTT
ATCTTTCAAGTTTACTAAAAAATTCTTCGACGGTAAGGAATCAAATGTTAGATAATTCATTTCTAATAGATACTCTTAC
TACGAAATTTGATACCGCAGTCCCAGTTATTTTTCTTATTAGATCTTTATCTAAAGCTCAATTTTGTACTGTATCGGGAC
ATCCTATTAGTAAGCCCATCTGGACCGATTTATCAGATTCTGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATCT
TTCTCATTATCATAGTGGGTCCTCAAAAAAACAGGGGTTGTATCGAATAAAGTATATACTTCGACTTTCGGTTTTGCTA
AAAA

>Crocus_CROC_C. mathweii (CmtHR09) D14 matK (390F _1326R)

TCGATCTATTCATTCAATATTTCCTTTTTTAGAGGACAAATTATTACATTTCCATTATGTATCAGATATACTAATACCCC
ATCCCATTCATATGGAAATATTGGTTCAAATCCTTCAATGCTGGATTCAAGATGTTCCTCTTTTGCATTTCTTGCGATTC
TTTCTTCACGAATATCATAATTGGAATAGTTTTTTAATTACTCAGAATAAATCTATTTCTCTTTTTTCAAAAGAAACTAA
AAGACTATTTCGGTTCCTATACAATTCTTATGTATATGATGTGAATTTGTATTCGTTTTTCTTCGTAAGCATTCTTCTTA
TTTACGATTCACATCCTTTCAAACTTTTCTTGAGCGAAGATATTTCTATGGAAAAATGGAACATCTTCAAACGGAACAT
CTTATAATAGTATGTTATGATTATTTTAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCATTATGCTCGATGTCA
AGGAAAAGCAATTCTGGCTTCAAAAGGAACTCATCTTCTGATGAAGAAATGGAAATATCATTTTGTCAATTTATGGCA
ATATTATTTTCACTTTTGGTATCAATCATACAGGATCCATATAAACCAACTATCAAACCATTCTTTCCATTTTCTGGGTT
ATCTTTCAAGTTTACTAAAAAATTCTTCGACGGTAAGGAATCAAATGTTAGATAATTCATTTCTAATAGATACTCTTAC
TACGAAATTTGATACCGCAGTCCCAGTTATTTTTCTTATTAGATCTTTATCTAAAGCTCAATTTTGTACTGTATCGGGAC
ATCCTATTAGTAAGCCCATCTGGACCGATTTATCAGATTCTGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATCT
TTCTCATTATCATAGTGGGTCCTCAAAAAAACAGGGGTTGTATCGAATAAAGTATATACTTCGACTTTCGTTTTTGCTA
AAAA

>Crocus_CROC_C. pallasii (CpIDD09) 4D_matK_ (390F_1326R)

TCGATCTATTCATTCAATATTTCCTTTTTTAGAGGACAAATTATTACATTTCCATTATGTATCAGATATACTAATACCCC
ATCCCATTCATATGGAAATATTGGTTCAAATCCTTCAATGCTGGATTCAAGATGTTCCTCTTTTGCATTTCTTGCGATTC
TTTCTTCACGAATATCATAATTGGAATAGTTTTTTAATTACTCAGAATAAATCTATTTCTCTTTTTTCAAAAGAAACTAA
AAGACTATTTCGGTTCCTATACAATTCTTATGTATATGAATGTGAATTTGTATTCGTTTTTCTTCGTAAGCATTCTTCTT
ATTTACGATTCACATCCTTTCAAACTTTTCTTGAGCGAAGATATTTCTATGGAAAAATGGAACATCTTCAAACGGAACA
TCTTATAATAGTATGTTATGATTATTTTAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCATTATGCTCGATGTC
AAGGAAAAGCAATTCTGGCTTCAAAAGGAACTCATCTTCTGATGAAGAAAAGGAAATATCATTTTGTCAATTTATGGC
AATATTATTTTCACTTTTGGTATCAATCATACAGGATCCATATAAACCAACTATCAAACCATTCTTTCCATTTTCTGGGT
TATCTTTCAAGTTTACTAAAAAATTCTTCGACGGTAAGGAATCAAATGTTAGATAATTCATTTCTAATAGATACTCTTA
CTACGAAATTTGATACCGCAGTCCCAGTTATTTTTCTTATTAGATCTTTATCTAAAGCTCAATTTTGTACTGTATCGGGA
CATCCTATTAGTAAGCCCATCTGGACCGATTTATCGGATTCTGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATC
TTTCTCATTATCATAGTGGGTCCTCAAAAAAACAGGGGTTGTATCGAATAAAGTATATACTTCGACTTCCGTTTTTGCT
AAAAA

>Crocus_CROC_C. pallasii (CplR09)1D_matK_ (390F 1326R)

TCGATCTATTCATTCAATATTTCCTTTTTTAGAGGACAAATTATTACATTTCCATTATGTATCAGATATACTAATACCCC
ATCCCATTCATATGGAAATATTGGTTCAAATCCTTCAATGCTGGATTCAAGATGTTCCTCTTTTGCATTTCTTGCGATTC
TTTCTTCACGAATATCATAATTGGAATAGTTTTTTAATTACTCAGAATAAATCTATTTCTCTTTTTTCAAAAGAAACTAA
AAGACTATTTCGGTTCCTATACAATTCTTATGTATATGAATGTGAATTTGTATTCGTTTTTCTTCGTAAGCATTCTTCTT
ATTTACGATTCACATCCTTTCAAACTTTTCTTGAGCGAAGATATTTCTATGGAAAAATGGAACATCTTCAAACGGAACA
TCTTATAATAGTATGTTATGATTATTTTAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCATTATGCTCGATGTC
AAGGAAAAGCAATTCTGGCTTCAAAAGGAACTCATCTTCTGATGAAGAAAAGGAAATATCATTTTGTCAATTTATGGC
AATATTATTTTCACTTTTGGTATCAATCATACAGGATCCATATAAACCAACTATCAAACCATTCTTTCCATTTTCTGGGT
TATCTTTCAAGTTTACTAAAAAATTCTTCGACGGTAAGGAATCAAATGTTAGATAATTCATTTCTAATAGATACTCTTA
CTACGAAATTTGATACCGCAGTCCCAGTTATTTTTCTTATTAGATCTTTATCTAAAGCTCAATTTTGTACTGTATCGGGA
CATCCTATTAGTAAGCCCATCTGGACCGATTTATCGGATTCTGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATC
TTTCTCATTATCATAGTGGGTCCTCAAAAAAACAGGGGTTGTATCGAATAAAGTATATACTTCGACTTTCGTTTTTGCT
AAAAA
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>Crocus_CROC_C. pallasii (CpltR09) D3_matK _ (390F_1326R).

TCGATCTATTCATTCAATATTTCCTTTTTTAGAGGACAAATTTTTACATTTCCATTATGTATCAGATATACTAATACCCC
ATCCCATTCATATGGAAATATTGGTTCAAATCCTTCAATGCTGGATTCAAGATGTTCCTCTTTTGCATTTCTTGCGATTC
TTTCTTCACGAATATCATAATTGGAATAGTTTTTTAATTACTCAGAATAAATCTATTTCTCTTTTTTCAAAAGAAACTAA
AAGACTATTTCGGTTCCTATACAATTCTTATGTATATGAATGTGAATTTGTATTCGTTTTTCTTCGTAAGCATTCTTCTT
ATTTACGATTCACATCCTTTCAAACTTTTCTTGAGCGAAGATATTTCTATGGAAAAATGGAACATCTTCAAACGGAACA
TCTTATAATAGTATGTTATGATTATTTTAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCATTATGCTCGATGTC
AAGGAAAAGCAATTCTGGCTTCAAAAGGAACTCATCTTCTGATGAAGAAAAGGAAATATCATTTTGTCAATTTATGGC
AATATTATTTTCACTTTTGGTATCAATCATACAGGATCCATATAAACCAACTATCAAACCATTCTTTCCATTTTCTGGGT
TATCTTTCAAGTTTACTAAAAAATTCTTCGACGGTAAGGAATCAAATGTTAGATAATTCATTTCTAATAGATACTCTTA
CTACGAAATTTGATACCGCAGTCCCAGTTATTTTTCTTATTAGATCTTTATCTAAAGCTCAATTTTGTACTGTATCGGGA
CATCCTATTAGTAAGCCCATCTGGACCGATTTATCGGATTCTGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATC
TTTCTCATTATCATAGTGGGTCCTCAAAAGAACAGGGGTTGTATCGAATAAAGTATATACTTCGACTTTCGTTTTTGCT
AAAAA

>Crocus_CROC_C. pallasii (CplvVD09) _ D2 _matK_(390F 1326R).

TCGATCTATTTCATTCAATATTTCCTTTTTTAGAGGACAAATTATTACATTTCCATTATGTATCAGATATACTAATACCC
CATCCCATTCATATGGAAATATTGGTTCAAATCCTTCAATGCTGGATTCAAGATGTTCCTCTTTTGCATTTCTTGCGATT
CTTTCTTCACGAATATCATAATTGGAATAGTTTTTTAATTACTCAGAATAAATCTATTTCTCTTTTTTCAAAAGAAACTA
AAAGACTATTTTGGTTCCTATACAATTCTTATGTATATGAATGTGAATTTGTATTCGTTTTTCTTCGTAAGCATTCTTCT
TATTTACGATTCACATCCTTTCAAACTTTTCTTGAGCGAAGATATTTCTATGGAAAAATGGAACATCTTCAAACGGAAC
ATCTTATAATAGTATGTTATGATTATTTTAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCATTATGCTCGATGT
CAAGGAAAAGCAATTCTGGCTTCAAAAGGAACTCATCTTCTGATGAAGAAATGGAAATATAATTTTGTCAATTTATGG
CAATATTATTTTCACTTTTGGTATCAATCATACAGGATCCATATAAACCAACTATCAAACCATTCTTTCCATTTTCTGGG
TTATCTTTCAAGTTTACTAAAAAATTCTTCGAGTAAGGAATCAAATGTTAGATAATTCATTTCTAATAGATACTCTTAC
TACGAAATTTGATACCGCAGTCCCAGTTATTTTTCTTATTAGATCTTTATCTAAAGCTCAATTTTGTACTGTATCGGGAC
ATCCTATTAGTAAGCCCATCTGGACCGATTTATCAGATTCTGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATCT
TTCTCATTATCATAGTGGGTCCTCAAAAAAACAGGGGTTGTATCGAATAAAGTATATACTTCGACTTTCGTTTTTGCTA
AAAA

>Crocus_CROC_C.sativuscartwrightianus_'Albus'(CstcP09)15D_matK_(390F 1326R).

TCGATCTATTCATTCAATATTTCCTTTTTTAGAGGACAAATTATTACATTTCCATTATGTATCAGATATACTAATACCCC
ATCCCATTCATATGGAAATATTGGTTCAAATCCTTCAATGCTGGATTCAAGATGTTCCTCTTTTGCATTTCTTGCGATTC
TTTCTTCACGAATATCATAATTGGAATAGTTTTTTAATTACTCAGAATAAATCTATTTCTCTTTTTTCAAAAGAAACTAA
AAGACTATTTTGGTTCCTATACAATTCTTATGTATATGAATGTGAATTTGTATTCGTTTTTCTTCGTAAGCATTCTTCTT
ATTTACGATTCACATCCTTTCAAACTTTTCTTGAACGAAGATATTTCTATGGAAAAATGGAACATCTTCAAACGGAACA
TCTTATAATAGTATGTTATGATTATTTTAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCATTATGCTCGATGTC
AAGGAAAAGCAATTCTGGCTTCAAAAGGAACTCATCTTCTGATGAAGAAATGGAAATATAATTTTGTCAATTTATGGC
AATATTATTTTCACTTTTGGTATCAATCATACAGGATCCATATAAACCAACTATCAAACCATTCTTTCCATTTTCTGGGT
TATCTTTCAAGTTTACTAAAAAATTCTTCGACGGTAAGGAATCAAATGTTAGATAATTCATTTCTAATAGATACTCTTA
CTACGAAATTTGATACCGCAGTCCCAGTTATTTTTCTTATTAGATCTTTATCTAAAGCTCAATTTTGTACTGTATCGGGA
CATCCTATTAGTAAGCCCATCTGGACCGATTTATCAGATTCTGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATC
TTTCTCATTATCATAGTGGGTCCTCAAAAAAACAGGGGTTGTATCGAATAAAGTATATACTTCGACTTTCGTTTTTGCT
AAAAA

>Crocus_CROC_C. sativus_Spain (C.stPER09) A6_matK_(390F 1326R).

TCGATCTATTCATTCAATATTTCCTTTTTTAGAGGACAAATTATTACATTTCCATTATGTATCAGATATACTAATACCCC
ATCCCATTCATATGGAAATATTGGTTCAAATCCTTCAATGCTGGATTCAAGATGTTCCTCTTTTGCATTTCTTGCGATTC
TTTCTTCACGAATATCATAATTGGAATAGTTTTTTAATTACTCAGAATAAATCTATTTCTCTTTTTTCAAAAGAAACTAA
AAGACTATTTTGGTTCCTATACAATTCTTATGTATATGAATGTGAATTTGTATTCGTTTTTCTTCGTAAGCATTCTTCTT
ATTTACGATTCACATCCTTTCAAACTTTTCTTGAGCGAAGATATTTCTATGGAAAAATGGAACATCTTCAAACGGAACA
TCTTATAATAGTATGTTATGATTATTTTAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCATTATGCTCGATGTC
AAGGAAAAGCAATTCTGGCTTCAAAAGGAACTCATCTTCTGATGAAGAAATGGAAATATAATTTTGTCAATTTATGGC
AATATTATTTTCACTTTTGGTATCAATCATACAGGATCCATATAAACCAACTATCAAACCATTCTTTCCATTTTCTGGGT
TATCTTTCAAGTTTACTAAAAAATTCTTCGACGGTAAGGAATCAAATGTTAGATAATTCATTTCTAATAGATACTCTTA
CTACGAAATTTGATACCGCAGTCCCAGTTATTTTTCTTATTAGATCTTTATCTAAAGCTCAATTTTGTACTGTATCGGGA
CATCCTATTAGTAAGCCCATCTGGACCGATTTATCAGATTCTGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATC
TTTCTCATTATCATAGTGGGTCCTCAAAAAAACAGGGGTTGTATCGAATAAAGTATATACTTCGACTTTCGTTTTTGCT
AAAAA
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>Crocus_CROC_C. thomasii (CtmVDO09) D12_matK_ (390F_1326R).

TCGATCTATTCATTCAATATTTCCTTTTTTAGAGGACAAATTATTACATTTCCATTATGTATCAGATATACTAATACCCC
ATCCCATTCATATGGAAATATTGGTTCAAATCCTTCAATGCTGGATTCAAGATGTTCCTCTTTTGCATTTCTTGCAATTC
TTTCTTCACGAATATCATAATTGGAATAGTTTTTTAATTACTCAGAATAAATCTATTTCTCTTTTTTCAAAAGAAACTAA
AAGACTATTTTGGTTCCTATACAATTCTTATGTATATGAATGTGAATTTGTATTCGTTTTTCTTCGTAAGCATTCTTCTT
ATTTACGATTCACATCCTTTCAAACTTTTCTTGAGCGAAGATATTTCTATGGAAAAATGGAACATCTTCAAACGGAACA
TCTTATAATAGTATGTTATGATTATTTTAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCATTATGCTCGATGTC
AAGGAAAAGCAATTCTGGCTTCAAAAGGAACTCATCTTCTGATGAAGAAATGGAAATATAATTTTGTCAATTTATGGC
AATATTATTTTCACTTTTGGTATCAATCATACAGGATCCATATAAACCAACTATCAAACCATTCTTTCCATTTTCTGGGT
TATCTTTCAAGTTTACTAAAAAATTCTTCGACGGTAAGGAATCAAATGTTAGATAATTCATTTCTAATAGATACTCTTA
CTACGAAATTTGATACCGCAGTCCCAGTTATTTTTCTTATTAGATCTTTATCTAAAGCTCAATTTTGTACTGTATCGGGA
CATCCTATTAGTAAGCCCATCTGGACCGATTTATCAGATTCTGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATC

TTTCTCATTATCATAGTGGGTCCTCAAAAAAACAGGGGTTGTATCGAATAAAGTATATACTTCGACTTTCGTTTTTGCT
AAAAA
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2: Consensus matK XF+5R plastid gene sequences of Crocus series Crocus, obtained by
aligning both forward and reverse sequences for each species.

>EU496995.1 Crocus banaticus_voucher_C1821 maturase K _ (matK)_ gene A new
nucleotide sequence entered manually.

AAATCCTTCAATGCTGGATTCAAGATGTTCCTCTTTTGCATTTCTTGCGATTCTTTCTTCACGAATATCATAATTGGAAT
AGTTTTTTAATTACTCAGAATAAATCTATTTATCTTTTTTCAAAAGAAACTAAAAGACTATTTCGGTTCCTATACAATTC
TTATGTATATGAATGTGAATTTGTATTCGTTTTTCTTCGTAAGCACTCTTCTTATTTACGATTCACATCCTTTCAAACTTT
TCTTGAGCGAAGATATTTCTATGGAAAAATGGAACATCTTCAAACAGAACATCTTATAATAGTATGTTGTGATTATTTT
AATGGAACCCTATGGTCCTTCAAAGATCCTTTCATGCATTATGCTCGATGTCAAGGAAAAGCAATTCTGGCTTCAAAA
GGAACTCATCTTCTGATGAAGAAATGGAAATATAATTTTGTCAATTTATGGCAATATTATTTTCACTTTTGGTATCAAT
CATACAGGATCCATATAAACCAACTATCAAACCATTCTTTCCATTTTCTGGGTTATCTTTCAAGTTTACTAAAAAATTC
TTTGACGGTAAGGAATCAAATGTTAGATAATTCATTTCTAATAGATACTCTTACTACGAAATTTGATACCGCAGTCCCA
GTTATTTTTCTTATTAGATCTTTATCTAAAGCTCAATTTTGTACCGTATCGGGACATCCCATTAGTAAGCCCATCTGGAC
CGATTTATCAGATTCTGGTATTATTGAGCGATTTGGTCGGATATGTAGAAATCTTTCTCATTATCATAGTGGGTCCTCA
AAAAAACA

>Crocus_CROC_C. cartwrightianus (CcwBD10) A9_matK _ (XF_5R).

CAATTCATTCAACTTTTCCTTTTTTAGAGGACAAATTATTACATTTCCATTATGTATCAGATATACTAATACCCCATCCC
ATTCATATGGAAATCTTGGTTCAAATCCTTCAATGCTGGATTCAAGATGTTCCTCTTTTGCATTTCTTGCGATTCTTTCT
TCACGAATATCATAATTGGAATAGTTTTTTAATTACTCAGAATAAATCTATTTATCTTTTTTCAAAAGAAACGAAAAGA
CTATTTCGGTTCCTATACAATTCTTATGTATATGAATGTGAATTTGTATTCGTTTTTCTTCGTAAGTACTCTTCTTATTTA
CGATTCACATCCTTTCAAACTTTTCTTGAGCGAAGATATTTCTATGGAAAAATGGAACATCTTCAAACGGAACATCTTA
TAATAGTATGTTGTGATTATTTTAATGGAACCCTATGGTCCTTCAAAGATCCTTTCATGCATTATGCTCGATGCCAAGG
AAAAGCAATTCTGGCTTCAAAAGGAACTCATCTTCTGATGAAGAAATGGAAATATAATTTTGTCAATTTATGGCAATA
TTATTTTCACTTTTGGTATCAATCATACAGGATACATATAAACCAACTATCAAACCATTCTTTCCATTTTCTGGGTTATC
TTTCAAGTTTACTAAAAAATTCTTCGACGGTAAGGAATCAAATGTTAGATAGTTCATTTCTAGTAGATACTCTTACTAC
GAAATTGGATACCACAGTCCCAGTTATTTTTCTTATTAGATCTTTATCTAAAGCTCAATTTTGTACCGTATCGGGACAT
CCTATTAGTAAGCCCATCTGGACCGATTTATCAGATTCTGGTATTATTGAACGATTTGGTCGGATATGTAGAAATCTTT
CTCATTATCATAGTGGGTCCTCAAAAAAACAGGGGTTGTATCGAATAAAGTATATACTTCGACTTTCTG

>EU497045.1 Crocus moabiticus_voucher_C1927 maturase_K (matK)_gene A new
nucleotide sequence entered manually.

AAATCCTTCAATGCTGGATTCAAGATGTTCCTCTTTTGCATTTCTTGCGATTCTTTCTTCACGAATATCATAATTGGAAT
AGTTTTTTAATTACTCAGAATAAATCTATTTCTCTTTTTTCAAAAGAAACTAAAAGACTATTTCGGTTCCTATACAATTC
TTATGTGTATGAATGTGAATTTGTATTCGTTTTTCTTCGTAAGCATTCTTCTTATTTACGATTCACATCCTTTCAAACTTT
TCTTGAGCGAAGATATTTCTATGGAAAAATGGAACATCTTCAAACGGAACATCTTATAATAGTATGTTATGATTATTTT
AATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCATTATGCTCGATGTCAAGGAAAAGCAATTCTGGCTTCAAAA
GGAACTCATCTTCTGATGAAGAAGTGGAAATATAATTTTGTCAATTTATGGCAATATTATTTTCACTTTTGGTATCAAT
CATACAGGATCCATATAAACCAACTATCAAACCATTCTTTCCATTTTCTGGGTTATCTTTCAAGTTTATTAAAAAATTA
TTCGACGGTAAGGAATCAAATGTTAGATAATTCATTTCTAATAGATACTCTTACTACGAAATTTGATACCGCAGTCCCA
GTTATTTTTCTTATTAGATCTTTATCTAAAGCTCAATTTTGTACTGTATCGGGACATCCTATTAGTAAGCCCATCTGGAC
CGATTTATCAGATTCTGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATCTTTCTCATTA
TCATAGTGGGTCCTCAAAAAAACA.

>Crocus_CROC_C. asumaniae (CaswD09) A13 matK_ (XF_5R).

CTATTCATTCAATATTTCCTTTTTTAGAGGACAAATTATTACATTTCCATTATGTATCAGATATACTAATACCCCATCCC
ATTCATATGGAAATATTGGTTCAAATCCTTCAATGCTGGATTCAAGATGTTCCTCTTTTGCATTTCTTGCGATTCTTTCT
TCACGAATATCATAATTGGAATAGTTTTTTAATTACTCAGAATAAATCTATTTCTCTTTTTTCAAAAGAAACTAAAAGA
CTATTTCGGTTCCTATACAATTCTTATGTATATGAATGTGAATTTGTATTCGTTTTTCTTCGTAAGCATTCTTCTTATTTA
CGATTCACATCCTTTCAAACTTTTCTTGAGCGAAGATATTTCTATGGAAAAATGGAACATCTTCAAACGGAACATCTTA
TAATAGTATGTTATGATTATTTTAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCATTATGCTCGATGTCAAGG
AAAAGCAATTCTGGCTTCAAAAGGAACTCATCTTCTGATGAAGAAATGGAAATATCATTTTGTCAATTTATGGCAATA
TTATTTTCACTTTTGGTATCAATCATACAGGATCCATATAAACCAACTATCAAACCATTCTTTCCATTTTCTGGGTTATC
TTTCAAGTTTACTAAAAAATTCTTCGACGGTAAGGAATCAAATGTTAGATAATTCATTTCTAATAGATACTCTTACTAC
GAAATTTGATACCGCAGTCCCAGTTATTTTTCTTATTAGATCTTTATCTAAAGCTCAATTTTGTACTGTATCGGGACATC
CTATTAGTAAGCCCATCTGGACCGATTTATCAGATTCTGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATCTTTC
TCATTATCATAGTGGGTCCTCAAAAAAACAGGGGTTGTATCGAATAAAGTATATACTTCGACTTTCTG
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>Crocus_CROC_C. mathewii (CmtHR09) A14 matK_(XF_5R).

CAATTCATTCAACTTTTCCTTTTTAGAGGACAAATTATTACATTTCCATTATGTATCAGATATACTAATACCCCATCCCA
TTCATATGGAAATATTGGTTCAAATCCTTCAATGCTGGATTCAAGATGTTCCTCTTTTGCATTTCTTGCGATTCTTTCTT
CACGAATATCATAATTGGAATAGTTTTTTAATTACTCAGAATAAATCTATTTCTCTTTTTTCAAAAGAAACTAAAAGAC
TATTTCGGTTCCTATACAATTCTTATGTATATGAATGTGAATTTGTATTCGTTTTTCTTCGTAAGCATTCTTCTTATTTAC
GATTCACATCCTTTCAAACTTTTCTTGAGCGAAGATATTTCTATGGAAAAATGGAACATCTTCAAACGGAACATCTTAT
AATAGTATGTTATGATTATTTTAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCATTATGCTCGATGTCAAGGA
AAAGCAATTCTGGCTTCAAAAGGAACTCATCTTCTGATGAAGAAATGGAAATATCATTTTGTCAATTTATGGCAATAT
TATTTTCACTTTTGGTATCAATCATACAGGATCCATATAAACCAACTATCAAACCATTCTTTCCATTTTCTGGGTTATCT
TTCAAGTTTACTAAAAAATTCTTCGACGGTAAGGAATCAAATGTTAGATAATTCATTTCTAATAGATACTCTTACTACG
AAATTTGATACCGCAGTCCCAGTTATTTTTCTTATTAGATCTTTATCTAAAGCTCAATTTTGACTGTATCGGGACATCCT
ATTAGTAAGCCCATCTGGACCGATTTATCAGATTCTGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATCTTTCTC
ATTATCATAGTGGGTCCTCAAAAAAACAGGGGTTGTATCGAATAAAGTATATACTTCGACTTTCTG

>Crocus_CROC_C. pallasii (CpltR09) A3 _matK__ (XF_5R).

CAATTCATTCAACTTTTCCTTTTTTAGAGGACAAATTATTACATTTCCATTATGTATCAGATATACTAATACCCCATCCC
ATTCATATGGAAATATTGGTTCAAATCCTTCAATGCTGGATTCAAGATGTTCCTCTTTTGCATTTCTTGCGATTCTTTCT
TCACGAATATCATAATTGGAATAGTTTTTTAATTACTCAGAATAAATCTATTTCTCTTTTTTCAAAAGAAACTAAAAGA
CTATTTCGGTTCCTATACAATTCTTATGTATATGAATGTGAATTTGTATTCGTTTTTCTTCGTAAGCATTCTTCTTATTTA
CGATTCACATCCTTTCAAACTTTTCTTGAGCGAAGATATTTCTATGGAAAAATGGAACATCTTCAAACGGAACATCTTA
TAATAGTATGTTATGATTATTTTAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCATTATGCTCGATGTCAAGG
AAAAGCAATTCTGGCTTCAAAAGGAACTCATCTTCTGATGAAGAAAAGGAAATATCATTTTGTCAATTTATGGCAATA
TTATTTTCACTTTTGGTATCAATCATACAGGATCCATATAAACCAACTATCAAACCATTCTTTCCATTTTCTGGGTTATC
TTTCAAGTTTACTAAAAAATTCTTCGACGGTAAGGAATCAAATGTTAGATAATTCATTTCTAATAGATACTCTTACTAC
GAAATTTGATACCGCAGTCCCAGTTATTTTTCTTATTAGATCTTTATCTAAAGCTCAATTTTGTACTGTATCGGGACATC
CTATTAGTAAGCCCATCTGGACCGATTTATCGGATTCTGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATCTTTC
TCATTATCATAGTGGGTCCTCAAAAAAACAGGGGTTGTATCGAATAAAGTATATACTTCGACTTTCTG

>Crocus_CROC _C. pallasii (CpIDD09) A4 matK _(XF_5R).

CAATTCATTCAACTTTTCCTTTTTTAGAGGACAAATTATTACATTTCCATTATGTAGATATACTAATACCCCATCCCATT
CATATGGAAATATTGGTTCAAATCCTTAATGCTGGATTCAAGATGTTCCTCTTTTGCATTTCTTGCGATTCTTTCTTCAC
GAAATCATAATTGGAATAGTTTTTTAATTACTCAGAATAAATCTATTTCTCTTTTTTCAAAAGAAACTAAAAGACTATT
TCGGTTCCTATACAATTCTTATGTATATGAATGTGAATTTGTATTCGTTTTTCTTCGTAAGCATTCTTCTTATTTACGATT
CACATCCTTTCAAACTTTTCTTGAGCGAAGATATTTCTATGGAAAAATGACATCTTCAAACGGAACATCTTATAATAGT
ATGTTATGATTATTTTAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCATTATGCTCGATGTCAAGGAAAAGCA
ATTCTGGCTTCAAAAGGAACTCATCTTCTGATGAAGAAAAGGAAATATCATTTTGTCAATTTATGGCAATATTATTTTC
ACTTTTGGTATCAATCATACAGGATCCATATAAACCAACTATCAAACCATTCTTTCCATTTTCTGGGTTATCTTTCAAGT
TTACTAAAAAATTCTTCGACGGTAAGGAATCAAATGTTAGATAATTCATTTCTAATAGATACTCTTACTACGAAATTTG
ATACCGCAGTCCCAGTTATTTTTCTTATTAGATCTTTATCTAAAGCTCAATTTTGTACTGTATCGGGACATCCTATTAGT
AAGCCCATCTGGACCGATTTATCGGATTCTGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATCTTTCTCATTATC
ATAGTGGGTCCTCAAAAAAACAGGGGTTGTATCGAATAAAGTATATACTTCGACTTCGTG

>Crocus_CROC_C. pallasii (CplR09) A1_matK_ (XF_5R).

CAATTCATTCAACTTTTCCTTTTTAGAGGACAAATTATTACATTTCCATTATGTATCAGATATACTAATACCCCATCCCA
TTCATATGGAAATATTGGTTCAAATCCTTCAATGCTGGATTCAAGATGTTCCTCTTTTGCATTTCTTGCGATTCTTTCTT
CACGAATATCATAATTGGAATAGTTTTTTAATTACTCAGAATAAATCTATTTCTCTTTTTTCAAAAGAAACTAAAAGAC
TATTTCGGTTCCTATACAATTCTTATGTATATGAATGTGAATTTGTATTCGTTTTTCTTCGTAAGCATTCTTCTTATTTAC
GATTCACATCCTTTCAAACTTTTCTTGAGCGAAGATATTTCTATGGAAAAATGGAACATCTTCAAACGGAACATCTTAT
AATAGTATGTTATGATTATTTTAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCATTATGCTCGATGTCAAGGA
AAAGCAATTCTGGCTTCAAAAGGAACTCATCTTCTGATGAAGAAAAGGAAATATCATTTTGTCAATTTATGGCAATAT
TATTTTCACTTTTGGTATCAATCATACAGGATCCATATAAACCAACTATCAAACCATTCTTTCCATTTTCTGGGTTATCT
TTCAAGTTTACTAAAAAATTCTTCGACGGTAAGGAATCAAATGTTAGATAATTCATTTCTAATAGATACTCTTACTACG
AAATTTGATACCGCAGTCCCAGTTATTTTTCTTATTAGATCTTTATCTAAAGCTCAATTTTGTACTGTATCGGGACATCC
TATTAGTAAGCCCATCTGGACCGATTTATCGGATTCTGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATCTTTCT
CATTATCATAGTGGGTCCTCAAAAAAACAGGGGTTGTATCGAATAAAGTATATACTTCGACTTCGTG
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> Crocus _CROC_C pallasii (CplvD09) A2_matK_ (XF_5R).

CAATTCATTCAACTTTTCCTTTTTTAGAGGACAAATTATTACATTTCCATTATGTATCAGATATACTAATACCCCATCCC
ATTCATATGGAAATATTGGTTCAAATCCTTCAATGCTGGATTCAAGATGTTCCTCTTTTGCATTTCTTGCGATTCTTTCT
TCACGAATATCATAATTGGAATAGTTTTTTAATTACTCAGAATAAATCTATTTCTCTTTTTTCAAAAGAAACTAAAAGA
CTATTTTGGTTCCTATACAATTCTTATGTATATGAATGTGAATTTGTATTCGTTTTTCTTCGTAAGCATTCTTCTTATTTA
CGATTCACATCCTTTCAAACTTTTCTTGAGCGAAGATATTTCTATGGAAAAATGGAACATCTTCAAACGGAACATCTTA
TAATAGTATGTTATGATTATTTTAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCATTATGCTCGATGTCAAGG
AAAAGCAATTCTGGCTTCAAAAGGAACTCATCTTCTGATGAAGAAATGGAAATATAATTTTGTCAATTTATGGCAATA
TTATTTTCACTTTTGGTATCAATCATACAGGATCCATATAAACCAACTATCAAACCATTCTTTCCATTTTCTGGGTTATC
TTTCAAGTTTACTAAAAAATTCTTCGACGGTAAGGAATCAAATGTTAGATAATTCATTTCTAATAGATACTCTTACTAC
GAAATTTGATACCGCAGTCCCAGTTATTTTTCTTATTAGATCTTTATCTAAAGCTCAATTTTGTACTGTATCGGGACATC
CTATTAGTAAGCCCATCTGGACCGATTTATCAGATTCTGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATCTTTC
TCATTATCATAGTGGGTCCTCAAAAAAACAGGGGTTGTATCGAATAAAGTATATACTTCGACTTTCTG

> Crocus _CROC_C. Cashmirianus'_Hort._Lilac (CstCD09) A5 matK_(XF_5R).

CAATTCATTCAACTTTTCCTTTTTTAGAGGACAAATTATTACATTTCCATTATGTATCAGATATACTAATACCCCATCCC
ATTCATATGGAAATATTGGTTCAAATCCTTCAATGCTGGATTCAAGATGTTCCTCTTTTGCATTTCTTGCGATTCTTTCT
TCACGAATATCATAATTGGAATAGTTTTTTAATTACTCAGAATAAATCTATTTCTCTTTTTTCAAAAGAAACTAAAAGA
CTATTTTGGTTCCTATACAATTCTTATGTATATGAATGTGAATTTGTATTCGTTTTTCTTCGTAAGCATTCTTCTTATTTA
CGATTCACATCCTTTCAAACTTTTCTTGAGCGAAGATATTTCTATGGAAAAATGGAACATCTTCAAACGGAACATCTTA
TAATAGTATGTTATGATTATTTTAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCATTATGCTCGATGTCAAGG
AAAAGCAATTCTGGCTTCAAAAGGAACTCATCTTCTGATGAAGAAATGGAAATATAATTTTGTCAATTTATGGCAATA
TTATTTTCACTTTTGGTATCAATCATACAGGATCCATATAAACCAACTATCAAACCATTCTTTCCATTTTCTGGGTTATC
TTTCAAGTTTACTAAAAAATTCTTCGACGGTAAGGAATCAAATGTTAGATAATTCATTTCTAATAGATACTCTTACTAC
GAAATTTGATACCGCAGTCCCAGTTATTTTTCTTATTAGATCTTTATCTAAAGCTCAATTTTGTACTGTATCGGGACATC
CTATTAGTAAGCCCATCTGGACCGATTTATCAGATTCTGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATCTTTC
TCATTATCATAGTGGGTCCTCAAAAAAACAGGGGTTGTATCGAATAAAGTATATACTTCGACTTTCTG

> Crocus _CROC_C. hadriaticus (ChdWDO08) A1l _matK (XF_5R).

CAATTCATTCAACTTTTCCTTTTTTAGAGGACAAATTATTACATTTCCATTATGTATCAGATATACTAATACCCCATCCC
ATTCATATGGAAATATTGGTTCAAATCCTTCAATGCTGGATTCAAGATGTTCCTCTTTTGCATTTCTTACGATTCTTTCT
TCACGAATATCATAATTGGAATAGTTTTTTAATTACTCAGAATAAATCTATTTCTCTTTTTTCAAAAGAAACTAAAAGA
CTATTTTTGTTCCTATACAATTCTTATGTATATGAATGTGAATTTGTATTCGTTTTTCTTCGTAAGCATTCTTCTTATTTA
CGATTCACATCCTTTCAAACTTTTCTTGAGCGAAGATATTTCTATGGAAAAATGGAACATCTTCAAACGGAACATCTTA
TAATAGTATGTTATGATTATTTTAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCATTATGCTCGATGTCAAGG
AAAAGCAATTCTGGCTTCAAAAGGAACTCATCTTCTGATGAAGAAATGGAAATATAATTTTGTCAATTTATGGCAATA
TTATTTTCACTTTTGGTATCAATCATACAGGATCCATATAAACCAACTATCAAACCATTCTTTCCATTTTCTGGGTTATC
TTTCAAGTTTACTAAAAAATTCTTCGACGGTAAGGAATCAAATGTTAGATAATTCATTTCTAATAGATACTCTTACTAC
GAAATTTGATACCGCAGTCCCAGTTATTTTTCTTATTAGATCTTTATCTAAAGCTCAATTTGTACTGTATCGGGACATCC
TATTAGTAAGCCCATCTGGACCGATTTATCAGATTCTGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATCTTTCT
CATTATCATAGTGGGTCCTCAAAAAAACAGGGGTTGTATCGAATAAAGTATATACTTCGACTTTCTG

> Crocus _CROC_C. oreocreticus (CorVR09) A10_matK_ (XF_5R).

CAATTCATTCAACTTTTCCTTTTTTAGAGGACAAATTATTACATTTCCATTATGTATCAGATATACTAATACCCCATCCC
ATTCATATGGAAATATTGGTTCAAATCCTTCAATGCTGGATTCAAGATGTTCCTCTTTTGCATTTCTTGCGATTCTTTCT
TCACGAATATCATAATTGGAATAGTTTTTTAATTACTCAGAATAAATCTATTTCTCTTTTTTCAAAAGAAACTAAAAGA
CTATTTTGGTTCCTATACAATTCTTATGTATATGAATGTGAATTTGTATTCGTTTTTCTTCGTAAGCATTCTTCTTATTTA
CGATTCACATCCTTTCAAACTTTTCTTGAGCGAAGATATTTCTATGGAAAAATGGAACATCTTCAAACGGAACATCTTA
TAATAGTATGTTATGATTATTTTAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCATTATGCTCGATGTCAAGG
AAAAGCAATTCTGGCTTCAAAAGGAACTCATCTTCTGATGAAGAAATGGAAATATAATTTTGTCAATTTATGGCAATA
TTATTTTCACTTTTGGTATCAATCATACAGGATCCATATAAACCAACTATCAAACCATTCTTTCCATTTTCTGGGTTATC
TTTCAAGTTTACTAAAAAATTCTTCGACGGTAAGGAATCAAATGTTAGATAATTCATTTCTAATAGATACTCTTACTAC
GAAATTTGATACCGCAGTCCCAGTTATTTTTCTTATTAGATCTTTATCTAAAGCTCAATTTTGTACTGTATCGGGACATC
CTATTAGTAAGCCCATCTGGACCGATTTATCAGATTCTGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATCTTTC
TCATTATCATAGTGGGTCCTCAAAAAAACAGGGGTTGTATCGAATAAAGTATATACTTCGACTTTCTG
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> Crocus _CROC_C. sativus_Spain (C.stPER09) A6_matK_ (XF_5R).

CAATTCATTCAACTTTTCCTTTTTTAGAGGACAAATTATTACATTTCCATTATGTATCAGATATACTAATACCCCATCCC
ATTCATATGGAAATATTGGTTCAAATCCTTCAATGCTGGATTCAAGATGTTCCTCTTTTGCATTTCTTGCGATTCTTTCT
TCACGAATATCATAATTGGAATAGTTTTTTAATTACTCAGAATAAATCTATTTCTCTTTTTTCAAAAGAAACTAAAAGA
CTATTTTGGTTCCTATACAATTCTTATGTATATGAATGTGAATTTGTATTCGTTTTTCTTCGTAAGCATTCTTCTTATTTA
CGATTCACATCCTTTCAAACTTTTCTTGAGCGAAGATATTTCTATGGAAAAATGGAACATCTTCAAACGGAACATCTTA
TAATAGTATGTTATGATTATTTTAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCATTATGCTCGATGTCAAGG
AAAAGCAATTCTGGCTTCAAAAGGAACTCATCTTCTGATGAAGAAATGGAAATATAATTTTGTCAATTTATGGCAATA
TTATTTTCACTTTTGGTATCAATCATACAGGATCCATATAAACCAACTATCAAACCATTCTTTCCATTTTCTGGGTTATC
TTTCAAGTTTACTAAAAAATTCTTCGACGGTAAGGAATCAAATGTTAGATAATTCATTTCTAATAGATACTCTTACTAC
GAAATTTGATACCGCAGTCCCAGTTATTTTTCTTATTAGATCTTTATCTAAAGCTCAATTTTGTACTGTATCGGGACATC
CTATTAGTAAGCCCATCTGGACCGATTTATCAGATTCTGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATCTTTC
TCATTATCATAGTGGGTCCTCAAAAAAACAGGGGTTGTATCGAATAAAGTATATACTTCGACTTTCTG

> Crocus _CROC_C. thomasii (CtmVVD09) A12_matK_(XF_5R).

CAATTCATTCAACTTTTCCTTTTTTAGAGGACAAATTATTACATTTCCATTATGTATCAGATATACTAATACCCCATCCC
ATTCATATGGAAATATTGGTTCAAATCCTTAATGCTGGATTCAAGATGTTCCTCTTTTGCATTTCTTGCAATTCTTTCTT
CACGAATATCATAATTGGAATAGTTTTTTAATTACTCAGAATAAATCTATTTCTCTTTTTTCAAAAGAAACTAAAAGAC
TATTTTGGTTCCTATACAATTCTTATGTATATGAATGTGAATTTGTATTCGTTTTTCTTCGTAAGCATTCTTCTTATTTAC
GATTCACATCCTTTCAAACTTTTCTTGAGCGAAGATATTTCTATGGAAAAATGGAACATCTTCAAACGGAACATCTTAT
AATAGTATGTTATGATTATTTTAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCATTATGCTCGATGTCAAGGA
AAAGCAATTCTGGCTTCAAAAGGAACTCATCTTCTGATGAAGAAATGGAAATATAATTTTGTCAATTTATGGCAATAT
TATTTTCACTTTTGGTATCAATCATACAGGATCCATATAAACCAACTATCAAACCATTCTTTCCATTTTCTGGGTTATCT
TTCAAGTTTACTAAAAAATTCTTCGACGGTAAGGAATCAAATGTTAGATAATTCATTTCTAATAGATACTCTTACTACG
AAATTTGATACCGCAGTCCCAGTTATTTTTCTTATTAGATCTTTATCTAAAGCTCAATTTTGTACTGTATCGGGACATCC
TATTAGTAAGCCCATCTGGACCGATTTATCAGATTCTGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATCTTTCT
CATTATCATAGTGGGTCCTCAAAAAAACAGGGGTTGTATCGAATAAAGTATATACTTCGACTTTCTG

> Crocus _CROC_C. cartwrightianus (CcrCR09) A8 _matK_ (XF_5R).

CAATTCATTCAACTTTTCCTTTTTTAGAGGACAAATTATTACATTTCCATTATGTATCAGATATACTAATACCCCATCCC
ATTCATATGGAAATATTGGTTCAAATCCTTCAATGCTGGATTCAAGATGTTCCTCTTTTGCATTTCTTGCGATTCTTTCT
TCACGAATATCATAATTGGAATAGTTTTTTAATTACTCAGAATAAATCTATTTCTCTTTTTTCAAAAGAAACTAAAAGA
CTATTTTGGTTCCTATACAATTCTTATGTATATGAATGTGAATTTGTATTCGTTTTTCTTCGTAAGCATTCTTCTTATTTA
CGATTCACATCCTTTCAAACTTTTCTTGAGCGAAGATATTTCTATGGAAAAATGGAACATCTTCAAACGGAACATCTTA
TAATAGTATGTTATGATTATTTTAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCATTATGCTCGATGTCAAGG
AAAAGCAATTCTGGCTTCAAAAGGAACTCATCTTCTGATGAAGAAATGGAAATATAATTTTGTCAATTTATGGCAATA
TTATTTTCACTTTTGGTATCAATCATACAGGATCCATATAAACCAACTATCAAACCATTCTTTCCATTTTCTGGGTTATC
TTTCAAGTTTACTAAAAAATTCTTCGACGGTAAGGAATCAAATGTTAGATAATTCATTTCTAATAGATACTCTTACTAC
GAAATTTGATACCGCAGTCCCAGTTATTTTTCTTATTAGATCTTTATCTAAAGCTCAATTTTGTACTGTATCGGGACATC
CTATTAGTAAGCCCATCTGGACCGATTTATCAGATTCTGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATCTTTC
TCATTATCATAGTGGGTCCTCAAAAAAACAGGGGTTGTATCGAATAAAGTATATACTTCGACTTTCTG

> Crocus _CROC_C.sativus cartwrightianus_'Albus'(CstcP09) A15 matK_ (XF_5R).

CAATTCATTCAACTTTTCCTTTTTTAGAGGACAAATTATTACATTTCCATTATGTATCAGATATACTAATACCCCATCCC
ATTCATATGGAAATATTGGTTCAAATCCTTCAATGCTGGATTCAAGATGTTCCTCTTTTGCATTTCTTGCGATTCTTTCT
TCACGAATATCATAATTGGAATAGTTTTTTAATTACTCAGAATAAATCTATTTCTCTTTTTTCAAAAGAAACTAAAAGA
CTATTTTGGTTCCTATACAATTCTTATGTATATGAATGTGAATTTGTATTCGTTTTTCTTCGTAAGCATTCTTCTTATTTA
CGATTCACATCCTTTCAAACTTTTCTTGAACGAAGATATTTCTATGGAAAAATGGAACATCTTCAAACGGAACATCTTA
TAATAGTATGTTATGATTATTTTAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCATTATGCTCGATGTCAAGG
AAAAGCAATTCTGGCTTCAAAAGGAACTCATCTTCTGATGAAGAAATGGAAATATAATTTTGTCAATTTATGGCAATA
TTATTTTCACTTTTGGTATCAATCATACAGGATCCATATAAACCAACTATCAAACCATTCTTTCCATTTTCTGGGTTATC
TTTCAAGTTTACTAAAAAATTCTTCGACGGTAAGGAATCAAATGTTAGATAATTCATTTCTAATAGATACTCTTACTAC
GAAATTTGATACCGCAGTCCCAGTTATTTTTCTTATTAGATCTTTATCTAAAGCTCAATTTGTACTGTATCGGGACATCC
TATTAGTAAGCCCATCTGGACCGATTTATCAGATTCTGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATCTTTCT
CATTATCATAGTGGGTCCTCAAAAAAACAGGGGTTGTATCGAATAAAGTATATACTTCGACTTTCTG
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> Crocus _CROC_C. cartwrightianus (CcwADO08) A7_matK_ (XF_5R).

CAATTCATTCAACTTTTCCTTTTTTAGAGGACAAATTATTACATTTCCATTATGTATCAGATATACTAATACCCCATCCC
ATTCATATGGAAATATTGGTTCAAATCCTTCAATGCTGGATTCAAGATGTTCCTCTTTTGCATTTCTTGCGATTCTTTCT
TCACGAATATCATAATTGGAATAGTTTTTTAATTACTCAGAATAAATCTATTTCTCTTTTTTCAAAAGAAACTAAAAGA
CTATTTTGGTTCCTATACAATTCTTATGTATATGAATGTGAATTTGTATTCGTTTTTCTTCGTAAGCATTCTTCTTATTTA
CGATTCACATCCTTTCAAACTTTTCTTGAACGAAGATATTTCTATGGAAAAATGGAACATCTTCAAACGGAACATCTTA
TAATAGTATGTTATGATTATTTTAATAGAACCCTATGGTCCTTCAAAGATCCTTTTATGCATTATGCTCGATGTCAAGG
AAAAGCAATTCTGGCTTCAAAAGGAACTCATCTTCTGATGAAGAAATGGAAATATAATTTTGTCAATTTATGGCAATA
TTATTTTCACTTTTGGTATCAATCATACAGGATCCATATAAACCAACTATCAAACCATTCTTTCCATTTTCTGGGTTATC
TTTCAAGTTTACTAAAAAATTCTTCGACGGTAAGGAATCAAATGTTAGATAATTCATTTCTAATAGATACTCTTACTAC
GAAATTTGATACCGCAGTCCCAGTTATTTTTCTTATTAGATCTTTATCTAAAGCTCAATTTTGTACTGTATCGGGACATC
CTATTAGTAAGCCCATCTGGACCGATTTATCAGATTCTGGTATTATTGAGCGATTTGGTCGGATATCTAGAAATCTTTC
TCATTATCATAGTGGGTCCTCAAAAAAACAGGGGTTGTATCGAATAAAGTATATACTTCGACTTTCTT
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3: Consensus rbcL plastid gene sequences of Crocus series Crocus, obtained by aligning
both forward and reverse sequences for each species.

>JX903213.1 Crocus banaticus_voucher_D.K. Kim_09-004 ribulose-1,5-
bisphosphate_carboxylase large _subunit_(rbcL)_ -

GGATTTAAAGCTGGTGTTAAAGATTACAGATTGACTTATTATACTCCGGAGTACGAAACCAAAGATACTGATATCTTG
GCAGCATTCCGAGTAACTCCTCAACCCGGAGTTCCTGCTGAAGAGGCGGGGGCAGCGGTAGCTGCGGAATCTTCTACT
GGTACATGGACAACAGTGTGGACTGATGGACTTACCAGTCTTGATCGTTACAAAGGACGATGCTATCATATCGAGGCC
GTTGTTGGGGAGGAAAATCAATATATTGCTTATGTAGCTTATCCTTTAGACCTTTTTGAAGAAGGTTCTGTTACTAATA
TGTTTACTTCCATTGTGGGTAATGTATTTGGTTTCAAAGCCCTACGAGCTCTACGTCTGGAGGATTTGCGAATTCCCCC
TGCTTATTCCAAAACTTTCCAAGGCCCGCCCCATGGCATCCAGGTTGAAAGAGATAAATTGAACAAGTATGGTCGTCC
CCTATTGGGATGTACTATTAAACCAAAATTGGGATTATCTGCAAAAAACTACGGTAGAGCGGTTTATGAATGTCTACG
TGGTGGGCTTGATTTTACCAAGGATGATGAAAACGTGAACTCACAACCTTTTATGCGTTGGAGAGACCGTTTCTTATTT
TGTGCTGAAGCAATTTATAAAGCGCAGGCCGAAACAGGTGAAATCAAAGGACATTACTTGAATGCAACTGCAG

> Crocus _CROC_C. cartwrightianus (CcwBD10)9B_rbcl__ (1F_724R).

CCCCAACAGAAACTAAAGCAAGTGCTGGATTTAAGGCTGGTGTTAAAGATTACAGATTGACTTATTATACTCCGGAGT
ACGAAACCAAAGATACTGATATCTTGGCAGCATTCCGAGTAACTCCTCAACCCGGAGTTCCTGCTGAAGAAGCGGGG
GCAGCGGTAGCTGCGGAATCTTCTACTGGTACATGGACAACAGTGTGGACTGATGGACTTACCAGTCTTGATCGTTAC
AAAGGACGATGCTATCATATCGAGGCCGTTGTTGGGGAGGAAAATCAATATATTGCTTATGTAGCTTATCCTTTAGAC
CTTTTTGAAGAAGGTTCTGTTACTAATATGTTTACTTCCATTGTGGGTAATGTATTTGGTTTCAAAGCCCTACGAGCTCT
ACGTCTGGAGGATTTGCGAATTCCCCCTGCTTATTCCAAAACTTTCCAAGGCCCACCCCATGGCATCCAGGTTGAAAG
AGATAAATTAAACAAGTATGGTCGTCCCCTATTGGGATGTACTATTAAACCAAAATTGGGATTATCTGCAAAAAACTA
CGGTAGAGCGGTTTATGAATGTCTACGCGGTGGGCTTGATTTTACCAAGGATGATGAAAATGTGAACTCACAACCTTT
TATGCGTTGGAGAGACCGTTTCTTATTTTGTGCTGAAGCACTTTATAAAGCGCAGGCCGAAACAGGTGAAATCAAAGG
ACATTACTTGAATGCTACTGCAG

> Crocus _CROC_C. asumaniae (CaswD09)13B_rbcl__ (1F_724R).

CCCCAACAGAAACTAAAGCAAGTGCTGGATTTAAAGCTGGTGTTAAAGATTACAGATTGACTTATTATACTCCGGAGT
ACGAAACCAAAGATACTGATATCTTGGCAGCATTCCGAGTAACTCCTCAACCCGGAGTTCCTGCTGAAGAAGCGGGG
GCAGCGGTAGCTGCGGAATCTTCTACTGGTACATGGACAACAGTGTGGACTGATGGACTTACCAGTCTTGATCGTTAC
AAAGGACGATGCTATCATATCGAGGCCGTTGTTGGGGAGGAAAATCAATATATTGCTTATGTAGCTTATCCTTTAGAC
CTTTTTGAAGAAGGTTCTGTTACTAATATGTTTACTTCCATTGTGGGTAATGTATTTGGTTTCAAAGCCCTACGAGCTCT
ACGTCTGGAGGATTTGCGAATTCCCCCTGCTTATTCCAAAACTTTCCAAGGCCCGCCCCATGGCATCCAGGTTGAAAG
AGATAAATTGAACAAGTATGGTCGTCCCCTATTGGGATGTACTATTAAACCAAAATTGGGATTATCTGCAAAAAACTA
CGGTAGAGCGGTTTATGAATGTCTACGCGGTGGGCTTGATTTTACCAAGGATGATGAAAACGTGAACTCACAACCTTT
TATGCGTTGGAGAGACCGTTTCTTATTTTGTGCTGAAGCAATTTATAAAGCGCAGGCCGAAACAGGTGAAATCAAAGG
ACATTACTTGAATGCTACTGCAG

> Crocus _CROC_C. mathweii (CmtHR09)14B rbcl __ (1F_724R).

CCCCCACAGAAACTAAAGCAAGTGCTGGATTTAAGGCTGGTGTTAAAGATTACAGATTGACTTATTATACTCCGGAGT
ACGAAACCAAAGATACTGATATCTTGGCAGCATTCCGAGTAACTCCTCAACCCGGAGTTCCTGCTGAAGAAGCGGGG
GCAGCGGTAGCTGCGGAATCTTCTACTGGTACATGGACAACAGTGTGGACTGATGGACTTACCAGTCTTGATCGTTAC
AAAGGACGATGCTATCATATCGAGGCCGTTGTTGGGGAGGAAAATCAATATATTGCTTATGTAGCTTATCCTTTAGAC
CTTTTTGAAGAAGGTTCTGTTACTAATATGTTTACTTCCATTGTGGGTAATGTATTTGGTTTCAAAGCCCTACGAGCTCT
ACGTCTGGAGGATTTGCGAATTCCCCCTGCTTATTCCAAAACTTTCCAAGGCCCACCCCATGGCATCCAGGTTGAAAG
AGATAAATTAAACAAGTATGGTCGTCCCCTATTGGGATGTACTATTAAACCAAAATTGGGATTATCTGCAAAAAACTA
CGGTAGAGCGGTTTATGAATGTCTACGCGGTGGGCTTGATTTTACCAAGGATGATGAAAATGTGAACTCACAACCTTT
TATGCGTTGGAGAGACCGTTTCTTATTTTGTGCTGAAGCACTTTATAAAGCGCAGGCCGAAACAGGTGAAATCAAAGG
ACATTACTTGAATGCTACTGCAG

> Crocus _CROC_C._pallasii (CpIDD09)4B _rbcl __ (1F_724R).
CCCCCACAGAAACTAAAGCAAGTGCTGGATTTAAGGCTGGTGTTAAAGATTACAGATTGACTTATTATACTCCGGAGT
ACGAAACCAAAGATACTGATATCTTGGCAGCATTCCGAGTAACTCCTCAACCCGGAGTTCCTGCTGAAGAAGCGGGG
GCAGCGGTAGCTGCGGAATCTTCTACTGGTACATGGACAACAGTGTGGACTGATGGACTTACCAGTCTTGATCGTTAC
AAAGGACGATGCTATCATATCGAGGCCGTTGTTGGGGAGGAAAATCAATATATTGCTTATGTAGCTTATCCTTTAGAC
CTTTTTGAAGAAGGTTCTGTTACTAATATGTTTACTTCCATTGTGGGTAATGTATTTGGTTTCAAAGCCCTACGAGCTCT
ACGTCTGGAGGATTTGCGAATTCCCCCTGCTTATTCCAAAACTTTCCAAGGCCCACCCCATGGCATCCAGGTTGAAAG
AGATAAATTAAACAAGTATGGTCGTCCCCTATTGGGATGTACTATTAAACCAAAATTGGGATTATCTGCAAAAAACTA
CGGTAGAGCGGTTTATGAATGTCTACGCGGTGGGCTTGATTTTACCAAGGATGATGAAAATGTGAACTCACAACCTTT
TATGCGTTGGAGAGACCGTTTCTTATTTTGTGCTGAAGCACTTTATAAAGCGCAGGCCGAAACAGGTGAAATCAAAGG
ACATTACTTGAATGCTACTGCAG
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> Crocus _CROC_C. pallasii (CpltR09)3B rbcl  (1F_724R).

CCCCCACAGAAACTAAAGCAAGTGCTGGATTTAAGGCTGGTGTTAAAGATTACAGATTGACTTATTATACTCCGGAGT
ACGAAACCAAAGATACTGATATCTTGGCAGCATTCCGAGTAACTCCTCAACCCGGAGTTCCTGCTGAAGAAGCGGGG
GCAGCGGTAGCTGCGGAATCTTCTACTGGTACATGGACAACAGTGTGGACTGATGGACTTACCAGTCTTGATCGTTAC
AAAGGACGATGCTATCATATCGAGGCCGTTGTTGGGGAGGAAAATCAATATATTGCTTATGTAGCTTATCCTTTAGAC
CTTTTTGAAGAAGGTTCTGTTACTAATATGTTTACTTCCATTGTGGGTAATGTATTTGGTTTCAAAGCCCTACGAGCTCT
ACGTCTGGAGGATTTGCGAATTCCCCCTGCTTATTCCAAAACTTTCCAAGGCCCACCCCATGGCATCCAGGTTGAAAG
AGATAAATTAAACAAGTATGGTCGTCCCCTATTGGGATGTACTATTAAACCAAAATTGGGATTATCTGCAAAAAACTA
CGGTAGAGCGGTTTATGAATGTCTACGCGGTGGGCTTGATTTTACCAAGGATGATGAAAATGTGAACTCACAACCTTT
TATGCGTTGGAGAGACCGTTTCTTATTTTGTGCTGAAGCACTTTATAAAGCGCAGGCCGAAACAGGTGAAATCAAAGG
ACATTACTTGAATGCTACTGCAG

> Crocus _CROC_C. pallasii (CplR09)1B rbcl _ (1F _724R)
CCCCAACAGAAACTAAAGCAAGTGCTGGATTTAAGGCTGGTGTTAAAGATTACAGATTGACTTATTATACTCCGGAGT
ACGAAACCAAAGATACTGATATCTTGGCAGCATTCCGAGTAACTCCTCAACCCGGAGTTCCTGCTGAAGAAGCGGGG
GCAGCGGTAGCTGCGGAATCTTCTACTGGTACATGGACAACAGTGTGGACTGATGGACTTACCAGTCTTGATCGTTAC
AAAGGACGATGCTATCATATCGAGGCCGTTGTTGGGGAGGAAAATCAATATATTGCTTATGTAGCTTATCCTTTAGAC
CTTTTTGAAGAAGGTTCTGTTACTAATATGTTTACTTCCATTGTGGGTAATGTATTTGGTTTCAAAGCCCTACGAGCTCT
ACGTCTGGAGGATTTGCGAATTCCCCCTGCTTATTCCAAAACTTTCCAAGGCCCACCCCATGGCATCCAGGTTGAAAG
AGATAAATTAAACAAGTATGGTCGTCCCCTATTGGGATGTACTATTAAACCAAAATTGGGATTATCTGCAAAAAACTA
CGGTAGAGCGGTTTATGAATGTCTACGCGGTGGGCTTGATTTTACCAAGGATGATGAAAATGTGAACTCACAACCTTT
TATGCGTTGGAGAGACCGTTTCTTATTTTGTGCTGAAGCACTTTATAAAGCGCAGGCCGAAACAGGTGAAATCAAAGG
ACATTACTTGAATGCTACTGCAG

> Crocus _CROC_C. Cashmirianus (CstCD09)5B_rbcl__ (1F_724R).

CCCCAACAGAAACTAAAGCAAGTGCTGGATTTAAGGCTGGTGTTAAAGATTACAGATTGACTTATTATACTCCGGAGT
ACGAAACCAAAGATACTGATATCTTGGCAGCATTCCGAGTAACTCCTCAACCCGGAGTTCCTGCTGAAGAAGCGGGG
GCAGCGGTAGCTGCGGAATCTTCTACTGGTACATGGACAACAGTGTGGACTGATGGACTTACCAGTCTTGATCGTTAC
AAAGGACGATGCTATCATATCGAGGCCGTTGTTGGGGAGGAAAATCAATATATTGCTTATGTAGCTTATCCTTTAGAC
CTTTTTGAAGAAGGTTCTGTTACTAATATGTTTACTTCCATTGTGGGTAATGTATTTGGTTTCAAAGCCCTACGAGCTCT
ACGTCTGGAGGATTTGCGAATTCCCCCTGCTTATTCCAAAACTTTCCAAGGCCCACCCCATGGCATCCAGGTTGAAAG
AGATAAATTAAACAAGTATGGTCGTCCCCTATTGGGATGTACTATTAAACCAAAATTGGGATTATCTGCAAAAAACTA
CGGTAGAGCGGTTTATGAATGTCTACGTGGTGGGCTTGATTTTACCAAGGATGATGAAAACGTGAACTCACAACCTTT
TATGCGTTGGAGAGACCGTTTCTTATTTTGTGCTGAAGCACTTTATAAAGCGCAGGCCGAAACAGGTGAAATCAAAGG
ACATTACTTGAATGCTACTGCAG

> Crocus _CROC_C._hadriaticus (ChdWDO08)11B rbcl__ (1F_724R).
CCCCCACAGAAACTAAAGCAAGTGCTGGATTTAAGGCTGGTGTTAAAGATTACAGATTGACTTATTATACTCCGGAGT
ACGAAACCAAAGATACTGATATCTTGGCAGCATTCCGAGTAACTCCTCAACCCGGAGTTCCTGCTGAAGAAGCGGGG
GCAGCGGTAGCTGCGGAATCTTCTACTGGTACATGGACAACAGTGTGGACTGATGGACTTACCAGTCTTGATCGTTAC
AAAGGACGATGCTATCATATCGAGGCCGTTGTTGGGGAGGAAAATCAATATATTGCTTATGTAGCTTATCCTTTAGAC
CTTTTTGAAGAAGGTTCTGTTACTAATATGTTTACTTCCATTGTGGGTAATGTATTTGGTTTCAAAGCCCTACGAGCTCT
ACGTCTGGAGGATTTGCGAATTCCCCCTGCTTATTCCAAAACTTTCCAAGGCCCACCCCATGGCATCCAGGTTGAAAG
AGATAAATTAAACAAGTATGGTCGTCCCCTATTGGGATGTACTATTAAACCAAAATTGGGATTATCTGCAAAAAACTA
CGGTAGAGCGGTTTATGAATGTCTACGTGGTGGGCTTGATTTTACCAAGGATGATGAAAACGTGAACTCACAACCTTT
TATGCGTTGGAGAGACCGTTTCTTATTTTGTGCTGAAGCACTTTATAAAGCGCAGGCCGAAACAGGTGAAATCAAAGG
ACATTACTTGAATGCTACTGCAG

> Crocus _CROC_C. oreocreticus (CorVR09)10B rbcl _ (1F_724R).

CCCCCACAGAAACTAAAGCAAGTGCTGGATTTAAGGCTGGTGTTAAAGATTACAGATTGACTTATTATACTCCGGAGT
ACGAAACCAAAGATACTGATATCTTGGCAGCATTCCGAGTAACTCCTCAACCCGGAGTTCCTGCTGAAGAAGCGGGG
GCAGCGGTAGCTGCGGAATCTTCTACTGGTACATGGACAACAGTGTGGACTGATGGACTTACCAGTCTTGATCGTTAC
AAAGGACGATGCTATCATATCGAGGCCGTTGTTGGGGAGGAAAATCAATATATTGCTTATGTAGCTTATCCTTTAGAC
CTTTTTGAAGAAGGTTCTGTTACTAATATGTTTACTTCCATTGTGGGTAATGTATTTGGTTTCAAAGCCCTACGAGCTCT
ACGTCTGGAGGATTTGCGAATTCCCCCTGCTTATTCCAAAACTTTCCAAGGCCCACCCCATGGCATCCAGGTTGAAAG
AGATAAATTAAACAAGTATGGTCGTCCCCTATTGGGATGTACTATTAAACCAAAATTGGGATTATCTGCAAAAAACTA
CGGTAGAGCGGTTTATGAATGTCTACGTGGTGGGCTTGATTTTACCAAGGATGATGAAAACGTGAACTCACAACCTTT
TATGCGTTGGAGAGACCGTTTCTTATTTTGTGCTGAAGCACTTTATAAAGCGCAGGCCGAAACAGGTGAAATCAAAGG
ACATTACTTGAATGCTACTGCAG
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> Crocus _CROC_C. pallasii (CplVD09)2B_rbcl__ (1F_724R).

CCCCCACAGAAACTAAAGCAAGTGCTGGATTTAAGGCTGGTGTTAAAGATTACAGATTGACTTATTATACTCCGGAGT
ACGAAACCAAAGATACTGATATCTTGGCAGCATTCCGAGTAACTCCTCAACCCGGAGTTCCTGCTGAAGAAGCGGGG
GCAGCGGTAGCTGCGGAATCTTCTACTGGTACATGGACAACAGTGTGGACTGATGGACTTACCAGTCTTGATCGTTAC
AAAGGACGATGCTATCATATCGAGGCCGTTGTTGGGGAGGAAAATCAATATATTGCTTATGTAGCTTATCCTTTAGAC
CTTTTTGAAGAAGGTTCTGTTACTAATATGTTTACTTCCATTGTGGGTAATGTATTTGGTTTCAAAGCCCTACGAGCTCT
ACGTCTGGAGGATTTGCGAATTCCCCCTGCTTATTCCAAAACTTTCCAAGGCCCACCCCATGGCATCCAGGTTGAAAG
AGATAAATTAAACAAGTATGGTCGTCCCCTATTGGGATGTACTATTAAACCAAAATTGGGATTATCTGCAAAAAACTA
CGGTAGAGCGGTTTATGAATGTCTACGTGGTGGGCTTGATTTTACCAAGGATGATGAAAACGTGAACTCACAACCTTT
TATGCGTTGGAGAGACCGTTTCTTATTTTGTGCTGAAGCACTTTATAAAGCGCAGGCCGAAACAGGTGAAATCAAAGG
ACATTACTTGAATGCTACTGCAG

> Crocus _CROC_C.sativuscartwrightianus_'Albus' (CstcP09)15B _rbcl__ (1F_724R).

CCCCCACAGAAACTAAAGCAAGTGCTGGATTTAAGGCTGGTGTTAAAGATTACAGATTGACTTATTATACTCCGGAGT
ACGAAACCAAAGATACTGATATCTTGGCAGCATTCCGAGTAACTCCTCAACCCGGAGTTCCTGCTGAAGAAGCGGGG
GCAGCGGTAGCTGCGGAATCTTCTACTGGTACATGGACAACAGTGTGGACTGATGGACTTACCAGTCTTGATCGTTAC
AAAGGACGATGCTATCATATCGAGGCCGTTGTTGGGGAGGAAAATCAATATATTGCTTATGTAGCTTATCCTTTAGAC
CTTTTTGAAGAAGGTTCTGTTACTAATATGTTTACTTCCATTGTGGGTAATGTATTTGGTTTCAAAGCCCTACGAGCTCT
ACGTCTGGAGGATTTGCGAATTCCCCCTGCTTATTCCAAAACTTTCCAAGGCCCACCCCATGGCATCCAGGTTGAAAG
AGATAAATTAAACAAGTATGGTCGTCCCCTATTGGGATGTACTATTAAACCAAAATTGGGATTATCTGCAAAAAACTA
CGGTAGAGCGGTTTATGAATGTCTACGTGGTGGGCTTGATTTTACCAAGGATGATGAAAACGTGAACTCACAACCTTT
TATGCGTTGGAGAGACCGTTTCTTATTTTGTGCTGAAGCACTTTATAAAGCGCAGGCCGAAACAGGTGAAATCAAAGG
ACATTACTTGAATGCTACTGCAG

> Crocus _CROC_C. thomasii_ (CtmVD09)12B_rbcl__ (1F_724R).

CCCCCACAGAAACTAAAGCAAGTGCTGGATTTAAGGCTGGTGTTAAAGATTACAGATTGACTTATTATACTCCGGAGT
ACGAAACCAAAGATACTGATATCTTGGCAGCATTCCGAGTAACTCCTCAACCCGGAGTTCCTGCTGAAGAAGCGGGG
GCAGCGGTAGCTGCGGAATCTTCTACTGGTACATGGACAACAGTGTGGACTGATGGACTTACCAGTCTTGATCGTTAC
AAAGGACGATGCTATCATATCGAGGCCGTTGTTGGGGAGGAAAATCAATATATTGCTTATGTAGCTTATCCTTTAGAC
CTTTTTGAAGAAGGTTCTGTTACTAATATGTTTACTTCCATTGTGGGTAATGTATTTGGTTTCAAAGCCCTACGAGCTCT
ACGTCTGGAGGATTTGCGAATTCCCCCTGCTTATTCCAAAACTTTCCAAGGCCCACCCCATGGCATCCAGGTTGAAAG
AGATAAATTAAACAAGTATGGTCGTCCCCTATTGGGATGTACTATTAAACCAAAATTGGGATTATCTGCAAAAAACTA
CGGTAGAGCGGTTTATGAATGTCTACGTGGTGGGCTTGATTTTACCAAGGATGATGAAAACGTGAACTCACAACCTTT
TATGCGTTGGAGAGACCGTTTCTTATTTTGTGCTGAAGCACTTTATAAAGCGCAGGCCGAAACAGGTGAAATCAAAGG
ACATTACTTGAATGCTACTGCAG

> Crocus _CROC_C. cartwrightianus (CcwADO08)7B_rbcl__ (1F_724R).

CCCCCACAGAAACTAAAGCAAGTGCTGGATTTAAGGCTGGTGTTAAAGATTACAGATTGACTTATTATACTCCGGAGT
ACGAAACCAAAGATACTGATATCTTGGCAGCATTCCGAGTAACTCCTCAACCCGGAGTTCCTGCTGAAGAAGCGGGG
GCAGCGGTAGCTGCGGAATCTTCTACTGGTACATGGACAACAGTGTGGACTGATGGACTTACCAGTCTTGATCGTTAC
AAAGGACGATGCTATCATATCGAGGCCGTTGTTGGGGAGGAAAATCAATATATTGCTTATGTAGCTTATCCTTTAGAC
CTTTTTGAAGAAGGTTCTGTTACTAATATGTTTACTTCCATTGTGGGTAATGTATTTGGTTTCAAAGCCCTACGAGCTCT
ACGTCTGGAGGATTTGCGAATTCCCCCTGCTTATTCCAAAACTTTCCAAGGCCCACCCCATGGCATCCAGGTTGAAAG
AGATAAATTAAACAAGTATGGTCGTCCCCTATTGGGATGTACTATTAAACCAAAATTGGGATTATCTGCAAAAAACTA
CGGTAGAGCGGTTTATGAATGTCTACGTGGTGGGCTTGATTTTACCAAGGATGATGAAAACGTGAACTCACAACCTTT
TATGCGTTGGAGAGACCGTTTCTTATTTTGTGCTGAAGCACTTTATAAAGCGCAGGCCGAAACAGGTGAAATCAAAGG
ACATTACTTGAATGCTACTGCAG

> Crocus _CROC_C. sativus_Spain (C.stPER09) A6 _rbcl _ (1F_724R).

CCCAAACAGAAACTAAAGCAAGTGCTGGATTTAAGGCTGGTGTTAAAGATTACAGATTGACTTATTATACTCCGGAGT
ACGAAACCAAAGATACTGATATCTTGGCAGCATTCCGAGTAACTCCTCAACCCGGAGTTCCTGCTGAAGAAGCGGGG
GCAGCGGTAGCTGCGGAATCTTCTACTGGTACATGGACAACAGTGTGGACTGATGGACTTACAGTCTTGATCGTTACA
AAGGACGATGCTATCATATCGAGGCCGTTGTTGGGGAGGAAAATCAATATATTGCTTATGTAGCTTATCCTTTAGACC
TTTTTGAAGAAGGTTCTGTTACTAATATGTTTACTTCCATTGTGGGTAATGTATTTGGTTTCAAAGCCCTACGAGCTCTA
CGTCTGGAGGATTTGCGAATTCCCCCTGCTTATTCCAAAACTTTCCAAGGCCCACCCCATGGCATCCAGGTTGAAAGA
GATAAATTAAACAAGTATGGTCGTCCCCTATTGGGATGTACTATTAAACCAAAATTGGGATTATCTGCAAAAAACTAC
GGTAGAGCGGTTTATGAATGTCTACGTGGTGGGCTTGATTTTACCAAGGATGATGAAAACGTGAACTCACAACCTTTT
ATGCGTTGGAGAGACCGTTTCTTATTTTGTGCTGAAGCACTTTATAAAGCGCAGGCCGAAACAGGTGAAATCAAAGGA
CATTACTTGAATGCTACTGCAG
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> Crocus _CROC_C. cartwrightianus (CcrCR09)8B_rbcl__ (1F_724R).
CCCAAACAGAAACTAAAGCAAGTGCTGGATTTAAGGCTGGTGTTAAAGATTACAGATTGACTTATTATACTCCGGAGT
ACGAAACCAAAGATACTGATATCTTGGCAGCATTCCGAGTAACTCCTCAACCCGGAGTTCCTGCTGAAGAAGCGGGG
GCAGCGGTAGCTGCGGAATCTTCTACTGGTACATGGACAACAGTGTGGACTGATGGACTTACCAGTCTTGATCGTTAC
AAAGGACGATGCTATCATATCGAGGCCGTTGTTGGGGAGGAAAATCAATATATTGCTTATGTAGCTTATCCTTTAGAC
CTTTTTGAAGAAGGTTCTGTTACTAATATGTTTACTTCCATTGTGGGTAATGTATTTGGTTTCAAAGCCCTACGAGCTCT
ACGTCTGGAGGATTTGCGAATTCCCCCTGCTTATTCCAAAACTTTCCAAGGCCCACCCCATGGCATCCAGGTTGAAAG
AGATAAATTAAACAAGTATGGTCGTCCCCTATTGGGATGTACTATTAAACCAAAATTGGGATTATCTGCAAAAAACTA
CGGTAGAGCGGTTTATGAATGTCTACGTGGTGGGCTTGATTTTACCAAGGATGATGAAAACGTGAACTCACAACCTTT
TATGCGTTGGAGAGACCGTTTCTTATTTTGTGCTGAAGCACTTTATAAAGCGCAGGCCGAAACAGGTGAAATCAAAGG
ACATTACTTGAATGCTACTGCAG
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4: Consensus trnH plastid gene sequences of Crocus series Crocus, obtained by aligning
both forward and reverse sequences for each species.

>EU110227.1 Crocus_moabiticus_voucher_C1927 photosystem Il _protein_D1
(psbA)_gene A new nucleotide sequence entered manually.

ACTGCCTTGATCCACTTGGCTACATCCGCCCCTTATCTAGCTAAAGGATTTTCTCTTTTTTCCATTCATCATTATTGTAT
TTATTCTTACCTTCATACTTCGATCGAGATATTCTATTGGACATAGAATGCCAATCTTTAAAATGTAAAAAAAGGAGTA
ATCCGCTGTGACACGTTCACTAAAAAAAAATCCTTTTGTAGCCAATCATTTATCGGGAAAAATTCAAAAACTCAACAT
GAGGGAGGAGAAAGAAATAATAGTAACTTGGTCTCGGGCATCTACCATTATACCCACAATGATTGGCCATACAATCG
CTATTCATAATGGAAAGGAGCATTTGCCTATTTATATAACAGATCGTATGGTAGGTCACAAATTGGGAGAATTCGCGC
CTACTCTGACTTTCGCGAGACATGCGAGAAACGATAATAAATCTCGTCGTTAATTTTGGATAGATCAAACAAGGGTGG
GGGATCCATGCCCCATATTTGTTTTTCTAAAACAAATATGGGGCATGGATCCTTCAACGATTCATATACATTAATAGAG
AACTCTTATCCATTTATAGATGGAACTTCGACAGCAGCTAGGTCTAAAGGAAAGT T----mnnmmmmmmmmmmmmmeeeae

>EU110175.1 Crocus_banaticus_voucher_C1821 photosystem_Il_protein_D1
(psbA)_ gene A new nucleotide sequence entered manually.

ACTGCCTTGATCCACTTGGCTACATCCGCCCCTTATCTAGCTAAAGGATTTTCTCTTTTTTCCATTCATCATTATTGTAT
TTATTCTTACCTTCATACTTCGATCGAGATATTCTATTGGACATAGAATGCCAATCTTTAAAATGTAAAAAAAGGAGTA
ATCCGCTGTGACACGTTCACTAAAAAAAAATCCTTTTGTAGCCAATCATTTATCGGGAAAAATTCAAAAACTCAACAT
GAGGGAGGAGAAAGAAATAATAGTAACTTGGTCTCGGGCATCTACCATTATACCCACAATGATTGGCCATACAATCG
CTATTCATAATGGAAAGGAGCATTTGCCTATTTATATAACAGATCGTATGGTAGGTCACAAATTGGGAGAATTCGCGC
CTACTCTGACTTTCGCGAGACATGCGAGAAACGATAATAAATCTCGTCGTTAATTTTGGATAGATCAAACAAGGGTGG
GGGATCCATGCCCCATATTTGTTTTTATAAAACAAAATATGGGGCATGGATCCTTCAACGATTCATATACATTAATAG
AGAACTCTTATCCATTTATAGATGGAACTTCGACAGCAGCTAGGTCTAAAGGAAAGT T----mmmmnmmmmmmmmmmmnmeen

> Crocus _CROC_C. asumaniae (CaswDO09) E13 trnh_ (trnH-psbA ).

GGATTCACAATCCACTGCCTTGATCCACTTGGCTACATCCGCCCCTTATCTAGCTAAAGGATTTTCTCTTTTTTCCATTC
ATCATTATTGTATTTATTCTTACCTTCATACTTCGATCGAGATATTCTATTGGACATAGAATGCCAATCTTTAAAATGTA
AAAAAAGGAGTAATCCGCTGTGACACGTTCACTAAAAAAAAATCCTTTTGTAGCCAATCATTTATCGGGAAAAATTCA
AAAACTCAACATGAGGGAGGAGAAAGAAATAATAGTAACTTGGTCTCGGGCATCTACCATTATACCCACAATGATTG
GCCATACAATCGCTATTCATAATGGAAAGGAGCATTTGCCTATTTATATAACAGATCGTATGGTAGGTCACAAATTGG
GAGAATTCGCGCCTACTCTGACTTTCGCGAGACATGCGAGAAACGATAATAAATCTCGTCGTTAATTTTGGATAGATC
AAACAAGGGTGGGGGATCCAT-
GCCCCATATTTGTTTTTATAAAACAAAATATGGGGCATGGATCCTTCAACGATTCATATACATTAATAGAGATAGAGA
ACTCTTATCCATTTATAGATGGAACTTCGGCAGCAGCTAGGTCTAAAGGAAAGTTGTGAGCATTACGTTCATGCATAA
CA

> Crocus _CROC_C. pallasii (CpIR09) E1_trnh_ (trnH-psbA ).

GGATTCACAATCCACTGCCTTGATCCACTTGGCTACATCCGCCCCTTATCTAGCTAAAGGATTTTCTCTTTTTTCCATTC
ATCATTATTGTATTTATTCTTACCTTCATACTTCGATCGAGATATTCTATTGGACATAGAATGCCAATCTTTAAAATGTA
AAAAAAGGAGTAATCCGCTGTGACACGTTCACTAAAAAAAAATCCTTTTGTAGCCAATCATTTATCGGGAAAAATTCA
AAAACTCAACATGAGGGAGGAGAAAGAAATAATAGTAACTTGGTCTCGGGCATCTACCATTATACCCACAATGATTG
GCCATACAATCGCTATTCATAATGGAAAGGAGCATTTGCCTATTTATATAACAGATCGTATGGTAGGTCACAAATTGG
GAGAATTCGCGCCTACTCTGACTTTCGCGAGACATGCGAGAAACGATAATAAATCTCGTCGTTAATTTTGGATAGATC
AAACAAGGGTGGGGGATCCATGCCCCATATTTGTTTTTCTAAAACAAAATATGGGGCATGGATCCTTCAACGATTCAT
ATACATTAA------
TAGAGAACTCTTATCCATTTATAGATGGAACTTCGACAGCAGCTAGGTCTAAAGGAAAGTTGTGAGCATTACGTTCAT
GCATAACA

> Crocus _CROC_C. pallasii (CpltR09) E3_trnh_ (trnH-psbA ).

GGATTCACAATCCACTGCCTTGATCCACTTGGCTACATCCGCCCCTTATCTAGCTAAAGGATTTTCTCTTTTTTCCATTC
ATCATTATTGTATTTATTCTTACCTTCATACTTCGATCGAGATATTCTATTGGACATAGAATGCCAATCTTTAAAATGTA
AAAAAAGGAGTAATCCGCTGTGACACGTTCACTAAAAAAAAATCCTTTTGTAGCCAATCATTTATCGGGAAAAATTCA
AAAACTCAACATGAGGGAGGAGAAAGAAATAATAGTAACTTGGTCTCGGGCATCTACCATTATACCCACAATGATTG
GCCATACAATCGCTATTCATAATGGAAAGGAGCATTTGCCTATTTATATAACAGATCGTATGGTAGGTCACAAATTGG
GAGAATTCGCGCCTACTCTGACTTTCGCGAGACATGCGAGAAACGATAATAAATCTCGTCGTTAATTTTGGATAGATC
AAACAAGGGTGGGGGATCCATGCCCCATATTTGTTTTTCTAAAACAAAATATGGGGCATGGATCCTTCAACGATTCAT
ATACATTAA------
TAGAGAACTCTTATCCATTTATAGATGGAACTTCGACAGCAGCTAGGTCTAAAGGAAAGTTGTGAGCATTACGTTCAT
GCATAACA
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> Crocus _CROC_C. mathweii (CmtHR09) E14 trnh_(trnH-psbA ).

GGATTCACAATCCACTGCCTTGATCCACTTGGCTACATCCGCCCCTTATCTAGCTAAAGGATTTTCTCTTTTTTCCATTC
ATCATTATTGTATTTATTCTTACCTTCATACTTCGATCGAGATATTCTATTGGACATAGAATGCCAATCTTTAAAATGTA
AAAAAAGGAGTAATCCGCTGTGACACGTTCACTAAAAAAAAATCCTTTTGTAGCCAATCATTTATCGGGAAAAATTCA
AAAACTCAACATGAGGGAGGAGAAAGAAATAATAGTAACTTGGTCTCGGGCATCTACCATTATACCCACAATGATTG
GCCATACAATCGCTATTCATAATGGAAAGGAGCATTTGCCTATTTATATAACAGATCGTATGGTAGGTCACAAATTGG
GAGAATTCGCGCCTACTCTGACTTTCGCGAGACATGCGAGAAACGATAATAAATCTCGTCGTTAATTTTGGATAGATC
AAACAAGGGTGGGGGATCCATGCCCCATATTTGTTTTTCTAAAACAAAATATGGGGCATGGATCCTTCAACGATTCAT
ATACATTAA------
TAGAGAACTCTTATCCATTTATAGATGGAACTTCGACAGCAGCTAGGTCTAAAGGAAAGTTGTGAGCATTACGTTCAT
GCATAACA

> Crocus _CROC_C. pallasii (CpIDD09) E4 _trnh_ (trnH-psbA ).

GGATTCACAATCCACTGCCTTGATCCACTTGGCTACATCCGCCCCTTATCTAGCTAAAGGATTTTCTCTTTTTTCCATTC
ATCATTATTGTATTTATTCTTACCTTCATACTTCGATCGAGATATTCTATTGGACATAGAATGCCAATCTTTAAAATGTA
AAAAAAGGAGTAATCCGCTGTGACACGTTCACTAAAAAAAAATCCTTTTGTAGCCAATCATTTATCGGGAAAAATTCA
AAAACTCAACATGAGGGAGGAGAAAGAAATAATAGTAACTTGGTCTCGGGCATCTACCATTATACCCACAATGATTG
GCCATACAATCGCTATTCATAATGGAAAGGAGCATTTGCCTATTTATATAACAGATCGTATGGTAGGTCACAAATTGG
GAGAATTCGCGCCTACTCTGACTTTCGCGAGACATGCGAGAAACGATAATAAATCTCGTCGTTAATTTTGGATAGATC
AAACAAGGGTGGGGGATCCATGCCCCATATTTGTTTTTCTAAAACAAAATATGGGGCATGGATCCTTCAACGATTCAT
ATACATTAATAGAGAACTCTTATCCATTTATAGATGGAACTTCGACAGCAGCTAGGTCTAAAGGAAAGTTGTGAGCAT
TACGTTCATGCATAACA

> Crocus _CROC_C. cartwrightianus (CcwBD10) E9 _trnh_ (trnH-psbA ).

GGATTCACAATCCACTGCCTTGATCCACTTGGCTACATCCGCCCCTTATCTAGCTAAAGGATTTTCTCTTTTTTCCATTC
ATCATTATTGTATTTATTCTTACCTTCATACTTCGATCGAGATATTCTATTGGACATAGAATGCCAATCTTTAAAATGTA
AAAAAAGGAGTAATCCGCTGTGACACGTTCACTAAAAAAAAATCCTTTTGTAGCCAATCATTTATCGGGAAAAATTCA
AAAACTCAACATGAGGGAGGAGAAAGAAATAATAGTAACTTGGTCTCGGGCATCTACCATTATACCCACAATGATTG
GCCATACAATCGCTATTCATAATGGAAAGGAGCATTTGCCTATTTATATAACAGATCGTATGGTAGGTCACAAATTGG
GAGAATTCGCGCCTACTCTGACTTTCGCGAGACATGCGAGAAACGATAATAAATCTCGTCGTTAATTTTGGATAGATC
AAACAAGGGTGGGGGATCCATAGCCCCATATTTGTTTTTAGAAAACAAAATATGGGGCATGGATCCTTCAACGATTCA
TATACATTAA------
TAGAGAACTCTTATCCATTTATAGATGGAACTTCGACAGCAGCTAGGTCTAAAGGAAAGTTGTGAGCATTACGTTCAT
GCATAACA

> Crocus _CROC_C.sativuscartwrightianus_'Albus' (CstcPO9)E15_trnh_(trnH-psbA ).

GGATTCACAATCCACTGCCTTGATCCACTTGGCTACATCCGCCCCTTATCTAGCTAAAGGATTTTCTCTTTTTTCCATTC
ATCATTATTGTATTTATTCTTACCTTCATACTTCGATCGAGATATTCTATTGGACATAGAATGCCAATCTTTAAAATGTA
AAAAAAGGAGTAATCCGCTGTGACACGTTCACTAAAAAAAAATCCTTTTGTAGCCAATCATTTATCGGGAAAAATTCA
AAAACTCAACATGAGGGAGGAGAAAGAAATAATAGTAACTTGGTCTCGGGCATCTACCATTATACCCACAATGATTG
GCCATACAATCGCTATTCATAATGGAAAGGAGCATTTGCCTATTTATATAACAGATCGTATGGTAGGTCACAAATTGG
GAGAATTCGCGCCTACTCTGACTTTCGCGAGACATGCGAGAAACGATAATAAATCTCGTCGTTAATTTTGGATAGATC
AAACAAGGGTGGGGGATCCATAGCCCCATATTTTGTTTTAGAAAAACAAATATGGGGCATGGATCCTTCAACGATTCA
TATACATTAA------
TAGAGAACTCTTATCCATTTATAGATGGAACTTCGACAGCAGCTAGGTCTAAAGGAAAGTTGTGAGCATTACGTTCAT
GCATAACA

> Crocus _CROC_C. pallasii (CplvD09) E2_trnh_ (trnH-psbA ).

GGTTACACAATCCACTGCCTTGATCCACTTGGCTACATCCGCCCCTTATCTAGCTAAAGGATTTTCTCTTTTTTCCATTC
ATCATTATTGTATTTATTCTTACCTTCATACTTCGATCGAGATATTCTATTGGACATAGAATGCCAATCTTTAAAATGTA
AAAAAAGGAGTAATCCGCTGTGACACGTTCACTAAAAAAAAATCCTTTTGTAGCCAATCATTTATCGGGAAAAATTCA
AAAACTCAACATGAGGGAGGAGAAAGAAATAATAGTAACTTGGTCTCGGGCATCTACCATTATACCCACAATGATTG
GCCATACAATCGCTATTCATAATGGAAAGGAGCATTTGCCTATTTATATAACAGATCGTATGGTAGGTCACAAATTGG
GAGAATTCGCGCCTACTCTGACTTTCGCGAGACATGCGAGAAACGATAATAAATCTCGTCGTTAATTTTGGATAGATC
AAACAAGGGTGGGGGATCCATAGCCCCATATTTTGTTTTAGAAAAACAAATATGGGGCATGGATCCTTCAACGATTCA
TATACATTAATAGAGAACTCTTATCCATTTATAGATGGAACTTCGACAGCAGCTAGGTCTAAAGGAAAGTTGTGAGCA
TTACGTTCATGCATAACA
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> Crocus _CROC_C. Cashmirianus (CstCD09) E5_trnh_ (trnH-psbA ).

GGATTCACAATCCACTGCCTTGATCCACTTGGCTACATCCGCCCCTTATCTAGCTAAAGGATTTTCTCTTTTTTCCATTC
ATCATTATTGTATTTATTCTTACCTTCATACTTCGATCGAGATATTCTATTGGACATAGAATGCCAATCTTTAAAATGTA
AAAAAAGGAGTAATCCGCTGTGACACGTTCACTAAAAAAAAATCCTTTTGTAGCCAATCATTTATCGGGAAAAATTCA
AAAACTCAACATGAGGGAGGAGAAAGAAATAATAGTAACTTGGTCTCGGGCATCTACCATTATACCCACAATGATTG
GCCATACAATCGCTATTCATAATGGAAAGGAGCATTTGCCTATTTATATAACAGATCGTATGGTAGGTCACAAATTGG
GAGAATTCGCGCCTACTCTGACTTTCGCGAGACATGCGAGAAACGATAATAAATCTCGTCGTTAATTTTGGATAGATC
AAACAAGGGTGGGGGATCCATAGCCCCATATTTTGTTTTAGAAAAACAAATATGGGGCATGGATCCTTCAACGATTCA
TATACATTAATAGAGAACTCTTATCCATTTATAGATGGAACTTCGACAGCAGCTAGGTCTAAAGGAAAGTTGTGAGCA
TTACGTTCATGCATAACA

> Crocus _CROC_C. hadriaticus (ChdWDO08) E11_trnh_ (trnH-psbA ).

GGATTCACAATCCACTGCCTTGATCCACTTGGCTACATCCGCCCCTTATCTAGCTAAAGGATTTTCTCTTTTTTCCATTC
ATCATTATTGTATTTATTCTTACCTTCATACTTCGATCGAGATATTCTATTGGACATAGAATGCCAATCTTTAAAATGTA
AAAAAAGGAGTAATCCGCTGTGACACGTTCACTAAAAAAAAATCCTTTTGTAGCCAATCATTTATCGGGAAAAATTCA
AAAACTCAACATGAGGGAGGAGAAAGAAATAATAGTACTTGGTCTCGGGCATCTACCATTATACCCACAATGATTGG
CCATACAATCGCTATTCATAATGGAAAGGAGCATTTGCCTATTTATATAACAGATCGTATGGTAGGTCACAAATTGGG
AGAATTCGCGCCTACTCTGACTTTCGCGAGACATGCGAGAAACGATAATAAATCTCGTCGTTAATTTTGGATAGATCA
AACAAGGGTGGGGGATCCATAGCCCCATATTTTGTTTTAGAAAAACAAATATGGGGCATGGATCCTTCAACGATTCAT
ATACATTAATAGAGAACTCTTATCCATTTATAGATGGAACTTCGACAGCAGCTAGGTCTAAAGGAAAGTTGTGAGCAT
TACGTTCATGCATAACA

> Crocus _CROC_C. oreocreticus (CorVR09) E10_trnh _(trnH-psbA ).

GGATTCACAATCCACTGCCTTGATCCACTTGGCTACATCCGCCCCTTATCTAGCTAAAGGATTTTCTCTTTTTTCCATTC
ATCATTATTGTATTTATTCTTACCTTCATACTTCGATCGAGATATTCTATTGGACATAGAATGCCAATCTTTAAAATGTA
AAAAAAGGAGTAATCCGCTGTGACACGTTCACTAAAAAAAAATCCTTTTGTAGCCAATCATTTATCGGGAAAAATTCA
AAAACTCAACATGAGGGAGGAGAAAGAAATAATAGTAACTTGGTCTCGGGCATCTACCATTATACCCACAATGATTG
GCCATACAATCGCTATTCATAATGGAAAGGAGCATTTGCCTATTTATATAACAGATCGTATGGTAGGTCACAAATTGG
GAGAATTCGCGCCTACTCTGACTTTCGCGAGACATGCGAGAAACGATAATAAATCTCGTCGTTAATTTTGGATAGATC
AAACAAGGGTGGGGGATCCATAGCCCCATATTTTGTTTTAGAAAAACAAATATGGGGCATGGATCCTTCAACGATTCA
TATACATTAA------
TAGAGAACTCTTATCCATTTATAGATGGAACTTCGACAGCAGCTAGGTCTAAAGGAAAGTTGTGAGCATTACGTTCAT
GCATAACA

> Crocus _CROC_C. sativus_Spain (C.stPER09) E6_trnh _(trnH-psbA ).

GGATTCACAATCCACTGCCTTGATCCACTTGGCTACATCCGCCCCTTATCTAGCTAAGGATTTTCTCTTTTTTCCATTCA
TCATTATTGTATTTATTCTTACCTTCATACTTCGATCGAGATATTCTATTGGACATAGAATGCCAATCTTTAAAATGTAA
AAAAAGGAGTAATCCGCTGTGACACGTTCACTAAAAAAAAATCCTTTTGTAGCCAATCATTTATCGGGAAAAATTCAA
AAACTCAACATGAGGGAGGAGAAAGAAATAATAGTAACTTGGTCTCGGGCATCTACCATTATACCCACAATGATTGG
CCATACAATCGCTATTCATAATGGAAAGGAGCATTTGCCTATTTATATAACAGATCGTATGGTAGGTCACAAATTGGG
AGAATTCGCGCCTACTCTGACTTTCGCGAGACATGCGAGAAACGATAATAAATCTCGTCGTTAATTTTGGATAGATCA
AACAAGGGTGGGGGATCCATAGCCCCATATTTTGTTTTAGAAAAACAAATATGGGGCATGGATCCTTCAACGATTCAT
ATACATTAATAGAGAACTCTTATCCATTTATAGATGGAACTTCGACAGCAGCTAGGTCTAAAGGAAAGTTGTGAGCAT
TACGTTCATGCATAACA

> Crocus _CROC_C. thomasii (CtmVDO09) E12_trnh_(trnH-psbA ).

GGATTCACAATCCACTGCCTTGATCCACTTGGCTACATCCGCCCCTTATCTAGCTAAAGGATTTTCTCTTTTTTCCATTC
ATCATTATTGTATTTATTCTTACCTTCATACTTCGATCGAGATATTCTATTGGACATAGAATGCCAATCTTTAAAATGTA
AAAAAAGGAGTAATCCGCTGTGACACGTTCACTAAAAAAAAATCCTTTTGTAGCCAATCATTTATCGGGAAAAATTCA
AAAACTCAACATGAGGGAGGAGAAAGAAATAATAGTAACTTGGTCTCGGGCATCTACCATTATACCCACAATGATTG
GCCATACAATCGCTATTCATAATGGAAAGGAGCATTTGCCTATTTATATAACAGATCGTATGGTAGGTCACAAATTGG
GAGAATTCGCGCCTACTCTGACTTTCGCGAGACATGCGAGAAACGATAATAAATCTCGTCGTTAATTTTGGATAGATC
AAACAAGGGTGGGGGATCCATAGCCCCATATTTTGTTTTAGAAAAACAAATATGGGGCATGGATCCTTCAACGATTCA
TATACATTAATAGAGAACTCTTATCCATTTATAGATGGAACTTCGACAGCAGCTAGGTCTAAAGGAAAGTTGTGAGCA
TTACGTTCATGCATAACA
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> Crocus _CROC_C. cartwrightianus (CcrCRQ9) E8 trnh_ (trnH-psbA ).

GGATTCACAATCCACTGCCTTGATCCACTTGGCTACATCCGCCCCTTATCTAGCTAAAGGATTTTCTCTTTTTTCCATTC
ATCATTATTGTATTTATTCTTACCTTCATACTTCGATCGAGATATTCTATTGGACATAGAATGCCAATCTTTAAAATGTA
AAAAAAGGAGTAATCCGCTGTGACACGTTCACTAAAAAAAAATCCTTTTGTAGCCAATCATTTATCGGGAAAAATTCA
AAAACTCAACATGAGGGAGGAGAAAGAAATAATAGTAACTTGGTCTCGGGCATCTACCATTATACCCACAATGATTG
GCCATACAATCGCTATTCATAATGGAAAGGAGCATTTGCCTATTTATATAACAGATCGTATGGTAGGTCACAAATTGG
GAGAATTCGCGCCTACTCTGACTTTCGCGAGACATGCGAGAAACGATAATAAATCTCGTCGTTAATTTTGGATAGATC
AAACAAGGGTGGGGGATCCATAGCCCCATATTTTGTTTTAGAAAAACAAATATGGGGCATGGATCCTTCAACGATTCA
TATACATTAATAGAGAACTCTTATCCATTTATAGATGGAACTTCGACAGCAGCTAGGTCTAAAGGAAAGTTGTGAGCA
TTACGTTCATGCATAACA

> Crocus _CROC_C. cartwrightianus (CcwADO08) E7_trnh_ (trnH-psbA ).

GGATTCACAATCCACTGCCTTGATCCACTTGGCTACATCCGCCCCTTATCTAGCTAAAGGATTTTCTCTTTTTTCCATTC
ATCATTATTGTATTTATTCTTACCTTCATACTTCGATCGAGATATTCTATTGGACATAGAATGCCAATCTTTAAAATGTA
AAAAAAGGAGTAATCCGCTGTGACACGTTCACTAAAAAAAAATCCTTTTGTAGCCAATCATTTATCGGGAAAAATTCA
AAAACTCAACATGAGGGAGGAGAAAGAAATAATAGTAACTTGGTCTCGGGCATCTACCATTATACCCACAATGATTG
GCCATACAATCGCTATTCATAATGGAAAGGAGCATTTGCCTATTTATATAACAGATCGTATGGTAGGTCACAAATTGG
GAGAATTCGCGCCTACTCTGACTTTCGCGAGACATGCGAGAAACGATAATAAATCTCGTCGTTAATTTTGGATAGATC
AAACAAGGGTGGGGGATCCATAGCCCCATATTTTGTTTTAGAAAAACAAATATGGGGCATGGATCCTTCAACGATTCA
TATACATTAATAGAGAACTCTTATCCATTTATAGATGGAACTTCGACAGCAGCTAGGTCTAAAGGAAAGTTGTGAGCA
TTACGTTCATGCATAACA
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Table A4.3: Nucleotide sequence similarity (%) of the Crocus species for matK XF+5R plastid gene sequences

EU496995.1 C.Cashmirianus’ C.sativus
Crocus . C.cartwrightianus | EU497045.1 C.asumaniae | C.mathewii | C.pallasii | C.pallasii | C.pallasii | C.pallasii H‘ort Lilac C.hadriaticus | C.oreocreticus C.sativus C.thomasii C.cartwrightianus | cartwrightianus | C.cartwrightianus
. (CcwBD10) Crocus moabiticus | (CaswD09) | (CmtHR09) (CpltR0O9) | (CpIDDOY) [ (CpIROY) | (CpIVDO9) i (ChdwDO08) | (CorVR09) (C.stPER09) | (CtmVDO09) (CcrCRO9) ‘Albus (CcwADO8)
banaticus (CstCD09) .
(CstcP09)
EU496995.1 98.5 98.3 98.6 98.6 98.4 98.4 98.4 98.6 98.6 98.4 98.6 98.6 98.5 98.6 98.5 98.5
Crocus banaticus
C cartwrightianus 98.5 97.5 97.8 98 97.9 97.7 97.6 98.1 98.1 97.9 98.1 98.1 98 98.1 98 97.9
(CcwBD10)
EUd7045.1 98.3 97.5 99.4 99.4 99.1 99.1 99.1 99.4 99.4 99.1 99.4 99.4 99.3 99.4 99.3 99.3
Crocus moabiticus
C.asumaniae 98.6 97.8 99.4 99.6 99.5 99.3 99.2 99.5 99.5 99.3 99.5 99.5 99.4 99.5 99.4 99.3
(CaswD09)
C.mathweii 98.6 98 99.4 99.6 99.7 99.5 99.6 99.7 99.7 99.5 99.7 99.7 99.6 99.7 99.6 99.5
(CmtHRO9)
C pallasii 98.4 97.9 99.1 99.5 99.7 99.8 99.7 99.6 99.6 99.4 99.6 99.6 99.5 99.6 99.5 99.4
(CpltRO9)
C.pallasii 98.4 97.7 99.1 99.3 99.5 99.8 99.9 99.4 99.4 99.2 99.4 99.4 99.3 99.4 99.3 99.2
(CpIDD09)
(Cé’;i’é'g;’)’ 98.4 97.6 99.1 99.2 99.6 99.7 99.9 99.3 99.3 99 99.3 99.3 99.2 99.3 99.2 99
C.pallasii 98.6 98.1 99.4 99.5 99.7 99.6 99.4 99.3 100 99.8 100 100 99.9 100 99.9 99.8
(CplvDO9)
C.cashmirianus'
) 1 4 ) 7 X 4 ) 1 . 1 1 X 1 X )

hort Liac(cetcpos)| 8% 98 99 99.5 99 99.6 99 99.3 00 99.8 00 00 99.9 00 99.9 99.8
C.hadriaticus
(ChWDOS) 98.4 97.9 99.1 99.3 99.5 99.4 99.2 99 99.8 99.8 99.8 99.8 99.7 99.8 99.7 99.6
C.oreocreticus 98.6 98.1 99.4 99.5 99.7 99.6 99.4 99.3 100 100 99.8 100 99.9 100 99.9 99.8
(CorVR09)
C.sativus 98.6 98.1 99.4 99.5 99.7 99.6 99.4 99.3 100 100 99.8 100 99.9 100 99.9 99.8
(C.StPER0Y)
C.thomasii 98.5 98 99.3 99.4 99.6 99.5 99.3 99.2 99.9 99.9 99.7 99.9 99.9 99.9 99.8 99.7
(CtmVDO09)
C.cartwrightianus 98.6 98.1 99.4 99.5 99.7 99.6 99.4 99.3 100 100 99.8 100 100 99.9 99.9 99.8
(CcrCR09)
C.sativus
cartwrightianus 98.5 98 99.3 99.4 99.6 99.5 99.3 99.2 99.9 99.9 99.7 99.9 99.9 99.8 99.9 99.9
'Albus’ (CstcP09)
C. cartwrightianus 98.5 97.9 99.3 99.3 99.5 99.4 99.2 99 99.8 99.8 99.6 99.8 99.8 99.7 99.8 99.9

(CcwADO8)
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Table A4.4: Nucleotide sequence similarity (%) of the Crocus species for matK 390F+1326R plastid gene sequences

Elr_:)t?]75045.1 53;22995'1 C.cartwrightianus | C.cartwrightianus | C.cartwrightianus :ﬁ:sﬂz:—nanus C.hadriaticus C.oreocreticus | C.asumaniae| C. mathewii | C. pallasii | C. pallasii | C. pallasii | C. pallasii S;:Srt:;\;;l;htianus C. sativus C. thomasii
mowbiticus | penareus | (CWBD10) (CerCRO9) (CcwADOB) (CotCDOs) (ChdwDO8) (CorVR09) (Caswp09) | (CmtHR09) | (CpIDDO9) | (CpIR09) | (CpltR09) | (CpIvD09) | 7 W P R | (C.stPERO9) | (CtmVDOS)

EU497045.1 98.3 98.4 99.3 99.3 99.4 99.1 99.4 99.4 99.4 99.1 99.1 99 99.4 99.3 99.4 99.3
Crocus moabiticus
EU496995.1 98.3 97.9 98.5 98.5 98.6 98.4 98.6 98.6 98.6 98.4 98.4 98.3 98.6 98.5 98.6 98.5
Crocus banaticus
C.cartwrightianus 98.4 97.9 98.8 98.8 98.8 98.3 98.8 98.7 98.8 98.4 98.5 98.3 98.7 98.9 98.8 98.7
(CcwBD10)
C.cartwrightianus

99.3 98.5 98.8 100 99.8 99.6 99.8 99.5 99.6 99.3 99.4 99.2 99.9 99.9 99.8 99.7
(CcrCR09)
C.cartwrightianus

99.3 98.5 98.8 100 99.8 99.6 99.8 99.5 99.6 99.3 99.4 99.2 99.9 99.9 99.8 99.7
(CcwADO08)
C.Cashmirianus'
Hort. Lilac 99.4 98.6 98.8 99.8 99.8 99.6 100 99.7 99.8 99.5 99.6 99.4 99.9 99.9 100 99.9
(CstcDO09)
C.hadriaticus
Chawos) 99.1 98.4 98.3 99.6 99.6 99.6 99.6 99.3 99.4 99.1 99.2 99 99.7 99.5 99.6 99.5
C.oreocreticus 99.4 98.6 98.8 99.8 99.8 100 99.6 99.7 99.8 99.5 99.6 99.4 99.9 99.9 100 99.9
(CorVR09)
C.asumaniae 99.4 98.6 98.7 99.5 99.5 99.7 99.3 99.7 99.9 99.6 99.7 99.5 99.6 99.6 99.7 99.6
(CaswDO09)
C.mathewii 99.4 98.6 98.8 99.6 99.6 99.8 99.4 99.8 99.9 99.7 99.8 99.6 99.7 99.7 99.8 99.7
(CmtHR09)
. pallasii 99.1 98.4 98.4 99.3 99.3 99.5 99.1 99.5 99.6 99.7 99.9 99.7 99.4 99.4 99.5 99.4
(CpIDDO9)
C(C”;g;sg’; 99.1 98.4 98.5 99.4 99.4 99.6 99.2 99.6 99.7 99.8 99.9 99.8 99.5 99.5 99.6 99.5
C.pallasii 99 98.3 98.3 99.2 99.2 99.4 99 99.4 99.5 99.6 99.7 99.8 99.3 99.3 99.4 99.3
(CpltRO9)
C.pallasii

99.4 98.6 98.7 99.9 99.9 99.9 99.7 99.9 99.6 99.7 99.4 99.5 99.3 99.8 99.9 99.8
(CpIvVDO9)
C.sativus
cartwrightianus 99.3 98.5 98.9 99.9 99.9 99.9 99.5 99.9 99.6 99.7 99.4 99.5 99.3 99.8 99.9 99.8
'Albus’ (CstcP09)
C.sativus
(CotPERDS) 99.4 98.6 98.8 99.8 99.8 100 99.6 100 99.7 99.8 99.5 99.6 99.4 99.9 99.9 99.9
C.thomasii 99.3 98.5 98.7 99.7 99.7 99.9 99.5 99.9 99.6 99.7 99.4 99.5 99.3 99.8 99.8 99.9
(CtmVD09)
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Table A4.5: Nucleotide sequence similarity (%) of the Crocus species for the rbcL plastid gene sequences

1X903213.1 C.sati

Crocus C.asumaniae | C.mathewii | C. pallasii | C. pallasii | C. pallasii | C.cartwrightianus | C.Cashmirianus | C.hadriaticus | C.oreocreticus C. pallasii casr:ml/‘:;:;h tianus C.thomasii C.cartwrightianus | C.sativus C cartwrightianus

oreus | (CasWDO9) | (CmtHROS) | (CPIDDOS) | (CPItRO9) | (CPIRO9) | (CcwBD10) (CstCDO9) (ChdwDO08) | (CorvR09) (CpIVDO9) | L Cstepog) | (CEMVD09) | (CcwADOB) (C.StPER09) | (CerCRO9)
x903213.1 99.6 98.9 98.9 98.9 98.9 98.9 99.1 99.1 99.1 99.1 99.1 99.1 99.1 99.1 99.1
Crocus banaticus
C.asumanige 99.6 99.2 99.2 99.2 99.3 99.3 99.3 99.2 99.2 99.2 99.2 99.2 99.2 99.2 99.2
(CaswD09)
C.mathewii 98.9 99.2 100 100 99.9 99.9 99.6 99.7 99.7 99.7 99.7 99.7 99.7 99.4 99.4
(CmtHRO9)
C.pallasii 98.9 99.2 100 100 99.9 99.9 99.6 99.7 99.7 99.7 99.7 99.7 99.7 99.4 99.4
(CpIDD09)
C.pallasii 98.9 99.2 100 100 99.9 99.9 99.6 99.7 99.7 99.7 99.7 99.7 99.7 99.4 99.4
(CpltRO9)
(Es;’(’)‘;‘)” 98.9 99.3 99.9 99.9 99.9 100 99.7 99.6 99.6 99.6 99.6 99.6 99.6 99.6 99.6
C.cartwrightianus 98.9 99.3 99.9 99.9 99.9 100 99.7 99.6 99.6 99.6 99.6 99.6 99.6 99.6 99.6
(CcwBD10)
C.cashmirianus 99.1 99.3 99.6 99.6 99.6 99.7 99.7 99.9 99.9 99.9 99.9 99.9 99.9 99.9 99.9
(CstCDO9)
Chadriaticus 99.1 99.2 99.7 99.7 99.7 99.6 99.6 99.9 100 100 100 100 100 997 99.7
(ChdwDO08) ‘ : : ' ) ' ' ] ' '
Coreocreticus 99.1 99.2 99.7 99.7 99.7 99.6 99.6 99.9 100 100 100 100 100 99.7 99.7
(CorVR09)
¢. pallasii 99.1 99.2 99.7 99.7 99.7 99.6 99.6 99.9 100 100 100 100 100 99.7 99.7
(CpIVDO9)
C.sativus
cartwrightianus 99.1 99.2 99.7 99.7 99.7 99.6 99.6 99.9 100 100 100 100 100 99.7 99.7
'Albus'(CstcP09)
C.thomasi 99.1 99.2 99.7 99.7 99.7 99.6 99.6 99.9 100 100 100 100 100 997 99.7
(CtmvDO9)
C.cartwrightianus 99.1 99.2 99.7 99.7 99.7 99.6 99.6 99.9 100 100 100 100 100 99.7 99.7
(CcwADOS8)
C.sativus

1 2 ) , } , , : , , , . ) . 1

(CtPEROS) 99 99 99.4 99.4 99.4 99.6 99.6 99.9 99.7 99.7 99.7 99.7 99.7 99.7 00
(Eccr"c’;‘g; ;9””""”5 99.1 99.2 99.4 99.4 99.4 99.6 99.6 99.9 99.7 99.7 99.7 99.7 99.7 99.7 100
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Table A4.6: Nucleotide sequence similarity (%) of the Crocus species for the trnH plastid gene sequences

E_E;Ctgzy'l E‘Eoiins.l C.asumaniae |C. pallasii |C. pallasii |C. mathewii |C. pallasii |Ccartwrightianus S;::;’/‘Zlgsh tianus C. pallasii |C.Cashmirianus |C.hadriaticus|C.oreocreticus|C.sativus C.thomasii |C.cartwrightianus|C.cartwrightianus

S ticus o us |(CasWDOS)  [(CpIROS)  |(CpitR09) |(CmtHRO9) ((CPIDDOS) |(CcwBD10) ‘Albuer (Cotopog)|(CPIVD09) [(CstCDO9) (ChdwDO08) |(CorVR09)  (C.stPER09) |(CtmVDO9) |(CcrCRO9) (CcwADOS)
EU110227.1 99.7 985 99.8 99.8 99.8 99.8 99.3 98.8 98.8 98.8 98.8 98.8 98.8 98.8 98.8 98.8
Crocus moabiticus
EU110175.1 99.7 98.9 99.8 99.8 99.8 99.8 99.7 99 99 99 99 99 99 99 99 99
Crocus banaticus
C.asumaniae

98.5 98.9 98.8 98.8 98.8 98.8 98.6 98 97.7 98 98 98 98 98 98 98
(CaswDO09)
(Cé ;‘;’(’)‘;5)” 99.8 99.8 98.8 100 100 100 99.5 98.9 98.6 98.9 98.9 98.9 98.9 98.9 98.9 98.9
C. pallasii 99.8 99.8 98.8 100 100 100 99.5 98.9 98.6 98.9 98.9 98.9 98.9 98.9 98.9 98.9
(CpltRO9)
C.mathewii 99.8 99.8 98.8 100 100 100 99.5 98.9 98.6 98.9 98.9 98.9 98.9 98.9 98.9 98.9
(CmtHR09)
C. pallasii 99.8 99.8 98.8 100 100 100 99.5 98.9 98.6 98.9 98.9 98.9 98.9 98.9 98.9 98.9
(CpIDDOY)
C. cartwrightianus 99.3 99.7 98.6 99.5 99.5 99.5 99.5 99.4 99.1 99.4 99.4 99.4 99.4 99.4 99.4 99.4
(CcwBD10)
C.sativus
cartwrightianus 98.8 99 98 98.9 98.9 98.9 98.9 99.4 99.7 100 100 100 100 100 100 100
'Albus'(CstcP09)
C.pallasi 98.8 9 97.7 98.6 98.6 98.6 98.6 99.1 99.7 99.7 99.7 99.7 99.7 99.7 99.7 99.7
(CplvD09)
C.Cashmirianus 98.8 99 98 98.9 98.9 98.9 98.9 99.4 100 99.7 100 100 100 100 100 100
(CstcD09)
C.hadriaticus
(ChdWDO8) 98.8 99 98 98.9 98.9 98.9 98.9 99.4 100 99.7 100 100 100 100 100 100
C.oreocreticus 98.8 99 98 98.9 98.9 98.9 98.9 99.4 100 99.7 100 100 100 100 100 100
(CorVR09)
C.sativus
. : : : X . 1 ) 1 1 1 1 1 1

(C.StPEROS) 98.8 99 98 98.9 98.9 98.9 98.9 99.4 00 99.7 00 00 00 00 00 00
C.thomasii 98.8 99 98 98.9 98.9 98.9 98.9 99.4 100 99.7 100 100 100 100 100 100
(CtmvD09)
C.cartwrightianus 98.8 99 98 98.9 98.9 98.9 98.9 99.4 100 99.7 100 100 100 100 100 100
(CcrCR09)
C.cartwrightianus 98.8 99 98 98.9 98.9 98.9 98.9 99.4 100 99.7 100 100 100 100 100 100
(CcwADO08)
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9 Appendix 5

Figure A5.1: Schematic representation of Repetitive DNA isolation from C. sativus and
colony Dot blot Hybridization procedure .
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Plate 1.
Colony Dot blot-Hybridization

" Master plate with white
e colonies.

Nylon+ membrane
of petri dish size.

Cutting and placing l

Make replica of master plate on
nitrocellulose filter.

Letting the
membrane till

completely soaked.

Washing filter in four petri dishes with
3mm Whatman paper (colony side up).

1-5ml 10% SDS 2-5ml Denaturing 3-5ml Neutralization 4-5ml 2 X SSC
for 3 mins. Solution for 5 mins. Solution for 5 mins. for 5 mins.

Dry the filter (colonies
side up) on 3mm
Whatman paper for

3mins at RT.
5 Binding DNA to the filter.
-Baking the filter at
80°C for 3 hours (Can
be stored overnight at
4°C after baking).
S Rehydrate the filter for Southern blot

Hybridization.

0.1%X
2X SSC SSC+0.1% 236
for 5mins. SDS For

Imin.




1-Prehybridization

Prehybridization Solution:
-1ml 20XSSC.

-50ul Salmon sperm DNA.
-0.25mlI10%SDS.

-0.5 ml 50x Denhardts.
-3ml Sigma water.

2-Hybridization

Hybridization solution:
Remove 1ml of
prehybridization solution and
add.

-50ul Salmon sperm DNA.
-0.5ml 50x Dextran sulphate.
-4 pul DNA probe.

3-Post hybridization

-50ml of 2XSSC+0.1%SDS
(2x) for 5mins at 56°C.

-50 ml of 0.5XSSC+0.1%SDS
(2x) for 15mins at 56°C.

4-Detection

Southern blot Hybridization

55°C for
5 hours.

55°C for
16 hours.

-Wash membrane in Buffer 1+ 0.3%
Tween20 for 5min

-Incubate in 50ml Buffer 2 for 30
mins.

-Add anti-digoxigenin-AP (1:5000)
diluted in Buffer 2 and put plastic
coverslip.

-Incubate in the dark for 30 mins.

- 2x wash in 100ml of Buffer 1 for
15 mins.

- Equilibrate in 20 ml Buffer 3 for 2
mins.

- Add CPD star (1:100) diluted in
Buffer3 for 5min in the dark.

-Wrap membrane in cling film
(colonies side down).

,,,,,,,,,,,,,,,,,,

5-Develop the film

-Placing the membrane in a
cassette containing 1-2
intensifier screen.

- Load Kodak/Fuji X-ray film
in the dark room.

-Expose the membrane in X-ray
films and develop the film.
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Plate 2:

Colony PCR

-Make master mix
for PCR, and use :,>
colony as a template

DNA.

-Gel electrophoresis

-Select colonies for |:>

growing on LB
media .

J

- Plasmid extraction

(Confirmation of the :

insert). f
A e - IS
A ‘. " ~
ﬂ 5

= \ f
- Sequencing plasmid JM‘L | M‘ ” “
-Nucleotide sequence I:> I \ﬂu Jg {UW

analysis.

ﬁ fiﬁﬁ (mVﬂ&\(\ﬂ‘m@ﬂgw | m‘fﬁsﬂm |
[EEE_mem = T

‘ o]

-Probe labelling

-Fluorescent in situ |:>

hybridization.
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