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Abstract

Abstract

Poinsettia is a popular and important ornamental crop, mostly during the Christmas
season. Its bract colouration ranges from pink/red to creamy/white shades, with nearly
all white varieties being obtained through mutation breeding (y- or X-ray mutagenesis) of
red varieties. The appearance of acyanic poinsettia varieties is referred to as the ‘white
paradox’ since the expression of most structural genes and the related enzyme activities

involved in the formation of red anthocyanin pigments are present.

To unravel the genetic factors responsible for the ‘white paradox’, we firstly assembled
and functionally annotated a hybrid de novo bract transcriptome for the species, as well
as characterized the main transcriptional differences between red- and white-bracted
poinsettia varieties during bract development. The differential gene expression analysis
pointed out a glutathione S-transferase (GST) gene as a putative candidate for the
appearance of white genotypes. The poinsettia GST (named Bractl) is an active gene
involved in the expression of anthocyanins in bracts and it presents a high phylogenetic
similarity to known anthocyanin-related GSTs. We identified a 4 bp deletion in a short
repeat within the coding region of Bractl, which is the most likely cause of many
mutations that lead to a white bract colour. Moreover, overexpression of the Bractl wild-
type allele in Arabidopsis tt19 mutants restored the anthocyanin phenotype, while the
Bractl mutated allele showed to be non-functional.

In poinsettia mutation breeding, not all red varieties can produce white sports through
radiation; thus, they are distinguished into ‘heterozygous’ and ‘homozygous’ for the
colouration locus according to their ability to generate white sports. The Bractl
polymorphism between wild-type and mutant alleles co-segregates with the phenotype
in progeny from heterozygous red and white parents, thus confirming that Bract1 is linked
to the colour trait. Based on a PCR assay for Bractl, we identified low-frequency
heterozygous mutations arising from homozygous genotypes. By developing a multiplex
seqguencing approach, we were able to detect the presence of 1 mutated allele in a pool
of 50 nonmutated copies. In conclusion, we identified a short repeat mutation in Bractl
as the most likely cause for the ‘white paradox’, which might also serve as a reference
for the study of other repeat-containing structural genes as potential mutational hot spots
in plant genomes. Moreover, we developed a multiplex approach that may enable an

expansion of the genetic resources available for the development of new varieties.

Keywords: Hybrid transcriptome, mutation breeding, anthocyanin, Bractl.



Zusammenfassung

Zusammenfassung

Poinsettien gehoren vor allem in der Weihnachtszeit zu den beliebtesten und wichtigsten
Zierpflanzen. Die Farbung der Brakteen reicht von rosa/rot bis creme/weil3, wobei fast
alle weilRen Sorten durch Mutationsziichtung aus roten Sorten entstanden sind. Das
Auftreten von anthozyanfreien Poinsettien wird als "weil3es Paradoxon" bezeichnet, weil
die Expression der meisten Strukturgene und die damit verbundenen Enzymaktivitaten,

die an der Bildung der roten Anthocyanpigmente beteiligt sind, nachweisbar sind.

Um die genetischen Faktoren zu charakterisieren, die fur das "weil3e Paradoxon”
verantwortlich sind, wurde ein de novo Transkriptom auf Basis verschiedener Brakteen
erstellt und nach den wichtigsten transkriptionellen Unterschieden zwischen roten und
weillen Sorten wahrend der Brakteenentwicklung gesucht. Durch differentielle
Genexpressionsanalyse konnte ein glutathion-S-transferase  (GST)-Gen als
wahrscheinlichstes Kandidatengen flr das Auftreten der weil3en Genotypen identifiziert
werden. In Poinsettien ist GST (genannt Bractl) ein aktives Gen, das an der Expression
von Anthocyanen in den Brakteen beteiligt ist. Im kodierenden Bereich von Bractl konnte
eine 4 bp Deletion in einer kurzen Wiederholung einer Basenabfolge identifiziert werden,
die vermutlich die Ursache fir viele Mutationen ist, die zu weil3en Brakteen fuhren. Eine
Uberexpression des Bractl-Wildtyp-Allels in Arabidopsis tt19-Mutanten stellte den
Anthocyan-Phanotyp wieder her, wahrend das mutierte Bractl1-Allel nicht funktional war.
Nicht alle roten Poinsettien-Sorten haben die gleiche Fahigkeit durch Bestrahlung weile
Nachkommen erzeugen; daher werden sie in 'heterozygot' und 'homozygot' flr den
Locus, der fur die Farbung verantwortlich, unterschieden. Der Bractl-Polymorphismus
zwischen Wildtyp und Mutanten kosegregiert mit dem Phanotyp in den Nachkommen
von heterozygot roten und weien Eltern, was bestétigt, dass Bractl an das
Farbmerkmal gekoppelt ist. Mit einem flr Bractl entwickelten PCR-Assay konnten wir
eine geringe Anzahl an heterozygoten Nachkommen, die aus homozygoten Genotypen
hervorgingen, nachweisen. Mit der Entwicklung eines Multiplex-equenzierungsansatzes
ist es auch mdglich eine einzelne Kopie des mutierten Allels in einem Pool von 50 nicht
mutierten Kopien nachzuweisen. Dieser Ansatz kdonnte dazu genutzt werden, um die
verfuigbaren genetischen Ressourcen fur die Entwicklung neuer Sorten zu erweitern. Des
Weiteren kénnte die identifizierte Mutation in Bractl als Basis fur die Analyse anderer

Strukturgene als potenzielle Mutations-Hotspots in Pflanzengenomen dienen.

Schlagwéoérter: Hybrid-Transkriptom, Mutationsziichtung, Anthocyanin, Bractl.
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1 General Introduction

1.1 Poinsettia

Poinsettia, also known as nochebuena, Weihnachtsstern, star of Bethlehem, or
Christmas star (Trejo et al., 2012), is an important ornamental crop, especially due to its
association with Christmas time in North America, Europe, and Asia. Annual sales in the
USA in 2018 reached nearly 150 million dollars, accounting for a 6% increase in revenue
compared to 2015, with around 34 million potted poinsettias sold in the same year
(USDA, 2018). Meanwhile, in Germany, total consumption is estimated at around 32
million potted poinsettias in 2018 (van der Ploeg, 2018). Its ornamental value relies on
the intense coloured bracts, such as red, white, pink, yellow, or even bicoloured,
scattered or marbled colourations. Nonetheless, poinsettia breeding still focuses on red
and white coloured varieties due to a higher acceptance by the consumers. In 2018,
around 80% of poinsettias grown in Germany had red bract, 11% had white bracts, and

9% had pink or bicolored/scattered coloured bracts (van der Ploeg, 2018).

1.1.1 Taxonomy, geographic distribution, and morphology

Euphorbia pulcherrima Willd. ex Klotsch belongs to the genus Euphorbia L. (family:
Euphorbiaceae) (Table 1), which comprises more than 2,000 species and represents one
of the largest genera within angiosperms (Govaerts et al., 2000; Zimmermann et al.,
2010). The rich morphological variability of species within the genus, e.g. inflorescences
and seeds, creates a challenge to its taxonomic classification but also distinguishes it as
a promising genus to investigate evolutionary questions related to plant morphology and
diversification (Horn et al.,, 2012). One of these characteristics that drove the
diversification of the clade is the unique reproductive structure present in Euphorbia, the
cyathium, which resembles a flower but is widely interpreted as a condensed

inflorescence (Prenner et al., 2008, 2010).

Within the genus, four subgenera are recognized to date based on phylogenetic studies:
i) Rhizanthium (Clade A) — approximately 200spp. with primarily African distribution; ii)
Esula (Clade B) — around 500spp. with herbaceous species distributed in the North
Hemisphere from the eastern Mediterranean through Asia, and woody and succulent
species in Africa; iii) Euphorbia (Clade C) — around 700spp. and the most diverse
subgenus. It includes xerophytes in Africa, India, South and Central America and
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Australia; and iv) Chamaesyce (Clade D) — around 600spp.containing the majority of the
New World Euphorbia species, with a large of them being C4 photosynthetic herbs and
subshrubs, as well as the newly classified “Agaloma alliance”, including E. pulcherrima,
which is native to the dry tropical forests of Mexico and Guatemala (Steinmann and
Porter, 2002; Bruyns et al., 2006; Park and Jansen, 2007; Zimmermann et al., 2010;
Horn et al., 2012; Trejo et al., 2012; Pérez-Nicolas et al., 2020).

Table 1. Taxonomic classification of poinsettias (GBIF Secretariat, 2019).

Kingdom Plantae
Subkingdom Viridiplantae
Phylum Tracheophyta
Class Magnoliopsida
Order Malphigiales
Family Euphorbiaceae
Genus Euphorbia
Subgenus Chamaesyce

The wild poinsettia is a small deciduous shrub occurring in mid-elevation tropical forests
of the Mexican tropical Pacific slope with hairless cane-like stems reaching more than 6
meters and unbranched and distantly spaced leaves (Trejo et al., 2012, 2018). Leaves
are long petiolated, 10-15 cm long, relatively thin and with pointed tips. Male and female
flowers are grouped in the cyathia, which bears a two-lipped yellow gland, and they
develop through the differentiation of bract axillary buds (Figure 1A-D) (Kannangara and
Hansson, 1998; Bercu, 2016). Flowering induction occurs under short-day conditions,
which is accompanied by the development and colouration of bracts (Kannangara and
Hansson, 1998; Vilperte et al., 2019), a modified or specialized leaf, often associated
with a reproductive structure such as a flower or inflorescence. Breeding efforts have
selected modern cultivars with greater bracts, shortened internodes, compact and more
rounded outlines with a bushy habit (Figure 1E-H) (Taylor et al., 2011; Kobayashi, 2012;
Trejo et al., 2018).


http://taxonomicon.taxonomy.nl/TaxonTree.aspx?src=0&id=997467
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Figure 1. Phenotypical differences between wild and domesticated plants of
Euphorbia pulcherrima. (A) Wild plant in Oaxaca, Mexico, showing the small, sparse
bracts, tall habit, and long internodes. (B) Growth habit of a wild plant showing the tall
stature, commonly reaching 3—4 m, and the sparse branching. (C) Inflorescence with the
abundant flowers that characterize wild plants. (D) Inflorescence with white bracts, an
extremely uncommon variant. (E) Growth habit of a domesticated plant, showing the
wide, abundant bracts and short internodes. (F) Highly branched domesticated plant. (G)
Dense and abundant bracts, few flowers, and no fruits of domesticated plants. (H) Some
domesticated varieties are pink, white, plum-coloured, or even mottled. Scale bars in A,
C—H =3 cm; in B = 1m (Adapted from Trejo et al., (2012)).
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1.1.2 Genetics and molecular aspects of poinsettia

Modern poinsettia varieties are mainly diploid with a basic chromosome number of 14
(2n=2x=28), but also triploid (2n=3x=42) and tetraploid (2n=4x=56) varieties have been
used for breeding in the past (Moyer, 1934; Ewart and Walker, 1960; Bempong and Sink,
1968b, 1968a). Genetic and molecular studies on the species are scarce. Isoenzymes
were the first markers used for cultivar differentiation (Werner and Sink, 1977), with DNA
based markers, i.e. RAPD markers (Ling et al., 1997) and AFLP markers (Parks and
Moyer, 2004), only available decades later. Besides, the genetic diversity of the species
in its native regions, as well as the introgression of wild poinsettia in garden plants and
modern cultivars, has been analysed using plastid and nuclear DNA markers (Trejo et
al., 2012, 2019; Trejo-Hernandez et al., 2015). Moreover, a transcriptomic study has
identified a set of genes involved in anthocyanin pigmentation in poinsettia bracts, as
well as generated resourceful information on a molecular level for the species (Gu et al.,
2018).

Genetic transformation of poinsettia is still not exploited. Protoplast transformation
showed to be a suitable and high efficient method for transient expression (Pitzschke
and Persak, 2012). Agrobacterium tumefaciens-mediated stable transformation was
applied to induce resistance to Poinsettia Mosaic Virus (PnMV) by using virus-derived
hairpin (hp) RNA gene constructs to induce RNA silencing (Clarke et al., 2008). Besides,
A. tumefaciens-mediated transformation was also used to overexpress the Arabidopsis
SHORT INTERNODE (AtSHI) gene and resulted in plants with reduced plant height and

internode lengths (Islam et al., 2013).

1.1.3 Breeding history — from Mexico to the US

The species common name, poinsettia, honours the American ambassador in Mexico in
the 1820’s Joel Roberts Poinsett, who was the first to collect living material of E.
pulcherrima from Mexico and sent it over to Philadelphia, US (Lack, 2011). The plants
were cultivated in the botanical garden of the Bartram family and, at that time, they were
taxonomically classified as Pleuradena coccinea Raf., but also known as Euphorbia
poinseti (Lack, 2011). Next, Robert Bust sent cuttings from Philadelphia to the Royal
Botanic Garden in Edinburgh and from there to the Royal Botanic Garden in Schoneberg
near Berlin, where it reached the German botanist Karl Willdenow who named it
Euphorbia pulcherrima in 1834 (Lack, 2011; Taylor et al., 2011). Trejo et al. (2012)
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showed through species distribution modelling and genetic analysis that modern
poinsettia varieties are derived from the region of Guerrero, Mexico, where Poinsett first

collected them.

The genetic base of modern breeding varieties in poinsettia is relatively narrow, mainly
due to the limited gene flow of the species at their original collection sites (Trejo et al.,
2012). Commercial cultivars originated by hybridisation or somatic mutation from ’Oak
Leaf and ’Ecke White’, with all of them belonging to ’Annette Hegg’ or 'Paul Mikkelsen’
cultivar groups (Werner and Sink, 1977; Stewart et al., 1979). Cultivars were divided into
two morphotypes: i) free branching, characterized by weak apical dominance, many
axillary shoots and relatively small stem diameters; and ii) restricted branching,
characterized by strong apical dominance, few axillary shoots and large stem diameters
(Dole and Wilkins, 1991).

To eliminate potential pathogens (e.g. Poinsettia Mosaic Virus - PnMV), poinsettias are
subjected to heat treatment, meristem culture or somatic embryogenesis, which leads to
a loss of the free branching ability. However, the trait can be restored by grafting these
plants onto free branching cultivars (Lee, 2000). The success of this approach is due to
the discovery of a phytoplasma present in the free branching cultivars, and its ability to
be transmitted by grafting to restricted branching ones, thus opening up possibilities for
poinsettia breeding by allowing the use of diverse and disease-free cultivars (Lee et al.,
1997). An infectious agent related to peach X disease and spirea stunt was identified as
the cause for the phytoplasma, which showed no pathogenicity in poinsettia and thus
became a standard procedure to induce branching in new poinsettia seedlings by grafting
(Lee et al., 1997; Taylor et al., 2011).

1.2  Plant pigments: A colourful pathway

Plant pigmentation is of outstanding importance in plant ecology due to its ability to attract
pollinators and seed-dispersing organisms (Kevan and Baker, 1983; Mol et al., 1998;
Grotewold, 2006a), as well as in plant-environment interactions, such as light protection
and antioxidants, chelating agents for metals, and protection against biotic and abiotic
stresses (Chalker-Scott, 1999; Harvaux and Kloppstech, 2001; Ahmed et al., 2014; Landi
et al., 2015; Jordan, 2018). In ornamental plants, flower colour is a key feature,
determining the quality and ornamental merits, as well as influencing its commercial

value. Therefore, understanding the mechanisms underlying colour biosynthesis,
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regulation and transport is essential for the cultivation and breeding of ornamental plants
(Zhao and Tao, 2015).

The colouration of flowers is due to the accumulation of three chemically distinct
pigments: flavonoids, carotenoids, and betalains. The first two classes are widely
distributed in the plant kingdom, whereas betalains are found exclusively in one group of
angiosperms, the order Caryophyllales (e.g. beetroot, Amaranthus and portulaca) (Mol
et al., 1998; Grotewold, 2006a; Tanaka et al., 2008). Betalains comprise the red-violet
betacyanins and yellow-orange betaxanthins and, although much scientific interest is
driven by these pigments, its biosynthesis, modulation, and regulatory pathways have
not been fully elucidated (Brockington et al., 2011; Hatlestad et al., 2012, 2015; Chung
etal., 2015; Davies, 2015). Interestingly, betalains and anthocyanin seem to be exclusive
pathways and have never been found together in any plant (Stafford, 1994; Sakuta,
2014).

Beyond their long recognized function as plant pigments ranging from red to yellow hues
(Grotewold, 2006a), carotenoids are essential for light capture, photoprotection, and
stabilization of the photosynthetic apparatus in plants (Hashimoto et al., 2016; Stanley
and Yuan, 2019), as well as providing precursors for the biosynthesis of phytohormones
(Nambara and Marion-Poll, 2005; Al-Babili and Bouwmeester, 2015) and acting as
signalling molecules to plant development (Tian, 2015). The carotenoid metabolism, as
well as their regulation and biosynthesis, has been extensively studied due to their pivotal
roles in plants and human nutrition (Ruiz-Sola and Rodriguez-Concepcion, 2012; Fiedor
and Burda, 2014; Nisar et al., 2015; Yuan et al., 2015; Stanley and Yuan, 2019).

Flavonoids are widely distributed secondary metabolites in plants estimated to comprise
over 8000 metabolites and they can be classified into six major subgroups: flavones,
flavonols, flavanones, flavanols, anthocyanidins and isoflavones, therefore leading to a
wide spectrum of colours, from pale yellow to blue-purple (Zhao and Tao, 2015; Tohge
et al., 2017). Besides their known main function as plant pigments (Mol et al., 1998; Koes
et al., 2005), flavonoids have important roles in photoprotection (Agati and Tattini, 2010),
auxin transport (Peer and Murphy, 2007), allelopathy (Bais et al., 2006), modulation of
reactive oxygen species (ROS) levels (Taylor and Grotewold, 2005), as well as defence
against herbivores and pathogens (Peters and Constabel, 2002; Torregrosa et al., 2004).
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1.2.1 Anthocyanin biosynthesis and regulation

Anthocyanin pigments are responsible for the majority of the orange, red, purple, and
blue colours of flowers, and their biosynthesis, which derives from a branch of the
flavonoid pathway, has been a research hotspot in the field of plant secondary
metabolism (Tanaka et al., 2008; Cheynier et al., 2013; Saito et al., 2013; Zhao and Tao,
2015). Flavonoid synthesis occurs at the convergence of the shikimate and acetate
pathways, subsequently through the phenylpropanoid pathway, transforming
phenylalanine into 4-coumaroyl-CoA, which finally enters the flavonoid biosynthesis
pathway with chalcone synthase (CHS) providing the precursor for all classes of
flavonoids (Falcone Ferreyra et al., 2012; Tohge et al., 2017).

The anthocyanin specific pathway is depicted in Figure 2. Briefly, it starts with CHS
mediated synthesis of naringenin chalcone from 4-coumaroyl-CoA and malonyl-CoA.
Chalcone isomerase (CHI) then isomerizes naringenin chalcone to naringenin.
Flavanone 3-hydroxylase (F3H) converts naringenin into dihydrokaempferol (DHK) that
can be further hydroxylated by flavonoid 3-hydroxylase (F3'H) or flavonoid 3',5"
hydroxylase (F3'6'H) into dihydroquercetin (DHK) or dihydromyricetin (DHM),
respectively. Next, the three dihydroflavonols are converted into colourless
leucoanthocyanidins by dihydroflavonol 4-reductase (DFR) and subsequently to coloured
anthocyanidins by anthocyanidin synthase (ANS). Finally, various members of the
glycosyltransferase enzyme family attach sugar molecules to anthocyanidins, e.g.
flavonoid 3-O-glucosyltransferase (UFGT). In addition to glucose, anthocyanins
containing rhamnose and other sugars at the 5, 3’, and 7 positions are also found in
different plants, as well as acylated ones by a variety of organic acids through the action
of anthocyanin acyltransferases (Grotewold, 2006a; Sasaki et al., 2014; Liu et al., 2018b)

The structural genes can be divided into early biosynthetic genes (EBGSs), i.e. CHS, CHI,
F3H, F3'H, FLS, and late biosynthetic genes (LBGS), i.e. DFR, ANS/LDOX, UFGT, LAR,
ANR (Petroni and Tonelli, 2011). EBGs are usually regulated by R2R3-MYB regulatory
genes, whereas the activation of LBGs is mediated by a regulatory complex, called the
MYB-bHLH-WD40 (MBW) complex, consisting of MYB, basic helix-loop-helix (bHLH)
and WD40 repeat families (Dubos et al., 2010), which in turn can be regulated by a
cascade of signalling pathways (Bulgakov et al., 2017). MYB factors alone have been
demonstrated to positively regulate the expression of EBGs in several species (Adato et

al., 2009; Czemmel et al., 2009; Vimolmangkang et al., 2013). In Arabidopsis, knockout
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of MYB12 led to a clear reduction of CHS and FLS expressions, while the expression of
CHI, F3H, DFR, and F3’H remained unchanged (Mehrtens et al., 2005). Other MYB
classes, such as the R2R3-MYB factors PAP1, PAP2, MYB113, MYB114, are involved
in MBW complexes and regulate the expression of LBGs (Baudry et al., 2004; Espley et
al., 2007; Butelli et al., 2008; Gonzalez et al., 2008).

Despite being the main transcriptional regulators of the flavonoid pathway together with
MYB and WD40 (Hichri et al., 2011), bHLH transcription factors, also known as MYCs,
regulate several biological processes in plants, such as the development of floral organs
(Heisler et al., 2001; Sorensen et al., 2003), photomorphogenesis (Ortigosa et al., 2020)
and hormonal response (Dombrecht et al., 2007; Kazan and Manners, 2013;
Chakraborty et al., 2019). Flavonoid-related bHLHs were first reported in maize
(Chandler et al., 1989), and their importance in acting within the MBW complex has been
observed in a range of species (Baudry et al., 2004; Shan et al., 2019; Wang et al.,
2019c). Similarly, WD40 proteins are also involved in a range of roles in plants, e.g. cell
division, signal transduction, RNA processing and regulation of transcription (van Nocker
and Ludwig, 2003), and the play crucial roles in the flavonoid MBW regulatory complex
(Yao et al., 2017; Liu et al., 2018a; Zhao et al., 2019).
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Figure 2. Simplified schematic representation of the anthocyanin biosynthetic
pathway and other subgroups of flavonoids. Enzyme names are abbreviated as
follows: PAL, phenylalanine ammonia-lyase; C4H, cinnamic acid 4-hydroxylase; 4CL, 4
coumarate CoA ligase; CHS, chalcone synthase; CHI, chalcone isomerase; F3H,
flavanone 3-hydroxylase; F3’H, flavanone 3-hydroxylase; F3’5°’H, flavanone 3°5*-
hydroxylase; DFR, dihydroflavonol reductase; FLS, flavonol synthase; ANS/LDOX,
anthocyanidin  synthase/leucoanthocyanidin dioxygenase; UFGT, UDP-flavonoid
glucosyltransferase; ANR, anthocyanidin reductase; LAR, Leucoanthocyanidin
reductase (Adapted from Petroni and Tonelli (2011)).
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1.2.2 Mechanisms of anthocyanin transport

The synthesis of anthocyanins takes place on the cytoplasmic surface of the endoplasmic
reticulum (ER), with probably all enzymes establishing one or more ER-associated
multienzyme complexes (Winkel, 2004). Once synthesized, anthocyanin molecules need
to be stored in the vacuole to prevent oxidation, as well as to provide the acidic vacuolar
environment necessary for anthocyanins to function as pigments (Marrs et al., 1995;
Verweij et al., 2008; Faraco et al., 2014; Bassham, 2015). Thus, two non-exclusive
possible models for the transport of anthocyanins from the ER surface to the vacuole
have been proposed and extensively studied: the Vesicle trafficking-mediated model
(Vesicular Transport - VT) and the transporter-mediated model (Ligandin Transporter -
LT) (Grotewold and Davies, 2008).

The vesicle trafficking-mediated model hypothesizes that anthocyanins first translocate
into the ER lumen and are then transported in vesicles and/or membrane-bound
organelles to the vacuole, a process analogous to the mechanism by which proteins are
transported to the vacuole (Bassham, 2015; Chanoca et al., 2015). This model of action
is supported by early observations of anthocyanins and other flavonoids accumulation in
the cytoplasm in discrete structures, such as in sweet potato (Nozue and Yasuda, 1985)
and maize (Grotewold et al., 1998), and later observed in other species, e.g. lisianthus
(Eustoma grandiflorum) (Zhang et al., 2006a), Brassica napus (Hsieh and Huang, 2007),
Arabidopsis (Poustka et al., 2007), and grapevine (Conn et al., 2010; Gomez et al.,
2011). This model also involves an autophagy-like pathway, where anthocyanin-
containing ER vesicles could be engulfed by autophagosomes and deposited inside the

vacuole (Pourcel et al., 2010; Chanoca et al., 2015).

The second and most established model is the transporter-mediated model, where a
glutathione S-transferase (GST) protein and tonoplast transporter proteins are involved
in the transport of anthocyanins (Tanaka et al., 2008; Zhao, 2015). It was first proposed
that the GST role was to form anthocyanin—glutathione conjugates, which would be
recognized by a tonoplast-localized pump, and subsequently transported into vacuoles
(Marrs et al., 1995). However, GST enzymatic activity is not required for the GST-
dependent anthocyanin vacuolar sequestration, suggesting that the GST can bind to
anthocyanin molecules to form a complex, thus escorting them from the ER to the
vacuole preventing oxidation (Alfenito et al. 1998; Mueller et al., 2000; Larsen et al.,

2003; Zhao and Dixon, 2010). Moreover, Multidrug and Toxic Compound Extrusion
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(MATE) transporters, a kind of ABC-transporter proteins, participate in the uptake of
cytoplasmic anthocyanins into the vacuole (Debeaujon et al.,, 2001; Goodman et al.,
2004; Marinova et al., 2007; Gomez et al., 2009).

1.2.3 Glutathione S-transferase as anthocyanin transporter

Glutathione S-transferases (GSTs) represent a widespread multigenic enzyme family,
abundantly found in animals, plants and even in some prokaryotes, and involved in
multifunctional roles (Edwards et al., 2000; Lallement et al., 2014). Plant GSTs were
initially identified as playing major roles in herbicide detoxification (Frear and Swanson,
1970; Dixon et al., 1998; Chronopoulou et al., 2017), but later described to be involved
in responses to biotic and abiotic stresses (Roxas et al., 2000; Agrawal et al., 2002;
Guliner et al., 2018), hormone responses and biosynthesis (Frova, 2006; Oakley, 2011),
developmental changes (Moons, 2005) and detoxification of xenobiotics (Dixon et al.,
1998, 2010; Cummins et al., 2011; Kumar and Trivedi, 2018).

The classification of GSTs is based on sequence conservation, genomic organization,
physiochemical properties, among others (Edwards et al., 2000; Lallement et al., 2014;
Islam et al., 2019). So far, 14 GSTs classes have been identified in plants: tau (U), phi
(F), lambda (L), dehydroascorbate reductase (DHAR), theta (T), zeta (Z), eukaryotic
translation elongation factor 1B-y subunit (EF1By), tetra-chloro hydroquinone
dehalogenase (TCHQD), microsomal prostaglandin E-synthase type 2 (mMPGES-2),
glutathionyl hydroquinone reductase (GHR), metaxin, Ure2p, hemerythrin (H) and iota (1)
(reviewed by (Lallement et al., 2014)). A large number of GSTs have been identified in
plants species, such as 49 in Capsella rubella (He et al., 2016), 55 in Arabidopsis (Dixon
and Edwards, 2010), 61 in Citrus (Licciardello et al., 2014) and 139 in L. chinensis (Hu
et al., 2016).

The active role of GSTs in anthocyanin transportation has been demonstrated for several
plant species (Hu et al., 2016; Pérez-Diaz et al., 2016; Jiang et al., 2019; Kou et al.,
2019; Liu et al., 2019). The Bronze-2 (Bz2) gene from maize was the first one reported
to act as an anthocyanin transporter, which was demonstrated by the accumulation of
anthocyanins in the cytoplasm in bz2 mutants (Marrs et al., 1995). In petunia, the
appearance of white mutants was attributed to a mutation on the an9 gene, with the
phenotype being complemented by the overexpression of An9 and Bz2 (Alfenito et al.

1998). A mutation on the fl3 gene from carnation leads to a light pink phenotype, but with
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a brighter phenotype being complemented by the petunia An9 and maize Bz2 (Larsen et
al., 2003). The anthocyanin reduction of the Arabidopsis transparent testa 19 mutant was
complemented by the overexpression of An9 (Kitamura et al., 2004). In peach, four
alleles of a GST gene (Riant) were identified, with two of them containing frameshift
mutations and not able to complement the Arabidopsis tt19 phenotype. Varieties
containing copies of the mutated alleles in a homozygous state showed flowers with white
variegated phenotypes (Cheng et al., 2015). A Single Nucleotide Polymorphism (SNP)
in the strawberry reduced anthocyanins in petioles (RAP) gene, leading to a premature
stop codon, results in a mutant with green petioles and leaves. The non-functional rap
gene was not able to complement the Arabidopsis tt19, while the wild-type RAP was
successful (Luo et al., 2018).

1.2.4 Colour formation in poinsettia: the ‘white paradox’

The coloured bracts of poinsettias, varying from red, white, pink, yellow, or even
bicoloured, scattered, or marbled colourations, determines the ornamental value of the
species. In poinsettia, bract axillary buds differentiate into flowers (Kannangara and
Hansson, 1998) under short-day conditions, which is accompanied by the development
and colouration of bracts, thus indicating that the anthocyanin metabolism is regulated
by photoperiodism (Jaakola and Hohtola, 2010). Green leaves and red bracts occur
concomitantly in poinsettia plants and they accumulate different groups of pigments, i.e.
chlorophylls and anthocyanins (Pomar and Ros Barceld, 2007; Moustaka et al., 2018).
Several anthocyanin types have been identified in poinsettia bracts, with cyanidin and
pelargonidin accounting for almost the complete total (Asen, 1958; Stewart et al., 1979,
1980; Slatnar et al., 2013; Nitarska et al., 2018).

Although the anthocyanin content of poinsettias has been previously reported, studies
on the molecular mechanism involved in the anthocyanin pathway are scarce. A
Dihydroflavonol-4-reductase (DFR) was suggested to promote the conversion of green
leaves into red bracts (Gu et al.,, 2018). The orange colour of the poinsettia cultivar
‘Harvest Orange’ was related to a nonsense mutation in a flavonoid 3-hydroxylase (F3'H)
allele, thus leading to a higher accumulation of pelargonidin (Nitarska et al., 2018). The
pink colouration in pink and marble bracts can be attributed to periclinal chimeric
structures (Nielsen et al., 2003), while the reason for white/creamy colouration remains

uncertain. Previous unpublished studies, together with our poinsettia transcriptome
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(Vilperte et al., 2019), have observed the expression of most structural genes and the
related enzyme activities involved in the formation of red anthocyanin pigments; thus, the
appearance of acyanic (uncoloured) varieties is poinsettias is referred to as the ‘white

paradox’.

1.3 Transcriptomics

The RNA was only separated from the DNA world in 1958 when Francis Crick formulated
the hypothesis of the Central Dogma of Biology, where he proposed the idea that the
genetic information is transcribed from DNA into RNA and further translated into proteins
(Crick, 1958; Cobb, 2017). The transcriptome, defined as the complete set of DNA
transcripts (i.e. RNAs) in a single cell and its quantities, for a specific stage of
development or physiological condition, represents an important relation between the
phenotype and the information encoded by DNA (Wang et al., 2009; Valdés et al., 2013).
Transcriptomic studies became a promising field of studies in the post-genomic era
(Lockhart and Winzeler, 2000), for reasons such as the ability to reflect spatiotemporal
dynamics of gene expression, support to proteomics studies, and the possibility of
studies regarding the structure and function of non-coding RNAs (hcRNAs) (Dong and
Chen, 2013). The main goals of transcriptomic studies are: i) to identify all types of
transcripts, including mRNAs, ncRNAs and small RNAs (SRNAs); ii) to determine gene
structures, in terms of start sites, 5' and 3' ends, splicing patterns and other post-
transcriptional modifications; and iii) to quantify changes in expression levels of each

transcript (Wang et al., 2009).

Throughout the years, several technigues have been used to analyse gene expression,
with the first approaches based on hybridization, such as cDNA microarrays and tilling
genome arrays (Stolc et al., 2005; Draghici et al., 2006; Karakach et al., 2010; Ward et
al.,, 2012). On the other hand, sequencing-based approaches, which can directly
determine the cDNA sequence, have been intensively applied in transcriptomic studies.
Several techniques were used in the last decades, such as Expressed Sequence Tags
(ESTs) (Boguski et al., 1994; Blair et al., 2011), Differential Display Reverse
Transcriptase Polymerase Chain Reaction (DDRT-PCR) (Liang and Pardee, 1992),
Serial Analysis of Gene Expression (SAGE) (Velculescu et al., 1995), Cap Analysis Gene
Expression (CAGE) (Shiraki et al., 2003) and Massively Parallel Signature Sequencing

(MPSS) (Brenner et al., 2000). For many years, microarrays have been the main choice
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for gene expression studies for organisms with sufficient genomic information, providing
high-throughput, cost-effective and easily optimized solution to examine transcript
expression (Malone and Oliver, 2011; Zhao et al., 2014; Hsieh et al., 2019). On the other
hand, for non-model organisms, expression microarrays need to rely on cross-species
hybridization (Vijay et al., 2013).

As an alternative, RNA sequencing (RNA-Seq) methods, defined as the direct
sequencing of transcripts through Next Generation Sequencing (NGS) techniques (Zhao
et al., 2014), became available for transcriptome studies and are independent of any
annotated sequence from the organism of interest, with several advances from
microarray technologies and several sequencing methods (Valdés et al., 2013; van Dijk
et al., 2014). For non-model species lacking a reference genome, RNA-Seq is a powerful
tool to reconstruct and quantify whole transcriptomes (Conesa et al., 2016; Hrdlickova et
al., 2017). However, there is no consensus or optimal methodologies to use in
transcriptome studies, thus creating a challenge to analyse such data. Therefore,
different species, sequencing protocols, and parameter settings necessitate different

approaches to achieve the most reliable results (HOlzer and Marz, 2019).

1.3.1 Transcriptome assembly and its challenges

Transcriptome assembly from RNA-Seq data is a useful method for detecting variations
in gene expression and sequences, as well as finding novel transcripts or alternatively
spliced transcripts between conditions, tissues and species (Wang et al., 2009; Ozsolak
and Milos, 2011, Li et al., 2019a). There are two main approaches for transcriptome
assemblies: i) reference-guided assembly, which takes advantage of an existing genome
to which the RNA-Seq reads are first aligned and further used for the construction of
individual transcripts; and ii) de novo assembly, which relies on overlaps between reads
and attempts to assemble them into full transcripts, without aligning the reads to a
reference genome (Ungaro et al., 2017; Kovaka et al., 2019). For non-model species that
lack a high-quality reference genome, the de novo assembly approach is a powerful tool
to aid transcriptome analysis. However, several problems are exacerbated due to the
lack of reference sequences, such as the presence of chimaeras, structural and base
errors, presence of partial transcripts and incomplete assemblies (Smith-Unna et al.,
2016; Li et al., 2019a).
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Although similarities are shared between genome and transcriptome assemblies,
reconstructing a comprehensive and detailed de novo transcriptome from RNA-Seq data
imposes many informatics challenges. Whereas the depth of DNA sequencing is similar
across a genome, some transcripts might be highly expressed, while others present a
low expression (Martin and Wang, 2011; Holzer and Marz, 2019). Low expressed
transcripts be might be considered as sequencing errors and removed from the assembly
process by various tools (Haas and Zody, 2010), while too many reads lead to potential
misassembly and increased runtimes, and therefore require in silico reduction of the
number of reads (Haas et al., 2013; Conesa et al., 2016). Secondly, reads derived from
one exon can be part of multiple paths in the assembly graph, thus making it difficult to
resolve transcript variants unambiguously (Hélzer and Marz, 2019). Lastly, repetitive
regions are also a major problem for the construction of transcripts, and coverage cannot
be easily applied to discriminate contigs that correspond to repeats as it is done for

genomic repeats (Novék et al., 2010; Lima et al., 2017; Holzer and Marz, 2019).

Several tools have been developed for de novo transcriptome assembly in the last
decades, for instance, Trans-ABySS (Robertson et al., 2010), IDBA-tran (Peng et al.,
2010), Trinity (Grabherr et al., 2011), Oases (Schulz et al., 2012), SOAPdenovo-Trans
(Xie et al., 2014), Bridger (Chang et al., 2015), BinPacker (Liu et al., 2016), Shannon
(Kannan et al., 2016) and rnaSPAdes (Bushmanova et al., 2018). While most of these
tools use de Bruijn graph strategies to construct, revise, and parse the assemblies, each
method uses different thresholds and different assumptions to make decisions (Voshall
and Moriyama, 2018). Several studies have comparatively assessed the performance of
these tools for different plant species, e.g. Camellia sinensis (Zhao et al., 2011; Li et al.,
2019a), Arabidopsis (Jain et al., 2013; Wang and Gribskov, 2017), peanut (Chopra et al.,
2014), Nicotiana benthamiana (Nakasugi et al., 2014) and sugarcane (Hoang et al.,
2017). Therefore, knowing the advantages and disadvantages of each tool, as well as
adjusting the algorithms to obtain the best possible results, is an essential step in the
direction of a successful and reliable de novo transcriptome assembly (H6lzer and Marz,
2019)

1.3.2 The power of Single-Molecule Sequencing for transcriptome assembly

While NGS technologies have revolutionized the field of molecular biology due to their

massive improvements over Sanger sequencing, their limitations, such as the application
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of short reads, make them poorly suited for some particular biological problems, including
genome and transcriptome assemblies, gene variant detection and epigenetics studies
(Rhoads and Au, 2015; An et al., 2018). As an alternative to overcome many of the NGS
limitations, Third Generation Sequencing (TGS) presents distinguishing features, such
as single-molecule sequencing (SMS), leading to the absence of PCR bias, sequencing
in real-time and production of long reads (Bleidorn, 2016; van Dijk et al., 2018; Wang et
al., 2019a). The first commercialized SMS technology was the Helicos Biosciences
(Harris et al., 2008; Pushkarev et al., 2009), but it was not viable due to its high costs
and production of short reads (van Dijk et al., 2018). The first successful one was
released by Pacific Biosciences (PacBio), termed single-molecule real-time (SMRT)
sequencing (Eid et al., 2009), and it was followed by the nanopore sequencing from
Oxford Nanopore Technologies (ONT) (Jain et al., 2015).

The SMRT technology from PacBio produced initial average short read lengths (~1.5kb)
with error rates around 13% (Quail et al., 2012); however, due to the development of
sequencing chemistry and a release of a new sequencer, read length and throughput
have substantially increased and led to an overall accuracy improvement (van Dijk et al.,
2018). Its circular consensus sequencing mode (CCS), where molecules are sequenced
several times, provide base-level resolution with 99% single-molecule read accuracy
(Wenger et al., 2019). In contrast, nanopore reads are limited to the length of the DNA
molecules to be sequenced rather than the chemistry used (van Dijk et al., 2018). Thus,
unusual long reads can be obtained, up to ~1Mb (Jain et al., 2018), if sufficient template
quality is available. Although a new nanopore sequencing method called 2D sequencing
allows for the sequencing of both DNA strands, it is still no able to sequence the same
strand multiple times as the SMRT and, therefore, presenting high error rates (Jain et al.,
2017; van Dijk et al., 2018).

The application of PacBio long-read isoform sequencing (Iso-Seq) can provide long
reads up to ~10 kb, thus retrieving most of the expressed transcripts as full-length
sequences, alternative isoforms and duplicated genes (An et al., 2018). Besides, due to
the high frequency of error of long PacBio reads, hybrid sequencing approaches, which
integrate short reads with long reads during the transcriptome assembly, are valuable
tools for plant transcriptome studies (Au et al., 2012; Koren et al., 2012; An et al., 2018).
Such approaches have been used to unveil the complexity of the maize transcriptome
(Wang et al., 2016), improve the wheat genome annotation (Dong et al., 2015), survey

the transcriptomes of sorghum, sugarcane and coffee bean (Abdel-Ghany et al., 2016;
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Cheng et al., 2017; Hoang et al., 2017), assess alternative splicing in cultivated and wild
cotton (Wang et al., 2018; Feng et al., 2019), rhizome-associated alternative splicing in
bamboo (Wang et al., 2017), study taxol biosynthesis in Taxus cuspidate (Kuang et al.,
2019). Therefore, SMS is a useful approach to generate valuable resource to the plant
research community, providing genome and transcriptome information at unprecedented

resolutions and accuracy (An et al., 2018; van Dijk et al., 2018).

1.4  Mutation breeding

Genetic variation, a result of recombination of genetic materials and their continuous
interaction with the environment, is the main force driving evolution and practical
breeding (Oladosu et al., 2016). Plant breeding, the very basis of modern civilization,
play a significant role in increasing the genetic variability for desired traits in various
domesticated plant species (Sikora et al., 2011; Chaudhary et al., 2019). Classical
breeding (i.e. recombinant breeding) remains the standard approach of the plant
breeding industry (Acquaah, 2012). However, mutation breeding has been an
extraordinary tool in plant breeding since the late 1920s, when Lewis John Stadler
showed the applicability of X-ray in inducing genetic variation in barley and maize
(Stadler, 1928a, 1928b).

Mutation breeding aims to induce genetic variation, by chemical, physical or biological
agents (or mutagens), without major losses in viability (Roychowdhury and Tah, 2013;
Oladosu et al., 2016). Chemical mutagens, such as N-methyl-N-nitrosourea (MNU),
sodium azide, hydrogen fluoride (HF), methyl methanesulfonate (MMS), and ethyl
methanesulfonate (EMS), often cause mild effects in plant tissues, and they have several
advantages, including simplicity to handle, do not require specialised equipment, and can
provide a very high mutation frequency (Sikora et al., 2011; Acquaah, 2012; Oladosu et
al., 2016). EMS is the most widely used chemical mutagen in plants, as it produces point
mutations with high frequency (specially G-C to A-T base pair transitions), rather than
deletions and translocations (Greene et al., 2003; Till et al., 2007). Such mutations can
occur in coding regions, in the form of silent, missense or nonsense mutation, as well as
in non-coding regions, which can lead to changes in promoter sequences or other
regulatory regions, affecting the regulation of transcription (Mba, 2013; Oladosu et al.,
2016).
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Physical mutagens are divided into two categories: i) ionizing atomic particle radiation,
made up of subatomic particles (electrons, protons, neutrons), with fast neutron and ion
beams being the most used for plant mutation induction (Li et al., 2001; Tanaka et al.,
2010); and ii) ionizing electromagnetic radiations, which include cosmic rays, X-rays and
gamma rays (Mba, 2013; Bado et al., 2015). lonizing radiation induces DNA oxidative
damage, such as double-strand breaks (DSBs), base substitutions, deletions and
chromosomal alterations at a lower frequency, thus resulting in common loss of gene
function (Morita et al., 2009; Kazama et al., 2011; Jo and Kim, 2019). DSBs can be
repaired either via the error-free homologous recombination (HR) pathway or via the
error-prone non-homologous end-joining (NHEJ) pathway, with the latter being the
predominant DSB repair pathway in plants (Puchta, 2005; Bleuyard et al., 2006).

Mutation breeding has been used to generate varieties with different agronomical and
quality traits for more than 200 different species and crops (FAO and IAEA, 2019). The
development of varieties resistant to biotic and abiotic stresses is a major field of mutation
breeding. EMS wheat mutants showed a broad-spectrum disease resistance (Campbell
et al., 2012), while sodium azide mutagenesis generated the same in mutant rice (Wang
et al., 2019b). Gamma-ray treated sesame varieties have shown field tolerance to
Phytophthora (Pathirana, 1992). Drought and salinity tolerance were observed in
gamma-ray irradiated wheat and rice (Sen et al., 2017; Abdelnour-Esquivel et al., 2020).
In addition to that, improvement of crop quality and nutritional traits has also been
achieved with mutation breeding, including increased quality in sweet cherry fruits
(Kunter et al., 2012), increased levels of antioxidants in black gram (Vigna mungo L.
Hepper) (Yasmin et al., 2019), high-amylose cassava mutants (Ceballos et al., 2008) and

high oleate levels in peanut (Mondal et al., 2011).

1.4.1 Mutation breeding in ornamentals

Mutation breeding is an established and successful method to generate variation in
ornamental plants, since most economically important traits, e.g. flower characteristics
or growth habit, are easily monitored after the mutagenic treatment (Schum and Preil,
1998; Ibrahim et al., 2018). Induced mutations in ornamentals focus on economic
aesthetic values, such as flower and leaf characters (colour, size, morphology,
fragrance), growth habit (compact, climbing, branching), physiological traits

(photoperiodic response, early flowering, free-flowering, flower keeping quality), and
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biotic and abiotic stress responses (Schum and Preil, 1998). Furthermore, most
ornamental species are vegetatively propagated and highly heterozygous; this allows for
the detection, selection and maintenance of mutants in early generations of the breeding
process, without drastically altering other desired characteristics of a genotype (Broertjes
and Van Harten, 1988; Schum and Preil, 1998; Van Harten, 2002).

The use of mutation breeding in ornamental plants has started in the 1930s, where W.E.
de Mol first irradiated tulip bulbs (cv. Fantasy), which had as an outcome the first
commercial mutant released with altered flower colour (cv. Faraday) at the end of the
1940s (Broertjes and Van Harten, 1988). Over the years, the applicability of induced
mutagenesis has been exploited in several ornamental species (Datta, 2020), with over
700 mutant varieties for more than 80 different species (FAO and IAEA, 2019). The
largest number of mutated varieties has been obtained in the genera Chrysanthemum,
Rosa, Dahlia, Alstroemeria and Streptocarpus (Table 2). EMS, X-ray, gamma-ray, and
ion-beam irradiation were used to produce Chrysanthemum cultivars with novel traits,
especially new flower colours, shapes and sizes (Broertjes, 1966; Rocha Latado et al.,
2004; Silva et al., 2013; Soliman et al., 2014; Okamura et al., 2015). Many rose varieties
have been developed through both physical and chemical mutagens (reviewed by (Datta,
2018). lon-beam irradiation was applied to obtain carnation mutants with different flower

colour and shapes (Okamura et al., 2003, 2013).

Table 2. Top 10 genera with the largest mutant varieties registered in the joint Food and
Agriculture Organization of the United Nations/International Atomic Energy Agency
database (FAO and IAEA, 2019).

. Mutated varieties Physical Chemical
Species .
obtained mutagen mutagen
Chrysanthemum 285 271 1
Rosa 67 57 4
Dahlia 35 35 0
Alstroemeria 35 35 0
Streptocarpus 30 27 1
Dianthus 28 21 3
Begonia 25 25 0
Portulaca 17 17 0
Bougainvillea 16 11 1
Rhododendron 15 15 0
Others 174 147 16
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1.4.2 Microsatellites as a source of variation

Microsatellites, Single Sequence Repeats (SSRs) or Short Tandem Repeats (STRs), are
among the most variable and highly dynamic types of repetitive sequence in the genome
(Ellegren, 2004; Verstrepen et al., 2005). They are defined as short tandemly repeated
DNA sequences that involve a repetitive unit of 1-9 bp and lengths of up to 100
nucleotides (nt) (Fan and Chu, 2007; Gemayel et al., 2010). SSR regions are extremely
unstable, where mutations occur in the form of an addition or deletion of repeat units at
much higher rates than in other parts of the genome (10 to 100,000 times higher)
(Schlotterer, 2000; Gemayel et al., 2010). The majority of SSR mutations occur due to
replication slippage, which happens during DNA replication, leading to mispairing (by one
or more repeat units) between the nascent and template strands (Fan and Chu, 2007;
Gemayel et al., 2010) (Figure 3). However, mutations in SSR locations can also arise
from DNA double-strand break (DSB) repair (Paques et al., 1998; Richard and Paques,
2000; Verstrepen et al., 2005).
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Figure 3. Schematic illustration of replication slippage during DNA replication.
Misalignment of nascent and template strands can either lead to an addition or deletion
of one or more repeat units in the newly replicated strand (adapted from Fan and Chu
(2003)).

lonizing radiation (e.g. X-rays and y-rays) leads to DSBs, due to DNA oxidative damage,
which can be subsequently repaired either via the error-free homologous recombination
(HR) pathway or via the error-prone non-homologous end-joining (NHEJ) pathway, with
the latter being the predominant DSB repair pathway in plants (Puchta, 2005; Bleuyard
et al., 2006; Roldan-Arjona and Ariza, 2009). Nonetheless, HR has been shown to occur
in low frequencies, where information from both allelic and ectopic sites could be used
for DSB repairs (Puchta, 1999; Gisler et al., 2002; Orel et al., 2003). If homologous

regions close to the DSB are present, HR can occur in higher frequency (Siebert and
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Puchta, 2002). The classical NHEJ (cNHEJ) involves the ligation of the DSB junctions
without much sequence loss, which is due to the fact that double-stranded ends are
protected from degradation by binding of a KU-heterodimer (KU70/KU80) before ligation
takes place (Knoll et al., 2014).

On the other hand, the alternative NHEJ (aNHEJ) can take place when, at the site of the
DSB, single strands containing microhomologies are present and align to one another
(Knoll et al., 2014). This type of aNHEJ, also known as microhomology-mediated end
joining (MMEJ), is associated with deletions flanking the original DSB site (Sfeir and
Symington, 2015). Nonetheless, deletions can also occur via HR-mediated DSB repair.
Single-strand annealing (SSA) depends on homologous repetitive sequences that are
arranged nearby, and they showed to be as efficient as NHEJ in DSB repair in plants
(Siebert and Puchta, 2002; Orel et al., 2003; Vu et al., 2017). Studies have shown that
SSR instability increases with plant development in Arabidopsis and that NHEJ repair is
more efficient in such cases (Golubov et al., 2010). Moreover, abiotic stress has also
been shown to induce SSR instability, which might be linked with the frequency of errors
made during NHEJ repair of DSBs (Yao and Kovalchuk, 2011).

Despite their importance in many fields of molecular biology, reliable SSR genotyping
from Next Generation Sequencing (NGS), especially for small insertions and deletions
(indels) analysis, is still challenging (Albers et al., 2011; Treangen and Salzberg, 2011;
Wang et al.,, 2011). Several NGS methods have been used for genome-wide and
targeted SSR genotyping (Vartia et al., 2016; De Barba et al., 2017; Lietal., 2017, 2019b;
Yang et al., 2019). However, there is an increased sequencing error in such regions due
to imprecise base calling of NGS platforms and polymerase slippage during PCR
amplification (Albers et al., 2011). Studies using plasmids containing artificially inserted
tandem repeat sequences have shown the appearance of stutters due to slippage, which
is strongly correlated to the number of repeat units and repeat unit length (Shinde et al.,
2003; Fungtammasan et al., 2015). Nonetheless, the information obtained by NGS offers
a better and more powerful resolution than the traditional ways of SSR genotyping
(Sarhanova et al., 2018).

22



1 General Introduction

1.5 Objectives

Anthocyanins are well-known plant pigments responsible for red pigmentation in flowers
and fruits. Their metabolic pathways, regarding enzymes and the encoding genes, have
been extensively studied over the past years. In ornamental plants, the appearance of
acyanic (uncoloured) mutants is common, which occurs due to the lack of enzyme
expression in the biosynthetic pathways. However, in acyanic poinsettia (Euphorbia
pulcherrima), gene expression and enzyme activities for most known factors investigated

so far are unaltered. This phenomenon is commonly called the “white paradox”.

Furthermore, the colour range in poinsettia varieties is usually obtained by mutation
breeding (i.e. radiation), thus generating a spectrum of bract colours, such as pink,
marble, orange and white/creamy. The white varieties are often obtained through
radiation mutagenesis of the red varieties, followed by shoot development and trait
selection. Therefore, red and white poinsettias from the same variety are referred to as
‘pairs’, due to their highly similar genetic background. However, not all red varieties can
produce white sports through radiation. Thus, red poinsettia varieties are distinguished
into ‘heterozygous’ and ‘homozygous’ for the colouration locus according to their ability

to generate white sports (heterozygous produce white sports and homozygous do not).

The following thesis objectives were determined which were analysed in the three
manuscripts presented in this thesis:

1. to identify the genetic factors responsible for the white phenotype in poinsettia by
assembling and functionally annotating a hybrid de novo bract transcriptome for
the species, as well as to characterize the main differences between red- and
white-bracted poinsettia varieties during bract development, with a focus in the
flavonoid and adjacent pathways that are involved in pigment accumulation in

plant tissues (manuscript 1).

2. to functionally characterize an anthocyanin related GST from poinsettia as the
most likely target of the radiation-induced mutation of red poinsettias into white

bract sports (manuscript 2).

3. to identify a molecular marker and develop an approach to detect a low-frequency
deletion mutation in the poinsettia GST, and thus improve selection in poinsettia
breeding programs (manuscript 3).

23



2 Hybrid de novo transcriptome assembly of poinsettia bracts

2 Hybrid de novo transcriptome assembly of poinsettia (Euphorbia

pulcherrima Willd. Ex Klotsch) bracts

Vinicius Vilperte!?t, Calin Rares Lucaciu®, Heidi Halbwirth*, Robert Boehm?, Thomas

Rattei® and Thomas Debener?!

linstitute for Plant Genetics, Leibniz University Hannover, Hannover, Germany

2Klemm + Sohn GmbH & Co., Stuttgart, Germany

3Department of Microbiology and Ecosystem Science, University of Vienna, Vienna, Austria

4Institute of Chemical, Environmental and Bioscience Engineering, Technische Universitat Wien, Vienna,

Austria

TVinicius Vilperte and Calin Rares Lucaciu contributed equally to this work.

Type of authorship:
Type of article:

Contribution to the article:

Contribution of the other authors:

Supplements:

Journal:
Date of publication:
Impact factor:

DOI:

First author
Research article

Planned and performed most of the experiments,
analysed the data, prepared all tables and figures, and
wrote most of the manuscript.

Calin Rares Lucaciu performed most of the
bioinformatic analysis and helped with the writing of
the manuscript.

Heidi Halbwirth, Robert Boehm, and Thomas Rattei
helped in conceptualizing the project and reviewing
the manuscript.

Thomas Debener contributed to the planning of the
experimental design, data analysis, and writing and
reviewing of the manuscript.

Supplementary material mentioned in the manuscript
is provided at the end of the chapter or as an electronic

appendix.

BMC Genomics
27.11.2019
4.093

https://doi.org/10.1186/s12864-019-6247-3

24



2 Hybrid de novo transcriptome assembly of poinsettia bracts

Vilperte et al. BMC Genomics (2019) 20:900

https://doi.org/10.1186/512864-019-6247-3 B M C G enom |CS

RESEARCH ARTICLE Open Access

Hybrid de novo transcriptome assembly of &
poinsettia (Euphorbia pulcherrima Willd. Ex ™
Klotsch) bracts

Vinicius Vilperte'?'®, Calin Rares Lucaciu®", Heidi Halbwirth?, Robert Boehm?, Thomas Rattei®” and
Thomas Debener'”

Abstract

Background: Poinsettia is a popular and important ornamental crop, mostly during the Christmas season. Its bract
coloration ranges from pink/red to creamy/white shades. Despite its ornamental value, there is a lack of knowledge
about the genetics and molecular biology of poinsettia, especially on the mechanisms of color formation. We
performed an RNA-Seq analysis in order to shed light on the transcriptome of poinsettia bracts. Moreover, we
analyzed the transcriptome differences of red- and white-bracted poinsettia varieties during bract development and
coloration. For the assembly of a bract transcriptome, two paired-end cDNA libraries from a red and white
poinsettia pair were sequenced with the lllumina technology, and one library from a red-bracted variety was used
for PacBio sequencing. Both short and long reads were assembled using a hybrid de novo strategy. Samples of red-
and white-bracted poinsettias were sequenced and comparatively analyzed in three color developmental stages in
order to understand the mechanisms of color formation and accumulation in the species.

Results: The final transcriptome contains 288,524 contigs, with 33% showing confident protein annotation against
the TAIR10 database. The BUSCO pipeline, which is based on near-universal orthologous gene groups, was applied
to assess the transcriptome completeness. From a total of 1440 BUSCO groups searched, 77% were categorized as
complete (41% as single-copy and 36% as duplicated), 10% as fragmented and 13% as missing BUSCOs. The gene
expression comparison between red and white varieties of poinsettia showed a differential regulation of the
flavonoid biosynthesis pathway only at particular stages of bract development. An initial impairment of the
flavonoid pathway early in the color accumulation process for the white poinsettia variety was observed, but these
differences were no longer present in the subsequent stages of bract development. Nonetheless, GSTF11 and
UGT79B10 showed a lower expression in the last stage of bract development for the white variety and, therefore,
are potential candidates for further studies on poinsettia coloration.

Conclusions: In summary, this transcriptome analysis provides a valuable foundation for further studies on
poinsettia, such as plant breeding and genetics, and highlights crucial information on the molecular mechanism of
color formation.
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Background

The poinsettia, Fuphorbia pulcherrima Willd. ex Klotsch,
also known as Nochebuena or Christmas Star, is one of
the most important ornamental potted plants around the
globe. The species is native to Mexico [76] and belongs to
the family Euphorbiaceae and genus Euphorbia, with the
latest estimate containing around 2000 species and repre-
senting one of the largest genera within angiosperms [31].
The species is known by its red bract coloration, which is
due to the accumulation of anthocyanin pigments. Antho-
cyanins are a class of flavonoid secondary metabolite com-
pounds [48] which provide orange to blue colors to
flowers, seeds, fruits and other vegetative tissues in plants
[72]. Moreover, they have multiple functional roles in
plant-environment interactions, such as light protection
and antioxidants, chelating agents for metals [43], as well
as protection against biotic and abiotic stresses [2, 19].
The molecular mechanism involved in anthocyanin bio-
synthesis has been extensively described for several species
[59], but only scarce information is currently available for
poinsettia [30, 57].

In ornamental poinsettia, there is a coexistence of
green, reddish, and red leaves/bracts [54] in the same
plant, which implies a constant regulation of the antho-
cyanin and adjacent pathways throughout the bract de-
velopment process. A bract is a modified or specialized
leaf, often associated with a reproductive structure such
as a flower or inflorescence. In poinsettia, bract axillary
buds differentiate into flowers [36] under short day con-
ditions, which is accompanied by the development and
coloration of bracts, thus indicating that the anthocyanin
metabolism is regulated by photoperiodism [34]. The
color range in poinsettia varieties is obtained either
through classical breeding (crossing) or mutagenic
breeding (radiation), thus generating a spectrum of bract
colors, such as pink, marble (pink center surrounded by
white margins) and white/creamy. The pink coloration
in pink and marble bracts are due to periclinal chimeric
structures [55], while the reason for white/creamy color-
ation remains uncertain. Since the expression of all
structural genes and the related enzyme activities in-
volved in the formation of red anthocyanin pigments
can be determined, the appearance of acyanic (uncol-
ored) varieties is here referred to as the ‘white paradox’.
The elucidation of such mechanisms is extremely valu-
able for this crop since the production of plants with
bright and/or different colors is a key aspect for breeding
and consumer acceptance [30]. Despite the popularity of
poinsettia, information about its genome and transcrip-
tome have not been generated yet. Transcriptome as-
semblies are very useful in elucidating the major
transcripts and isoforms involved in pigmentation path-
ways, as well as their expression profiles under specific
conditions [3, 24, 47, 96].
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De novo transcriptome assemblies still represent a
challenge for non-model plant species, where the general
approach relies on the use of short cDNA sequences
(such as Illumina technology). Some of the issues faced
are related to the sensitivity of alignment errors due to
paralogs and multigene families, production of artefac-
tual chimeras and fragmented genes, and potentially
misestimated allelic diversity [17]. The recent use of Pac-
Bio technology has generated an improvement in various
plant transcriptomes [5, 80, 87] since it is able to gener-
ate full-length transcripts without the need of assembly
algorithms. Nevertheless, long reads generated by the
PacBio technology show an error rate of 13-15% [6]
and, therefore, deep sequencing is required to correct
the errors based on base coverage. As an alternative, a
hybrid assembly approach (combining short and long
reads) could be implemented to achieve similar results.
Although still scarce, some methods have shown the ap-
plicability and usefulness of this approach to improve
transcriptome annotations [25, 56, 84].

With the aim of generating valuable information on mo-
lecular aspects of poinsettia, we have assembled and func-
tionally annotated a de novo bract transcriptome for the
species. In addition, we also underlined and characterized
the regulation of the main pathways involved in the transi-
tion of green leaves to colored bracts. Lastly, we character-
ized the main differences between red- and white-bracted
poinsettia varieties, focusing on the flavonoid and adjacent
pathways that are involved in pigment accumulation in
plant tissues. Due to tissue-specific expression and the dif-
ficulty of recovering low expressed transcripts, the de
novo assembled transcriptome is not expected to repre-
sent the entire range of transcripts of the species; never-
theless, the successful assembly of different isoforms and
the differential expression analysis enabled a first insight
into the white paradox.

Results

De novo assembly and functional annotation of the
poinsettia bract transcriptome

In order to create a representative transcriptome for
poinsettia bracts, cDNA libraries of the variety pair
Christmas Feelings (red) and Christmas Feelings Pearl
(white) were sequenced using the Illumina NextSeq500
system. In addition, a full-length ¢cDNA library, from the
Vintage variety (red), was sequenced using the PacBio
Sequel System. After quality control and data cleaning,
36,989,889 and 35,404,728 Illumina reads were gener-
ated for the red and white varieties, respectively, with an
average proportion of 77.4% clean reads for the libraries.
The Iso-Seq pipeline v3.0 was applied to the PacBio
dataset and, after sequence classification, clustering, and
quality control, a total of 30,768 high-quality full-length
transcripts were generated (Table 1).
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Table 1 Summary of lllumina and PacBio sequencing

lllumina sequencing

Variety Total number ~ Remained Remained reads
of reads reads after after quality
RNA removal trimming
Qv = 20)
Christmas 46,734,786 43,267,294 36,989,889
Feelings
Christmas 46,772,696 42,704,780 35,404,728
Feelings Pearl
PacBio sequencing
Variety Total number ~ Number of FLNC  Number of
of CCS reads polished
transcripts
Vintage 72202 52077 30,768

We mapped the Illumina post-processed reads to the
PacBio transcripts to assess their completeness and to
verify if they represent a significant portion of the tran-
scriptome. The distribution of average coverage over the
full-length transcripts is shown in Additional file 1. The
majority of the full-length transcripts were covered by
both Illumina datasets. Out of 30,768 full-length tran-
scripts, 1987 were not covered by the Illumina reads
from the red variety, while 1808 were not covered by the
reads from the white variety. Moreover, the overall map-
ping rate was 60 and 58% of read pairs for the red and
white varieties, respectively. These results imply that the
PacBio transcripts did not seem to capture the majority
of the bract transcriptome of poinsettia, thus not suit-
able to be used as the only dataset for our transcriptome.
To overcome that, a hybrid de novo assembly strategy
was applied.

The Trinity tool was used to perform the de novo as-
sembly with both Illumina and PacBio post-processed
reads. The final assembly contains 288,524 contigs belong-
ing to 138,702 genes, with a total of 257,619,354 assem-
bled bases, GC content of 38.23% and an N50 of 1488. To
evaluate the quality and coverage of the assembled tran-
scripts, the Illumina reads were re-mapped to the final
transcriptome using bowtie2. The re-mapping ratio was
83 and 81% for Christmas Feelings and Christmas Feelings
Pearl, respectively. Next, the assembled transcripts were
annotated against TAIR10 and SwissProt databases. From
288,524 total contigs assembled, 78,350 (27.1%) showed
annotation against the SwissProt database, while 95,900
(33.2%) of them showed homology to A. thaliana tran-
scripts (TAIR10), both using an E-value < 1E-20. Due to
the higher number of retrieved annotations, we used the
data from TAIR10 for further analyses. A total of 14,623
A. thaliana homologous transcripts were identified in our
transcriptome (Additional file 2), with 6105 showing a
length coverage between 90 and 100% (Additional file 3).
Functional annotation and Gene Ontology (GO) terms
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were retrieved using the online tool agriGO. Out of the
14,623 different A. thaliana homologous transcripts, 13,
809 (94.4%) were assigned to one or more GO terms. On
the other hand, 814 homologous transcripts (representing
6261 transcripts in our transcriptome) could not be
assigned to GO terms.

In total, 13,809 unique transcripts were functionally
characterized in 48 subcategories and grouped in three
main groups: biological process (22 subcategories), mo-
lecular function (12) and cellular component (14), with
several transcripts annotated with multiple GO terms
(Fig. 1). Within the biological process category, cellular
process (4716) and metabolic process (4348) were prom-
inent, indicating a higher number of genes involved in
important metabolic activities. In the molecular function
category, the majority of the GO terms were grouped
into catalytic activity (4941) and binding (4225), followed
by transporter (811) and nucleic acid binding (791) ac-
tivities. For the cellular component category, 6721 GO
terms were assigned to both cell and cell part, and, to-
gether with organelle (4376) and membrane (2314), rep-
resent the dominant transcripts in this category.

Several genes related to the flavonoid biosynthetic path-
way were identified in our bract transcriptome. The anno-
tation against the TAIR10 database revealed 127 transcripts
belonging to 23 known flavonoid-related structural genes
and 24 transcripts belonging to six flavonoid-related tran-
scription factors (Table 2). The genes with the highest
number of identified transcripts were Flavone 3 -O-methyl-
transferase 1 (15), Hydroxycinnamoyl-CoA shikimate trans-
ferase (12) and Dihydroflavonol 4-reductase (11). On the
other hand, Phenylalanine ammonia-lyase 4, Flavanone 3-
hydroxylase and TTG1 Transducin/WD40 repeat-like were
the only genes that contained a single transcript. Similar
genes were identified in another poinsettia transcriptome,
also with a high number of transcripts assigned to different
genes [30]. Moreover, it is important to note that, due to
the lack of an available genome, poinsettia specific tran-
scripts might not have been identified and, therefore, a
higher number of transcripts might be involved in the
flavonoid pathway. The expression of several flavonoid-
related genes found in our transcriptome, as well as previ-
ous metabolite profiling studies [30, 68], implies that
poinsettia bract pigmentation is achieved through the regu-
lation of those genes and further accumulation of flavonoid
compounds.

Transcriptome completeness and comparison to related
species

A transcriptome represents the complete set and quan-
tity of transcripts from a specific stage of development
or physiological condition [78]. By relying on bract ma-
terial to assemble the transcriptome of poinsettia, tran-
scripts specific to other plant tissues, e.g. root and stem,
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Fig. 1 Functional annotation of the assembled transcripts from poinsettia bracts. Annotated transcripts were assigned to gene ontology terms
and classified as biological process, molecular function, and cellular component

could be missing in bracts. For a better overview of the
completeness of the poinsettia bract transcriptome gen-
erated in the present study, publicly available sequences
from root, stem and leaf tissues of Euphorbia pekinensis
were retrieved and individual transcriptomes for each
tissue were assembled and annotated. Based on the an-
notation against the TAIR10 database, tissue-specific
transcripts were observed for each of the E. pekinensis
transcriptomes. A total of 2149 Arabidopsis homologous
proteins from all three E. pekinensis transcriptomes were
not present in our poinsettia bract transcriptome. From
these proteins, 317 were uniquely present in the leaf
transcriptome, while 346 and 235 homologous proteins
were uniquely detected in root and stem transcriptomes,
respectively. On the other hand, 1262 Arabidopsis hom-
ologous proteins present on the bract transcriptome
were not detected in any of the E. pekinensis
transcriptomes.

The BUSCO pipeline, which is based on near-universal
orthologous gene groups, was applied to assess the
completeness of the newly assembled poinsettia bract
transcriptome, as well as the E. pekinensis transcriptomes.
This pipeline permits to assess the completeness of

transcriptomes based on evolutionarily informed expecta-
tions of gene content. Therefore, it enables like-for-like
quality comparisons of different data sets (e.g. transcrip-
tomes) [83]. From a total of 1440 BUSCO (embryophyta
odb9 database) groups searched, the poinsettia bract
transcriptome showed 1115 (77%) categorized as complete
(595 (41%) as single-copy and 520 (36%) as duplicated), 139
(10%) as fragmented and 186 (13%) as missing BUSCOs
(Table 3). The BUSCO results for the E. pekinensis tran-
scriptomes are also shown in Table 3.

When comparing the completeness of the poinsettia
bract with the tissue-specific transcriptomes from E.
pekinensis, we noticed that the number of complete
BUSCOs is comparable in all transcriptomes, but with
poinsettia showing a lower percentage of duplicated
ones. Additionally, the number of fragmented and miss-
ing BUSCOs also showed similar percentages. Out of
186 missing BUSCOs in the bract transcriptome (12.9%),
136 of them were identified in at least one of the E. peki-
nensis transcriptomes, with 16 exclusively present in the
leaf transcriptome and another 16 exclusively present in
the root transcriptome. The most abundant orthologs
among those groups belonged to the Pentatricopeptide
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Table 2 List of flavonoid biosynthesis related genes identified in the poinsettia bract transcriptome

A. thaliana orthologous ~ Gene Enzyme name # of transcripts identified
Structural genes AT2G37040.1 PAL1 Phenylalanine ammonia-lyase 1 4
AT3G53260.1 PAL2 Phenylalanine ammonia-lyase 2 5
AT3G10340.1 PAL4 Phenylalanine ammonia-lyase 4 1
AT2G30490.1 C4H Trans-cinnamate-4-hydroxylase 8
AT1G51680.1 4CL1 4-coumarate: CoA ligase 1 3
AT3G21240.1 4CL2 4-coumarate: CoA ligase 2 5
AT1G65060.1 4CL3 4-coumarate: CoA ligase 3 4
AT3G21230.1 4CL5 4-coumarate: CoA ligase 5 2
AT5G13930.1 CHS Chalcone synthase 4
AT5G48930.1 HCT Hydroxycinnamoyl-CoA shikimate transferase 12
AT5G05270.1 CHI3 Chalcone-flavonone isomerase 3 2
AT3G55120.1 CHI Chalcone-flavonone isomerase 1 4
AT3G51240.1 F3H, FHT Flavanone 3-hydroxylase 1
AT5G07990.1 F3H Flavonoid 3"-hydroxylase 10
AT5G08640.1 FLST Flavonol synthase 1 5
AT5G42800.1 DFR Dihydroflavonol 4-reductase 11
AT4G22880.1 LDOX, ANS  Leucoanthocyanidin dioxygenase, Anthocyanin synthase 3
AT5G17050.1 UGT78D2 UDP-glucosyl transferase 78D2 10
AT3G29590.1 SMAT Anthocyanidin 5-O-glucoside-6"-O-malonyltransferase 2
AT1G61720.1 ANR Anthocyanidin reductase 10
AT5G54160.1 oMmT1 Flavone 3'-O-methyltransferase 1 15
AT3G59030.1 1712 TRANSPARENT TESTA 12 5
AT3G03190.1 GSTF11 Glutathione S-transferase 4
Transcription factors ~ AT1G63650.1 EGLT Transcription factor EGL1 7
AT1G66370.1 MYB113 MYB domain protein 113 2
AT2GA47460.1 MYB12 MYB domain protein 12 4
AT5G35550.1 172 Transcription factor TT2 (MYB123) 6
AT4G09820.1 178 Transcription factor TT8 (bHLH42) 4
AT5G24520.1 T7G1 TRANSPARENT TESTA GLABRA 1 1

repeat (PPR) superfamily protein. In addition, 50 ortho-
log groups are equally missing in all four transcriptomes,
with the majority of them also belonging to PPR super-
family protein groups. On the other hand, 171 ortholog
groups present in the bract transcriptome were com-
pletely absent from all three E. pekinensis transcriptome.
The list of missing BUSCO orthologs for one or more of

Table 3 Completeness assessment of E. pulcherrima and E.
pekinensis transcriptomes by the BUSCO pipeline

Complete BUSCOs

Species - Tissue Fragmented ~ Missing

Single-copy Duplicated BUSCOs BUSCOs
E. pulcherrima - Bract 41.3% 36.1% 9.7% 12.9%
E. pekinensis - Leaf 31.3% 50.1% 89% 9.7%
E. pekinensis - Root ~ 32.0% 46.5% 102% 11.3%
E. pekinensis - Stem  36.3% 41.0% 9.1% 13.6%
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the transcriptomes is available in Additional file 4. All in
all, the BUSCO analysis shows that tissue-specific ortho-
logs might be absent in our poinsettia bract transcrip-
tome. Nevertheless, a high level of transcriptome
completeness was observed and thus enables us to reli-
ably use the data for further analyses.

Differential expression analysis of poinsettia bracts

To understand the dynamics of gene expression in dif-
ferent stages of bract and color development of poinset-
tia, RNA-Seq libraries from three independent biological
replicates of the Christmas Feelings and Christmas Feel-
ings Pearl varieties, sampled at three developmental
stages (Stage 1 - S1, Stage 2 - S2 and Stage 3 - S3), were
sequenced for transcriptome analysis. In total, 927,560,
033 million raw reads with a length of 75bp were ob-
tained and, after quality trimming and rRNA removal,
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an average of 91.6% reads remained available. The over-
all mapping of the datasets against the poinsettia bract
transcriptome was 92.9% (Additional file 5). In addition,
a high correlation between biological replicates (Pearson
correlation) was observed, thus showing the reliability of
the datasets (Additional file 6).

The RNA-Seq data from the three bract developmen-
tal stages were compared using two different approaches.
First, we aimed to characterize the variation in gene
expression between the different stages of bract develop-
ment, regardless of the bract color. Hereof, we compared
the six samples from S1 (three Christmas Feelings and
three Christmas Feelings Pearl as independent biological
replicates) against the six samples from S2, as well as S2
against S3. Secondly, we were interested in analyzing the
differences between red and white bracts for each of the
time points, especially those related to biosynthesis and
accumulation of pigments. To this end, we compared
the Christmas Feelings and Christmas Feelings Pearl var-
ieties of each stage against each other.

Characterization of the expression profiles of poinsettia
bracts during three developmental stages

To characterize the gene regulation dynamics in the
transition of green leaves to fully developed bracts, six
independent biological replicates (three replicates from
Christmas Feelings and three replicates from Christmas
Feelings Pearl) for three bract developmental stages were
analyzed. The pairwise comparison for the first transi-
tion point, between S1 and S2, showed significantly
lower expression rates for 3743 transcripts in S2. A
pathway enrichment analysis of the DEGs was
performed and 39 GO terms were differentially enriched
(False Discovery Rate (FDR) < 0.05). The enriched path-
ways linked to major biological processes included: i)
response to temperature stimulus (GO:0009266); ii)
enzyme-linked receptor protein signaling pathway (GO:
0007167); and iii) response to heat (GO:0009408). On
the other hand, 2675 transcripts were higher expressed
in the S2 samples. Pathway enrichment analysis showed
that 22 GO terms were differentially enriched, with the
major molecular functions enriched pathways being re-
lated to: i) catalytic activity (GO:0003824); ii) oxidore-
ductase activity (GO:0016491); and iii) peptidase activity
(GO:0008233).

For the second transition point, 52 to S3, 4479 transcripts
had significantly lower expression in S3. A total of 104 GO
terms were differentially enriched, with the major biological
processes being related to response to temperature stimulus
(GO:0009266) and photosynthesis (GO:0015979). Addition-
ally, 5253 transcripts showed higher expression in S3. Path-
way analysis showed 71 GO terms differentially enriched,
with transmembrane receptor signaling pathway (GO:
0007169) and phenylpropanoid metabolic/biosynthetic
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processes (GO:0009698/G0:0009699) being the major bio-
logical processes differentially regulated. The lists of differ-
entially expressed transcripts, as well as the enriched GO
terms for all comparisons are available in Additional files 7
and 8, respectively.

Many genes involved in photosynthesis and phenylpro-
panoid related pathways were found to be differentially
expressed between stages 2 and 3, and they were in-
volved in distinct biological processes (Table 4). The list
of individual genes involved in each biological process is
available in Additional file 9. It has been shown that,
during bract development in poinsettia, photosynthetic
pigments are synthesized early and then replaced by dif-
ferent phenolic compounds [27, 36]. Thus, a significantly
lower expression of genes related to photosynthesis, ac-
companied by a higher expression of flavonoid biosyn-
thesis genes (phenylpropanoid pathway), was expected
along with this transition.

Characterization of expression differences between red
and white poinsettia varieties

For the characterization of the differences between
Christmas Feelings and Christmas Feelings Pearl, three
independent biological replicates were used for each of
the varieties, and the comparison was performed for the
three bract development stages. The pairwise compari-
son revealed 1204 transcripts with a lower expression in
white bracts on the first stage, while only 130 were lower
expressed on stage two and 673 on stage three (FDR <
0.05). However, only 48 transcripts were equally lower
expressed in white bracts for all stages (Fig. 2a). On the
other hand, 1446 transcripts were higher expressed in
white bracts on the first stage, whilst a lower number of
higher expressed transcripts were detected on stages two
and three (321 and 790, respectively). Nonetheless, 23
were commonly high expressed in white bracts in all
stages (Fig. 2b).

Pathway enrichment analysis was performed for the
low- and high-expressed transcripts in white bracts for
each of the developmental stages. Low expressed tran-
scripts in the white bracts were associated with numer-
ous biological processes. For stage one, 21 GO terms
were differentially enriched, with major biological pro-
cesses, such as response to temperature stimulus/heat
(GO:0009266/G0O:0009408) and flavonoid biosynthetic/
metabolic process (GO:0009813/GO:0009812), among
those. On the second stage, 11 GO terms were differen-
tially enriched, with phosphorylation (GO:0016310) and
protein phosphorylation (GO:0006468) among the major
enriched biological processes pathways. As for the last
stage, 10 GO terms were differentially enriched, with
multidimensional cell growth (GO:0009825) and plant-
type cell wall modification (GO:0009827) among the
enriched biological processes.
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Table 4 Differentially enriched photosynthesis- and phenylpropanocid-related pathways between stages 2 and 3 of poinsettia bract

development

Down-regulated in stage 3

GO term Term description Genes identified FDR
GO:0015979 Photosynthesis 51 1.5E-10
GO:0006091 Generation of precursor metabolites and energy 42 00033
GO0009657 Plastid organization 39 1.7E-07
GO:0019684 Photosynthesis, light reaction 34 35E-09
GO:0009658 Chloroplast arganization 22 0.0087
GO:0009767 Photosynthetic electron transport chain 13 00054
GO:0045036 Protein targeting to chloroplast 10 0.0087
GO:0010027 Thylakeid membrane organization 10 0.0087
GO:0072598 Protein localization to chloroplast 10 00087
GO:0072596 Establishment of protein localization to chloroplast 10 00087
GO:0009668 Plastid membrane organization 10 0.0095
GO0009773 Photosynthetic electron transport in photosystem | 8 00029
GO:0010207 Photosystem Il assembly 7 00190
GO:0045038 Protein import into chloroplast thylakoid membrane 5 00100
Up-regulated in stage 3

GO:0009698 Phenylpropanoid metabolic process 27 0.0490
G0:0009699 Phenylpropanoid biosynthetic process 25 0.0059

In the same way, various biological processes were
linked with the higher expressed transcripts in the
white bracts. For the first stage, a total of 99 GO
terms were found to be differentially enriched, with
photosynthesis (GO:0015979 - photosynthesis / GO:
0019684 — photosynthesis, light reaction / GO:
0009767 - photosynthetic electron transport chain)
and abiotic stimulus (GO:0009416 - response to light
stimulus / GO:0009314 - response to radiation / GO:
0009409 - response to cold) among those enriched

pathways. As for the second stage, high expressed
transcripts were involved in 62 differentially enriched
GO terms. The main biological processes with a dif-
ferential regulation were response to stimulus (GO:
0050896), response to stress (GO:0006950), as well as
phenylpropanoid  biosynthetic/metabolic ~ processes
(GO:0009699/ GO:0009698). Lastly, 31 enriched GO
terms were associated with the higher expressed tran-
scripts in stage three. The main enriched biological
processes were response to wounding (GO:0009611)
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48 \ 23 ‘
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673 60 130 / 790 104 321 /}
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Fig. 2 Venn diagram of the differentially regulated transcripts for the different bract developmental stages of poinsettia. a Transcripts with a
lower expression in white bracts; b Transcripts with a higher expression in white bracts. $1, 52 and 53 =Stages 1, 2 and 3, respectively
.
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and jasmonic acid biosynthetic/metabolic processes
(GO:0009695/G0O:0009694). Moreover, several mo-
lecular functions related to transferase and glucosyl-
transferase/glycosyltransferase activities (GO:0016757/
GO0:0008194/G0O:0046527) were also enriched. The
lists of differentially expressed transcripts, as well as
the enriched GO terms for all comparisons are avail-
able in Additional files 10 and 11, respectively.
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To further investigate possible differences in flavonoid
biosynthesis genes, we analyzed the differentially expressed
genes belonging to flavonoid metabolic process (GO:
0009812) for each of the bract developmental stages be-
tween red and white poinsettia varieties. The main genes
involved in the flavonoid biosynthesis and their difference
in expression for each of the bract developmental stages are
shown in Fig. 3. For the first stage of bract development, a
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total of 13 flavonoid-related genes showed differences in ex-
pression rates between red and white varieties, with 11 of
them being lower expressed in the white variety (CHS, CHI,
F3H (synonym: FHT), F3'H, FLS1, DFR, LDOX, UFGT,
MYBI2, MYB113, and GSTF11I), while two of them showed
a higher expression (HCT and PAL2). On the second stage,
PALI, PAL2, HCT, CHS, and F3H showed a higher expres-
sion in the white variety. For the last stage of bract develop-
ment, five genes displayed differential expression between
red and white varieties, with GSTFI1 being low expressed
in the white variety, while CHS, FLS, PAL2, and BEN
showed higher expression.

Two genes related to flavonoid biosynthesis showed
antagonistic expression patterns along the bract develop-
ment stages. CHS was lower expressed in white samples
at the first stage, whereas in the second and third stages
its expression was higher in white samples. As previously
shown (Table 2), four transcripts were annotated as CHS
in our bract transcriptome (here named CHSI to CHS4).
CHS1 was low expressed in the white variety in the first
stage, but higher expressed in the second stage. In
addition, CHS2 was higher expressed in the white variety
in the second and third stages. Similar results were iden-
tified for FLS, where five different transcripts were anno-
tated as this gene in our transcriptome (here named
FLS1 to FLSS5). FLS1 and FLS2 were lower expressed in
white varieties on the first stage, while FLS4 showed a
higher expression in the last stage. Thus, the expression
of some enzymes related to flavonoid biosynthesis might
be driven by the complementary expression of multiple
isoforms.

Validation of gene expression patterns by RT-qPCR
validation
To further verify the expression profiles in the Illumina
sequencing analyses, 10 transcripts were selected for
RT-qPCR using the Christmas Feelings and Christmas
Feelings Pearl varieties for each of the developmental
stages used for RNA-Seq. The same biological triplicates
used for RNA-Seq plus two extra independent biological
samples were used for the RT-qPCR reactions. The se-
lected genes are known to be part of the flavonoid and
anthocyanin pathways in plants: CHS, F3H, F3'H, DFR,
ANR, LDOX, UGT79B10, UGT78D2, GSTFI1i, and
GSTUI17. The normalized relative quantity (NRQ) ob-
tained by RT-qPCR for each of the genes in the different
time points and color bracts is shown in Fig. 4a. NRQ
values were calculated relative to one of the biological
replicates of the Christmas Feelings variety in stage 1 of
bract development according to the Pffafl method and
equations [60]. In addition, the RNA-Seq expression for
each of the genes is shown in Fig. 4b.

Most of the genes analyzed by RT-qPCR showed a
similar expression trend to the RNA-Seq data. ANR was
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the only analyzed gene that showed a completely differ-
ent pattern of expression. The RT-qPCR primers were
designed based on one of the transcripts annotated as an
A. thaliana ANR homolog. However, several other tran-
scripts have also been annotated as such (Table 2), with
some of them showing distinct expression values among
samples (data not shown), but none of them showing a
differential expression on the RNA-Seq datasets. More-
over, other non-annotated transcripts might also have
similarities to the designed primers and, therefore, might
have been amplified in the RT-qPCR reaction. Neverthe-
less, these results indicate that the sequencing data pro-
duced in this study were accurate and reliable.

Discussion

Transcriptome assembly and annotation

Poinsettia is a widely popular ornamental plant, espe-
cially during the Christmas period, due to its red bract
coloration. For the past years, a range of cultivars has
been available, which exhibit differences mainly in
height, growth habit, leaf size, and bract coloration. An
understanding of the molecular mechanisms underlying
bract development, particularly in color development
and accumulation, will assist in the poinsettia breeding
process to improve its ornamental value. However,
scarce genetic information is available for the species.
Complete genomes are only available for species from
the same family, such as Ricinus communis [20], Jatro-
pha curcas [66), Manihot esculenta [61] and Hevea bra-
siliensis [64], as well as some transcriptomes of
Euphorbia species [9, 18, 32, 37, 62]. A recent transcrip-
tome study has reported the assembly of 232,663 contigs
arising from green leaf and red-turning bract of poinset-
tia [30], which is very similar to our transcriptome as-
sembly (288,524 contigs). However, no functional
annotation of the aforementioned transcriptome is avail-
able for comparison.

By applying the BUSCO pipeline, we confirmed that
our transcriptome contains around 77% of the available
ortholog groups at OrthoDB v9.1 [93]. Transcriptome
studies with other plant species have shown a higher
level of completeness (e.g. Cinnamomum longepanicula-
tum - 91% and Noccaea caerulescens - 90% [13, 90]),
while others are similar to the ones in our transcriptome
(e.g. Camellia nitidissima - 76% [101]). Moreover, differ-
ent levels of BUSCO completeness were observed when
comparing different tissues of the same species [8], thus
indicating that tissue-specific transcripts may account
for different coverages compared to what is expected for
the complete gene space. Nonetheless, when comparing
our results to the leaf, stem and root transcriptomes of
E. pekinensis assembled in this study, comparable levels
of BUSCO completeness were observed, as well as the
presence of tissue-specific ortholog groups.
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In this study, we used a hybrid de novo assembly strat-
egy (Ilumina and PacBio platforms) to generate a tran-
scriptome for poinsettia bracts, where 95,900 out of 288,
524 contigs were confidently annotated against A. thali-
ana transcripts (TAIR10). These represent a set of 14,623
distinct A. thaliana homologous transcripts. The 192,624
contigs without annotation might represent family- or
species-specific transcripts, but also short and incomplete
transcripts; nonetheless, they need to be further analyzed
in order to confirm their origin. Overall, these results will
significantly enhance the available data for poinsettia in
the public databases and will provide useful genetic infor-
mation that could be exploited for breeding purposes.

Modulation of bract development

The flowering behavior of plants is regulated by distinct
environmental aspects, with light playing a crucial role
in several ways. Day-length, or photoperiod, regulates
flowering time and allows sexual reproduction to happen
at favorable times [73]. Plants are classified according to
photoperiodic responses into long-day (LD), in which
flowering occurs when the day becomes longer than
some crucial length, and short-day (SD), in which flow-
ering occurs when the day becomes shorter [33]. Photo-
period also plays an important role in regulating the
biosynthesis of secondary metabolites in plants [34], with
longer photoperiods generally promoting anthocyanin
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biosynthesis [11, 49]. Nonetheless, some plants are able
to activate the biosynthesis of anthocyanins in short
photoperiod situations. Anthocyanin promotion has
been observed in A. thaliana due to short photoperiod
sensing by phytochrome A [67]. In Begonia semperflo-
rens, short-day period, together with low temperatures,
is crucial for anthocyanin biosynthesis and it is directly
related to increased activities of the enzymes PAL, CHI,
DFR and UFGT [95].

The flower formation in poinsettia, leading to bract for-
mation and coloration, is induced under short day condi-
tions [41], thus also indicating the role of photoperiodism
in anthocyanin induction for the species. The bracts of
poinsettia are leaves changing their photosynthetic function
into pollinator attraction (i.e. by accumulating anthocya-
nins) upon flower induction to escort the relatively small
and unimpressive reproductive structures [31, 57]. During
the bract development process in poinsettia, especially be-
tween stages 2 and 3, several photosynthesis related path-
ways showed a down-regulation in the latest stage, followed
by an up-regulation of phenylpropanoid related pathways
(Table 4). Increased anthocyanin content levels were de-
tected in the transition from partially to fully pigmented
poinsettia bracts, which was accompanied by the reduction
of photosynthetic pigments [7, 68]. Moreover, accumula-
tion of chlorophyll was reduced when young poinsettia
leaves started to accumulate anthocyanins under short day
conditions, which was due to a decrease in the activity of
enzymes related to chlorophyll synthesis [36]. In conclu-
sion, the development of poinsettia bracts is marked by a
decrease in photosynthesis and chlorophyll biosynthesis
genes, followed by increased activity of genes related to fla-
vonoid biosynthesis.

Regulation of flavonoid pathway between red and white
poinsettia varieties during bract development

The anthocyanin biosynthetic pathway is a well-
characterized and conserved network in plants, whose regu-
lation is maintained through the expression of structural
and regulatory biosynthetic genes [48]. The structural genes
can be divided into early biosynthetic genes (EBGs), ie.
CHS, CHI, F3H, F3'H, FLS, and late biosynthetic genes
(LBGs), ie. DFR, ANS/LDOX, UFGT, LAR, ANR [22, 59].
EBGs are usually regulated by R2R3-MYB regulatory genes,
whereas the activation of LBGs is mediated by a regulatory
complex, called the MYB-bHLH-WD40 (MBW) complex,
consisting of MYB, basic helix-loop-helix (bHLH) and
WD40 repeat families [48, 59].

Our gene expression comparison between red and
white varieties of poinsettia showed a differential regula-
tion of the flavonoid biosynthesis pathway only at par-
ticular stages of bract development. Several structural
genes showed a down-regulation on the white variety on
the first analyzed stage. Interestingly, two R2R3-MYB
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regulatory genes were also shown to be down-regulated
in the white variety: MYBI2 and MYB113. MYBIl,
MYBI12, and MYBI11 from A. thaliana share significant
structural similarity and are involved in the regulation of
the expression of EBGs (59, 70]. In A. thaliana mybl2-
ko mutant seedlings, CHS and FLS expressions showed a
clear reduction, while the expression of CHI, F3H, DFR,
and F3’H remained unchanged. In contrast, overexpres-
sion of MYBI2 in seedlings led to an increased expres-
sion of CHS, CHI, F3H and FLS [51]. MYB factors have
also been demonstrated to positively regulate the expres-
sion of EBGs in other species [1, 21, 79, 89].

On the other hand, R2R3-MYB factors such as PAPI,
PAP2, MYBI13, MYB114 are known to participate in the
MBW complex and to regulate the expression of LBGs
[10, 28]. In apple, the MdMYBIO gene, a MYB113 hom-
ologous, showed a positive expression correlation with
anthocyanin accumulation, as well as with the expres-
sion of LBGs [23]. In L. formosana, the LfMYB113 have
been shown to directly activate the expression of two
DIFR homologous, thus promoting the anthocyanin
synthesis in leaves [85]. Overexpression of bHLH and
MYB-related transcription factor from snapdragon (An-
tirrhinum majus) in tomato fruits resulted in a higher
expression of flavonoid-related genes (e.g. F3'H, F3'5'H,
ANS, UFGTs), thus leading to a higher accumulation of
anthocyanins [15].

Our results show an initial impairment of the flavonoid
pathway early in the color accumulation process for the
white poinsettia variety, but these differences were not ob-
served in the subsequent stages of bract development. In
the comparisons between red and white varieties for
stages 2 and 3, most of the previously down-regulated
genes related to flavonoid biosynthesis did not show any
differential expression. In fact, some of them showed an
up-regulation in the white variety for those stages; how-
ever, a few of these genes contain multiple annotated tran-
scripts (eg. CHS and FLS) with different expression
patterns. In fact, CHS has been shown to play a major role
in anthocyanin biosynthesis in different species, in which
the appearance of white flowers or flower segments is
driven by a lack of its expression [26, 53, 58, 71]. CHS, a
well-characterized enzyme with a key role in the early
steps of flavonoid biosynthesis, is known to be encoded by
a multigene family in many plant species [81, 88]. In tur-
nip, six CHS genes were identified, but only three of them
were shown to be functional and to promote anthocyanin
biosynthesis [100]. Three CHS genes have been character-
ized in Citrus and they have been shown to contribute dif-
ferently and complementarily to the production of
flavonoids [82]. Two out of four CHS identified in our
bract transcriptome showed a differential expression be-
tween red and white varieties. However, this does not
seem to affect the overall functionality of the flavonoid
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pathway in the poinsettia varieties analyzed in our study,
since the pigmentation of bracts is due to the accumula-
tion of flavonoid compounds [69]. Taking all together, the
initial impairment observed for the flavonoid pathway
does not seem to be responsible for the lack of anthocya-
nin accumulation in white poinsettia bracts. This is con-
firmed by the constitutive expression of EBGs and LBGs
in stages 2 and 3 of bract development.

The last step of the anthocyanin biosynthesis is character-
ized by the transfer of the glucosyl moiety from UDP-
glucose to the 3-hydroxyl group of anthocyanidins by UDP
glucose: flavonoid 3-O-glucosyltransferase (UFGT), which
results in the formation of stable colored pigments of an-
thocyanins 3-O-glucosides, as well as providing stability
and water solubility in the plant [92, 99]. UFGT expression
has been positively linked with anthocyanin accumulation
in grapes and apples [39, 52]. In A. thaliana, UGT78D2
(At5g17050) and UGT75C1 (Atd4gl4090) are the main
genes suggested to be involved in the modification of the
sugar moieties of anthocyanins, but with UGT79B1
(At5g54060) having similar functions [42, 75, 91]. In our
dataset, we identified a (/GT79B10 gene being up-regulated
in the red variety at stage 3, which is highly similar to the
UGT79BI gene and, therefore, might be also involved in
the anthocyanin formation in poinsettia.

After biosynthesis, most conjugated flavonoids are trans-
ported and deposited primarily to the vacuole [45, 86],
where vacuolar pH and the presence of co-pigments deter-
mine anthocyanin-mediated coloration [98]. Three distinct
mechanisms for flavonoid transport in plant cells have been
proposed: vesicle trafficking, membrane-mediated trans-
port, and Glutathione S-transferase (GST) mediated trans-
port [98]. GST genes play an important role in anthocyanin
transportation, since GST mutants show phenotypes with a
visible lack of pigmentation, such as bz2 (Bronze-2) from
maize, an9 (Anthocyanin 9) from petunia, 1219 (Transpar-
ent Testa 19) from Arabidopsis and fI3 (Flavonoid3) from
carnation [4, 38, 44, 50]. Moreover, there is a high conser-
vation of GSTs involved in flavonoid accumulation [97]
and, therefore, they are able to complement each other’s
expression.

In our differential expression analysis, a GSTF11 Ara-
bidopsis homolog gene showed a higher expression in
the red variety for the last stage of bract development
for both RNA-Seq and RT-qPCR analyses (Fig. 4). Al-
though GSTF12 is shown to be involved in anthocyanin
transport [38], they share a high similarity. In fact, the
poinsettia putative GST gene shares 58 and 55% amino
acid identity with Arabidopsis GSTF11 and GSTFI2, re-
spectively, which is higher than between Arabidopsis
TTI9 and petunia AN9 (50% amino acid identity) [38].
Due to its homology to known anthocyanin-related
GSTs, the putative poinsettia GST is a promising candi-
date for white coloration in poinsettia.
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Conclusions

In this study, we provide a comprehensive hybrid tran-
scriptome from poinsettia bracts. In addition, we provide
for the first time a profiling of gene expression during
the process of bract development of red and white poin-
settia varieties. Our differential expression analysis re-
vealed that the majority of the anthocyanin-related
genes are equally expressed in red and white varieties.
Nonetheless, UGT79B10 and GSTF11 showed a lower
expression in the last stage of bract development for the
white variety, which are involved in glucosylation and
transport of anthocyanins. The role of the putative
UGT79B10 and GST in the differences in anthocyanin
accumulation in red and white poinsettias is still un-
known. Functional studies are needed in order to clarify
their possible role in the transition from red to white
bracts. Nonetheless, these genes, and genes regulating
their expression, are potential candidates for further
studies.

Our transcriptome analysis provides a valuable foun-
dation for further studies on the species, such as plant
breeding and genetics, and highlights crucial information
on the molecular mechanism of color formation in poin-
settia. It should promote further investigations into the
detailed regulatory pathways regulating flavonoid biosyn-
thesis and contribute to a better understanding of the
white paradox in the species.

Methods
Plant material and growth conditions
The red bracted poinsettia varieties Vintage and Christ-
mas Feelings, as well as the white bracted variety Christ-
mas Feelings Pearl were used in the present study. The
white variety was obtained through radiation mutagen-
esis of the red variety, followed by shoot development
and trait selection at the company Selecta One (Stutt-
gart, Germany). Therefore, red- and white-bracted poin-
settias from the same variety are referred to as ‘pairs,
due to their highly similar genetic background. The var-
ieties’ names, bract color, number of biological replicates
and other aspects are shown in Table 5. Bract samples
were harvested in three color developmental stages: i)
Stage 1 (S1) — defined as the transition of green colored
leaves to red/white colored bracts, with the majority of
the bracts still bearing a greenish coloration; ii) Stage 2
(52) — defined as the presence of both green and red/
white colors in the bracts, with a major part of the bracts
bearing red/white coloration; and iii) Stage 3 (S3) — de-
fined as a fully developed red/white coloration, with no
major green coloration visible on the bracts. For a visual
representation of the stages, please refer to Fig. 5.
Rooted cuttings from all varieties were obtained from
Selecta One company (https://www.selecta-one.com/)
and grown in a greenhouse, at the Institute for Plant
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Table 5 Pairs of red and white poinsettia varieties used in the present study

Type of analysis Variety name Bract coloration Color stage # of biological
replicates
lllumina RNA-Seq single-end Christmas Feelings Red S1 3
Christmas Feelings Pearl White S 3
Christmas Feelings Red 52 3
Christmas Feelings Pearl White S2 3
Christmas Feelings Red S3 3
Christmas Feelings Pearl White S3 3
lllumina RNA-Seq paired-end Christmas Feelings Red S3 1
Christmas Feelings Pearl White S3 1
PacBio RNA-Seq Vintage Red S3 1
RT-gPCR Christmas Feelings Red S 5
Christmas Feelings Pearl White ST 5
Christmas Feelings Red S2 5
Christmas Feelings Pearl White 52 5
Christmas Feelings Red S3 5
Christmas Feelings Pearl White S3 5
Genetics from the Leibniz Universitit Hannover RNA was isolated from the total RNA sample and the

(Hannover, Germany), under short-day conditions to in-
duce flower formation and to stimulate the development
of colored bracts. The plants were grown in 5L pots
containing Einheitserde P substrate (Hermann Meyer
KG, Germany), with an average temperature of 22°C
and 9h of daylight (15h of darkness). Bract samples
were harvested, immediately frozen in liquid nitrogen
and stored at — 80 °C for subsequent analysis.

Tissue sampling, RNA isolation, and quantification

Bract samples from all varieties used for RNA-Seq were
sent on dry ice to vertis Biotechnologie AG (Freising,
Germany) for processing. Total RNA was isolated from
approximately 100 mg of bract tissue using the mirPre-
mier” miRNA isolation kit (Sigma-Aldrich, St. Louis,
USA) according to the manufacturer’s instructions. Total
RNA samples were analyzed for integrity by capillary
electrophoresis using Shimadzu MultiNA microchip
electrophoresis MCE-202 MultiNA Microchip Electro-
phoresis System (Shimadzu Corp., Kyoto, Japan).

For RT-qPCR analysis, total RNA was isolated from
approximately 100 mg of bract tissue using the mirPre-
mier™ miRNA isolation kit (Sigma-Aldrich) at the Insti-
tute for Plant Genetics from the Leibniz Universitit
Hannover. The total RNA concentration was analyzed
using NanoDrop™ 2000 (Thermo Fisher Scientific, Wil-
mington, USA) and agarose gel electrophoresis.

PacBio sequencing and data processing

A full-length cDNA library from the Vintage variety was
prepared at vertis Biotechnologie AG. Briefly, Poly(A) +
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5'CAP structure was removed using CAP-Clip™ Acid
Pyrophosphatase (Cellscript, Wisconsin, USA). After-
ward, an RNA adapter was ligated to the 5'-monopho-
sphate of the RNA. First strand ¢cDNA was synthesized
using an oligo (dT)-linker primer and M-MLV [H-]
Reverse Transcriptase (Promega, Wisconsin, USA). The
library sequencing was performed at the Vienna BioCen-
ter Core Facilities GmbH (Vienna, Austria) using the
PacBio Sequel System based on the Single Molecule,
Real-Time (SMRT) Sequencing technology.

The Isoform Sequencing (Iso-Seq) Analysis v3.0 pipe-
line (https://github.com/ben-lerch/IsoSeq-3.0) was used
to analyze the PacBio dataset. The pipeline was per-
formed in three stages: i) CCS, where circular consensus
sequences (CCS) were built from subreads; ii) Classify,
where CCSs were classified as full-length non-chimeric
(FLNC) reads and non-full length (NFL) reads; and iii)
Cluster, where the sequences were clustered in high-
quality consensus sequences (contigs).

lllumina sequencing and data processing

Two different sequencing strategies were used for the
[llumina sequencing. In the first one, 1x75bp single-
end 3’ cDNA libraries were constructed for the var-
ieties Christmas Feelings and Christmas Feelings Pearl
for the different bract developmental stages. Poly(A) +
RNA was isolated from the total RNA samples and
the first-strand ¢cDNA was synthesized using an oligo
(dT)-adapter primer and M-MLV reverse transcript-
ase. After fragmentation, the first-strand cDNA was
purified, the 5° Illumina TruSeq sequencing adapter
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Fig. 5 Bracts of red and white poinsettia varieties for three color developmental stages. a-c Bracts from the Christmas Feelings variety for stages
1, 2 and 3, respectively; d-f Bracts from the Christmas Feelings Pearl variety for stages 1, 2 and 3, respectively

was ligated to the 3’ end of the antisense cDNA and,
finally, amplified by PCR.

For the second strategy, 2x150bp paired-end cDNA li-
braries were constructed for the varieties Christmas
Feelings and Christmas Feelings Pearl for the third stage
of bract development (S3). Ribosomal RNA molecules
were depleted using the Ribo-Zero rRNA Removal Kit
for plants (Illumina, San Diego, USA). Second, the first-
strand ¢cDNA was synthesized using an N6 randomized
primer. After fragmentation, the Illumina TruSeq se-
quencing adapters were ligated in a strand-specific man-
ner to the 5’ and 3’ ends of the cDNA fragments and
the cDNA was finally amplified by PCR. Both paired-end
and single-end libraries were sequenced at vertis Bio-
technologie AG using an Illumina NextSeq500 system.

Reads representing ribosomal RNA gene fragments
(rRNAs) were removed from the datasets using the sort-
merna tool v2.1 [40] with all included databases: SILVA
and Rfam [35, 63]. Reads were trimmed and filtered
using Trimmomatic v0.36 [14] with the parameters

adapted to both sequencing strategies: 2x150bp paired-
end: TRAILING:20 AVGQUAL:20 SLIDINGWINDOW:
5:20 MINLEN:75; 1x75bp single-end: TRAILING:20
AVGQUAL:20 SLIDINGWINDOW:5:20 MINLEN:50.

Transcriptome assembly, annotation, and completeness
of the transcriptome

The poinsettia bract transcriptome was assembled using
the high-quality PacBio consensus sequences and the
150 bp paired-end processed Illumina reads from Christ-
mas Feelings and Christmas Feelings Pearl varieties. The
assembly was performed with Trinity v2.7.0 [29] using
the long-reads assembly option. The transcriptome was
annotated by sequence similarity against the Arabidopsis
thaliana genome (TAIR10 protein representative gene
model) [12] and the SwissProt databases [77] using
BLASTX v2.8.0 (E-value < 1E-20) [16]. GO terms were
retrieved, for the final poinsettia bract transcriptome,
from the best hits obtained from BLASTX against the
TAIR10 database using the online tool agriGO v2.0 [74].
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Additionally, the BUSCO pipeline v1.2 [83] with its plant
set (embryophyta_odb9) was used to assess the com-
pleteness of the poinsettia bract transcriptome.

For understanding the sequence and quantitative dif-
ferences between tissue-specific transcripts in Euphorbia
species, short paired-end Illumina RNA sequences from
Euphorbia pekinensis root, stem, and leaf tissues were
retrieved from the NCBI Sequence Read Archive (SRA)
Sequence Database (accession number SRP097008) [18].
Ribosomal RNAs were removed from the datasets using
the sortmerna tool v2.1 [40], followed by low-quality
reads (average quality score below 20) trimming using
Trimmomatic v0.36 [14] with the parameters TRAIL-
ING:20 AVGQUAL:20 SLIDINGWINDOW:5:20 MIN-
LEN:75. De novo transcriptomes were assembled for
each of the tissues using Trinity v2.7.0 [29]. Annotation
and retrieval of GO terms for each of the tissues’ tran-
scriptomes were done in a similar way as for the poin-
sefttia transcriptome.

Differential gene expression and pathway enrichment
analysis

[llumina processed reads from the different red and
white poinsettia samples were used for the differential
gene expression (DGE) analysis. Transcript abundance
quantification was performed with the RSEM tool [46]
and bowtie2 was selected as the alignment method. Low
expressed transcripts (Counts Per Million (CPM) < 0.5
in at least 2 biological replicates) were removed from the
dataset. Normalizations and pair-wise comparisons were
performed with edgeR [65]. The thresholds for a differ-
entially expressed gene (DEG) were set as: i) False Dis-
covery Rate (FDR) < 0.05; ii) log2FC > 1 or < - 1; and iii)
Fragments Per Kilobase of transcript per Million
mapped reads (FPKM)= 1.0 for three biological repli-
cates in at least one of the compared stages.

The differentially expressed genes for each of the com-
parisons were subjected to Single Enrichment Analysis
(SEA) using the online tool agriGO v2.0, with the follow-
ing parameters: 1) Selected species: Arabidopsis thali-
ana; 2) Reference: TAIR genome locus (TAIR10_2017);
3) Statistical test method: Hypergeometric; 4) Multi-test
adjustment method: Hochberg (FDR); 5) Significance
level of 0.05; 6) Minimum number of 5 mapping entries;
and 7) Gene ontology type: Complete GO.

Quantitative PCR

¢DNA synthesis was performed using the FastGene
Scriptase Basic ¢cDNA Kit (Nippon Genetics Europe
GmbH, Diiren, Germany) according to the manufac-
turer’s recommendations. A total of five independent
biological replicates were used for each of the varieties
and stages analyzed (Table 5). The RT-qPCRs were per-
formed using the qPCRBIO SyGreen Mix Lo-ROX kit
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(Nippon Genetics Europe GmbH) according to the man-
ufacturer’'s recommendations. Briefly, reactions were
carried out in technical triplicates in a volume of 10 puL
containing 5pl. of qPCRBIO SyGreen Mix Lo-ROX,
10 umol of gene-specific forward and reverse primers,
and 4 pL of 1:50 ¢cDNA dilution. RT-qPCRs were per-
formed using a StepOne™ Real-Time PCR System (Ap-
plied Biosystems, Singapore, Singapore). The normalized
relative quantity (NRQ) was calculated according to the
Pfaffl equations [60]. Two reference genes (Translation
elongation factor 1 beta — EFI1B; and Translation elong-
ation factor 1 alpha — EFIA [94]) were used to
normalize the expression data. The list of genes and pri-
mer sequence-design for the RT-qPCR reactions are
available in Additional file 12. Statistical analysis was
performed using the Relative Expression Software Tool
(REST) v2.0.13 [60].
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2.1  Supporting Information

Additional File 1. Histogram of average coverage of paired-end Illumina reads from Christmas

Feelings (A) and Christmas Feelings Pearl (B) varieties mapped to the 30,768 PacBio contigs.

A B
3000-
2 3000- 2
=y %
Eol
Q Q
= =
a1 a1 .
£ 2000- B 2000
L Lo
o) )
[ o
[ [
e £
§ § 1000
1000- ’
Z z
0- 0-
1e-01 1e+01 1e+03 1e-01 1e+01 1e+03
Average coverage Average coverage

Additional File 2. Annotation results of the poinsettia bract transcriptome against the TAIR10

database. (Available as an electronic appendix).

Additional File 3. Distribution of per cent length coverage for the top matching database entries
from the poinsettia bract transcripts. Hit_pct_cov_bin = hit percent coverage in the bin, Count_in_bin =

Transcripts counts in the bin.

Hit_pct_cov_bin count_in_bin  >bin_below
100 6,105 6,105
90 1,764 7,869
80 1,187 9,056
70 1,118 10,174
60 1,010 11,184
50 958 12,142
40 851 12,993
30 819 13,812
20 695 14,507
10 116 14,623
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Additional File 4. BUSCO results for the E. pulcherrima and E. pekinensis transcriptomes. (Available

as an electronic appendix).

Additional File 5. Summary of the processed libraries for the Christmas Feelings and Christmas
Feelings Pearl poinsettia varieties in three bract developmental stages. CF = Christmas Feelings,

CFP = Christmas Feelings Pearl, R1 = Biological replicate 1, R2 = Biological replicate 2, R3 = Biological

replicate 3.
Dev. Total Remained Remained rgads % of reads mapped
Stage Sample number of reads after . afte_r quality to E. pulgherrlma
reads rRNA removal  trimming (QV220) transcriptome

CF-R1 53,828,766 53,509,948 49,373,006 93.63

CF-R2 55,591,532 55,260,594 51,259,165 88.79

Stage CF-R3 56,165,316 55,832,786 51,738,600 92.46

1 CFP-R1 60,740,120 60,390,212 55,397,479 93.21

CFP-R2 43,629,624 43,341,119 39,888,742 93.32

CFP -R3 41,874,023 41,607,527 38,325,196 93.49

CF-R1 49,989,135 49,661,431 45,853,495 95.76

CF-R2 53,357,892 52,994,339 49,099,190 94.53

Stage CF-R3 40,968,381 40,755,380 37,605,885 94.29

2 CFP-R1 62,975,737 62,490,818 57,365,997 93.07

CFP-R2 36,162,144 36,019,519 32,783,237 96.05

CFP -R3 54,290,323 54,021,108 49,652,847 94.14

CF-R1 51,334,105 50,887,244 47,172,416 91.21

CF-R2 55,486,852 55,147,781 51,264,695 91.71

Stage CF-R3 45,812,671 45,485,012 42,329,632 90.82

3 CFP-R1 52,352,696 51,983,925 47,905,803 91.25

CFP-R2 54,769,449 54,392,160 49,901,799 92.28

CFP-R3 58,231,267 57,864,889 53,265,475 92.05
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Additional File 6.1. Pearson correlation for the biological replicates of Christmas Feelings and
Christmas Feelings Pearl for the first stage of bract development. Red 1, 2 and 3 = Biological
replicates 1, 2 and 3 from the variety Christmas Feelings. White 1, 2 and 3 = Biological replicates 1, 2 and

3 from the variety Christmas Feelings Pearl.
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Additional File 6.2. Pearson correlation for the biological replicates of Christmas Feelings and
Christmas Feelings Pearl for the second stage of bract development. Red 1, 2 and 3 = Biological
replicates 1, 2 and 3 from the variety Christmas Feelings. White 1, 2 and 3 = Biological replicates 1, 2 and

3 from the variety Christmas Feelings Pearl.
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2 Hybrid de novo transcriptome assembly of poinsettia bracts

Additional File 6.3. Pearson correlation for the biological replicates of Christmas Feelings and
Christmas Feelings Pearl for the third stage of bract development. Red 1, 2 and 3 = Biological
replicates 1, 2 and 3 from the variety Christmas Feelings. White 1, 2 and 3 = Biological replicates 1, 2 and

3 from the variety Christmas Feelings Pearl.
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Additional File 7. Differentially expressed transcripts for the comparisons between bract

developmental stages in poinsettia. (Available as an electronic appendix).

Additional File 8. List of enriched GO terms for the comparisons between bract developmental

stages in poinsettia. (Available as an electronic appendix).

Additional File 9. List of transcripts present in the differentially enriched pathways related to

photosynthesis and phenylpropanoid metabolic processes. (Available as an electronic appendix).
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Additional File 10. Differentially expressed transcripts for the comparisons between Christmas
Feelings (red) and Christmas Feelings Pearl (white) poinsettia varieties for the different bract

developmental stages. (Available as an electronic appendix).

Additional File 11. List of enriched GO terms for the comparisons between Christmas Feelings (red)
and Christmas Feelings Pearl (white) poinsettia varieties for the different bract developmental

stages. (Available as an electronic appendix).

Additional File 12. Primer sequences for each of the genes analysed by RT-gPCR in poinsettia
bracts. CHS = Chalcone synthase, F3H = Flavanone 3-hydroxylase, F3'H = Flavonoid 3'-hydroxylase,
DFR = Dihydroflavonol 4-reductase, ANR = Anthocyanidin reductase, LDOX/ANS = Leucoanthocyanidin
dioxygenase, UGT79B10 = UDP-glycosyltransferase 79B10, UGT78D2 = UDP-glycosyltransferase 78D2,
GSTF11 = Glutathione S-transferase F11, GSTU17 = Glutathione S-transferase U17, EF1B = Translation

elongation factor 1 beta, EF1A = Translation elongation factor 1 alpha.

Transcript ID TAIR10 Gene Primers
F: CCACCGTCTCAACAGTCAAA
TRINITY_DN44702_ AT5G13930.1 CHS
c2_g2_il R: GGAAGAAGTCTGCCGAAGATG
F: CCTTAGCCAGGCGAGTAATTT
TRINITY_DN40768_ AT3G51240.1 F3H
c0_g1_il1 R: AAGAGGGAGGAGATTTGTAGGA
F: CAGTACTGGAGTAATAAGCAACGA
TRINITY_DN41584_ AT5G07990.1 F3H
c0_g1_i1 R: CCTAGGTTGTCGTCTCTAGTCTAT
F: GTTGAAACATGCCTAGCAAAGG
TRINITY_DN50023_ AT5G42800.1 DFR
c7_gl_il R: CAGAGACAATTAGCCACAGGAA
F: TCTATGGTAGGTTAATATTTGAGGAGAG
TRINITY_DN44545_ AT1G61720.1 ANR
cl_g6_il R: CAAACCACCAACATGAGGAATATC
F: GAGCCGCCCAAGGATAAA
TRINITY_DN52819_ AT4G22880.1 LDOX/ANS
cl gl il R: AAAGTACGAGGAGGAAAGCG
F: CGTACGACAACAAAGCTCAAAC
TRINITY_DN37144_ AT1G64910.1 UGT79B10
c0_g2_i1 R: TGGTGGATGTTGAGAAAGAGAC
F: AACGGGTCAGCATCCCCGA
TRINITY_DNA48664_ AT5G17050.1 UGT78D2
c2_gl_il R: GATGGAAATAATTTCTATGGCTTG
F: CTTGTTCATGAGCTTGGGTTAG
VRl hesalss AT3G03190.1 GSTF11
c7_gl_i2 R: CGGTCGGTCCGATATATCAAT
F: GGCTTAGAGTTACCGAGGTTTC
TRINITY_DN49420_ AT1G10370.1 GSTU17
cl gl il R: TCAGGCAAAACATCCTTAACAG
F: GGAGATGAGACTGAGGAGGATAA
TRINITY_DN42591_ AT5G19510.1 EF1B
€5_g2_il1 R: CCCACGGCTTTACATCCAATA
Jatropha curcas F: AAGATGATTCCCACCAAGCCCA
EF1A
(zhang et al., 2013). R: CACAGCAAAACGACCCAGAGGA
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Abstract

Background: Mutation breeding is an extracrdinary tool in plant breeding to increase the genetic variability, where
mutations in anthocyanin biosynthesis are targets to generate distinctive phenotypes in ornamental species. In
poinsettia, ionizing radiation is routinely applied in breeding programs to obtaining a range of colours, with nearly
all pink and white varieties being obtained after y- or X-ray mutagenesis of red varieties. In the present study we
performed a thorough characterization of a potential mutagenesis target gene as the main responsible for the
‘white paradox’ in poinsettia.

Results: We identified a GST gene in poinsettia (Bract]) as an essential factor for the expression of anthocyanin-
based red colouration of bracts, which presents a high phylogenetic similarity to known anthocyanin-related GSTs.
Red poinsettia varieties and white mutants generated from these varieties by X-ray were analysed for
polymorphisms related to the 'white paradox’ in the species. A 4 bp mutation in a short repeat within the coding
region of Bract! is most likely responsible for the appearance of white phenotypes upon irradiation treatment. The
polymorphism between wild-type and mutant alleles co-segregates with the phenotype in progeny from
heterozygous red and white parents. Moreover, overexpression of Bract] wild-type allele in Arabidopsis tt719
mutants restored the anthoacyanin phenotype, while the Bract? mutated allele showed to be non-functional.

Conclusions: The identified repeat seems to be highly unstable, since mutated plants can be easily detected
among fewer than 200 shoots derived from 10 mutated plants. Our data indicate that particular short repeat
sequences, similar to microsatellite sequences or so-called dynamic mutations, might be hot spots for genetic
variability. Moreover, the identification of the Bracti mutation fills a gap on the understanding on the molecular
mechanism of colour formation in poinsettia.

Keywords: Anthocyanin, Euphorbia pulcherrima, lonizing radiation, Glutathione S-transferase, Mutation breeding,
Poinsettia, Short repeat sequences

Background

Poinsettia, Euphorbia pulcherrima Willd. ex Klotsch,
commonly known as Christmas Star, is an important or-
namental crop, especially due to its association with
Christmas time in North America, Europe, and Asia,
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with annual sales reaching nearly 150 million dollars in
the USA [69]. Its ornamental value is based on its in-
tensely coloured bracts, which can be red, white, pink,
or yellow or even have dual, scattered, or marbled col-
ourations. Nonetheless, poinsettia breeding still focuses
on red- and white-coloured varieties due to higher ac-
ceptance by consumers. In 2018, in Germany, approxi-
mately 80% of the poinsettias grown were red, 11% were

© The Author(s). 2021 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http//creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http//creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.
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white, and 9% were pink or had dual/scattered colour-
ation [70].

Ionizing radiation is an important tool in mutation
breeding for new colour variations in poinsettia, with
nearly all pink and white varieties being obtained after
gamma or X-ray mutagenesis of shoots of red varieties.
Poinsettia mutation breeding is usually performed on
cuttings that are irradiated with moderate dosages (~ 20
Gy), and mutants are selected on side shoots of the ori-
ginally irradiated shoots. Flowering induction in the spe-
cies occurs under short-day conditions and is
accompanied by the development and colouration of
bracts. Therefore, green leaves and red bracts occur con-
comitantly and accumulate different groups of pigments,
i.e., chlorophylls and anthocyanins [53, 61]. Several
anthocyanin types have been identified in poinsettia
bracts and are responsible for its colouration range (3,
55, 66]; however, molecular information is still limited
for the species [28, 72]. Nonetheless, genes responsible
for the biosynthesis of the anthocyanin pathway have
been intensively characterized in a range of species, with
its regulation being highly dependent on R2R3-MYB
regulatory genes and MYB-bHLH-WD40 (MBW) regu-
latory complexes [16, 58, 76].

Once synthesized on the cytoplasmic surface of the
endoplasmic reticulum (ER), anthocyanin molecules need
to be stored in the vacuole to prevent oxidation and loss
of colour [4]. Two main models of anthocyanin transport
have been proposed: i) a vesicle trafficking-mediated
model, where vesicle-like structures filled with anthocya-
nins are imported into the central vacuole via vesicle fu-
sion [23, 27, 62]; and ii) a transporter-mediated model,
where anthocyanins are carried across the vacuolar mem-
brane by transport proteins (e.g., ABC and MATE trans-
porters) with the help of glutathione S-transferase (GST)
enzymes [26, 63, 78]. GSTs can bind to anthocyanin mole-
cules to form a complex, thus escorting them from the ER
to the vacuole, preventing oxidation [13, 54, 67, 78].
Anthocyanin-related GSTs play major roles in anthocya-
nin transport, since loss of function of these proteins leads
to phenotypes with a lack of pigmentation, such as bz2
(Bronze-2) in maize, an9 (Anthocyanin 9) in petunia, ££19
(Transparent Testa 19) in Arabidopsis, fI3 (Flavonoid3) in
carnation, riant (regulator involved in anthocyanin trans-
port) in peach, and rap (reduced anthocyanin in petioles)
in strawberry [2, 8, 38, 43, 48]. In our previous study, an
anthocyanin-related GST-like gene showed higher ex-
pression in a red poinsettia variety than in the white
counterpart, thus making it a promising candidate re-
sponsible for the so-called ‘white paradox’, e.g. ap-
pearance of acyanic (uncolored) phenotype despite the
detection of expression of all structural genes and the
related enzyme activities involved in the formation of
red anthocyanin pigments [72].
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In our current study, we identified an anthocyanin-
related GST as the most likely target of the radiation-
induced mutation of red poinsettias in white bract
sports. Using different approaches, this study demon-
strates the functionality of the poinsettia GST as an
anthocyanin transporter. Most importantly, we show
that a short repeat motif within the coding region of the
gene is highly unstable upon mutation treatment, which
leads to the high frequency of anthocyanin mutations
observed in commercial mutation breeding. In addition
to facilitating mutation breeding for bract colours, these
results may be a starting point for analysing the genetic
instability of short repeat sequences in plants.

Results

Identification and characterization of Bract1

In a previous study [72], we observed higher expression
of an anthocyanin-related GST-like gene (termed Bractli
hereafter) in the red poinsettia variety ‘Christmas Feel-
ings’ than in its white counterpart ‘Christmas Feelings
Pearl’. To investigate whether a similar phenomenon is
observed in other red and white poinsettia pairs, we per-
formed RT-qPCRs for six pairs of red-bracted poinsettia
varieties and their independently generated white mu-
tants. Normalized relative quantity (NRQ) values were
calculated relative to one of the biological replicates of
the ‘Chr. Glory' variety according to the Pffafl method
and equations [59]. The levels of Bractl expression var-
ied among all varieties, with the varieties ‘Christmas
Feelings’, ‘Titan’ and ‘SK130’ showing the highest relative
expression. Although no lack of expression was observed
in any of the white varieties, all red varieties showed sig-
nificantly higher expression of Bractl than their white
counterparts (Fig. 1).

To further characterize the anthocyanin-related
GST in poinsettia we sequenced the complete coding
and intronic regions of the gene for the ‘Vintage’
variety. The final full-length (from first ATG start
codon to stop codon) Bractl sequence contains
2314 bp, with three exons (147 bp, 48 bp and 450 bp)
and two introns (455bp and 1214 bp) (Fig. 2a). The
coding sequences (CDSs) of Bractl from 14 red- and
white-bracted poinsettia varieties (‘Noel’, ‘Valentino’,
‘Christmas Feelings’, ‘Christmas Feelings Pearl,
‘Christmas Glory’, ‘Christmas Glory White’, ‘Joy’, Joy
White’, ‘Titan’, ‘Titan White’, ‘Bravo’, ‘Bravo White’,
‘SK130" and ‘SK130 White) were further sequenced.
The sequence alignment showed high similarity in
the CDS for all varieties, except for six single-
nucleotide polymorphisms (SNPs) that were identi-
fied in both the ‘Chr. Glory’ and ‘Bravo’ varieties
(Table 1). This result shows the presence of at least
two allelic forms of the Bractl gene. Additionally, a
4bp deletion located 8bp upstream of the first
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Fig. 1 RT-gPCR of Bract] for six pairs of red-bracted poinsettia varieties and their independently generated white mutants. The normalized
relative quantity (NRQ) was calculated according to the Pfaffl equations [59] and using the ‘Chr. Glory’ variety as a reference sample. The '
symbol indicates significant differences calculated with REST software between red and white pairs at p <0.05
\

exon-intron junction was observed in all white var-
ieties (Fig. 2b). The deletion is located in a short re-
peat locus, resembling a short simple sequence
repeat (SSR), with a tetranucleotide motif ((CTTC)3)
composition. The exact location of the (CTTC);

motif is shown in Fig. la. The full-length gene se-
quence and CDS are available in Additional File S1.
Bractl encodes a putative functional protein of 215
amino acids (aa) and a mass of 24.6 kDa, with distinctive
GST components: a conserved GSH-binding site (G-site)

s 3
a (CTTC)3
500! 10007 15007 20007
: Intron 1 » Intron 2 _ Bon3 2
Exon 1
Exon 2
b 110 120 130 0 150 160 170 180 190 200
ssssfocas| sosflocsufossalonss|ff ssssfosesfocasfonases e msmm M m
Bractl ATCTTCCTTCTGCTCAACATAAACTCTCTTCCTT CARACAGCCCTTTGGGTTAGTTCCAGCTATAGAAGATGGGGATTTCAGGCTTTTTGAATC
Noel ATCTTCCTTCTGCTCAACATAAACTCTCTTCCTT CARACAGCCCTTTGGGTTAGTTCCAGCTATAGAAGATGGGGATTTCAGGCTTTTTGAATC
Valentino ATCTTCCTTCTGCTCAACATAAACTCTCTTCCTT CARACAGCCCTTTGGGTTAGTTCCAGCTATAGAAGATGGGGATTTCAGGCTTTTTGAATC
Christmas Feelings ATCTTCCTTCTGCTCAACATAAACTCTCTTCCTT CARACAGCCCTTTGGGTTAGTTCCAGCTATAGAAGATGGGGATTTCAGGCTTTTTGAATC
Christmas Glory ATCTTCCTTCTGCTCAACACAAACTCTCTTCCTT CARACAGCCATTTGGGTTAGTTCCAGCTATAGAAGATGGGGATTTCAGGCTTTTTGAATC
Joy ATCTTCCTTCTGCTCAACATAAACTCTCTTCCTT CARACAGCCCTTTGGGTTAGTTCCAGCTATAGAAGATGGGGATTTCAGGCTTTTTGAATC
Titan ATCTTCCTTCTGCTCAACATAAACTCTCTTCCTT CARACAGCCCTTTGGGTTAGTTCCAGCTATAGAAGATGGGGATTTCAGGCTTTTTGAATC
Bravo ATCTTCCTTCTGCTCAACACAAACTCTCTTCCTT CARACAGCCATTTGGGTTAGTTCCAGCTATAGAA! ATTTCAGGCTTTTTGAATC
SK130 ATCTTCCTTCTGCTCAACATAAACTCTCTTCCTT CAAACAGCCCTTTGGGTTAGTTCCAGCTATAGAAGATGGGGATTTCAGGCTTTTTGAATC
Christmas Feelings Pearl ATCTTCCTTCTGCTCAACATAAACTCTCTTCCTT! CARACAGCCCTTTGGGTTAGTTCCAGCTATAGAAGATGGGGATTTCAGGCTTTTTGAATC
Christmas Glozy White ATCTTCCTTCTGCTCAACATAAACTCTCTTCCTT! CAAACAGCCCTTTGGGTTAGTTCCAGCTATAGAAGATGGGGATTTCAGGCTTTTTGAATC
Joy White ATCTTCCTTCTGCTCAACATAAACTCTCTTCCTT CAAACAGCCCTTTGGGTTAGTTCCAGCTATAGAAG ATTTCAGGCTTTTTGAATC
Titan White ATCTTCCTTCTGCTCAACATAAACTCTCTTCCTT CARACAGCCCTTTGGGTTAGTTCCAGCTATAGAAGATGGGGATTTCAGGCTTTTTGAATC
Bravo White ATCTTCCTTCTGCTCAACATAAACTCTCTTCCTT CARACAGCCCTTTGGGTTAGTTCCAGCTATAGAAGAT ATTTCAGGCTTTTTGAATC
SK130 White ATCTTCCTTCTGCTCAACATAAACTCTCTTCCTT CARACAGCCCTTTGGGTTAGTTCCAGCTATAGAAGATGGGGATTTCAGGCTTTTTGAATC
Fig. 2 Characterization of the anthocyanin-related GST gene (Bractl) Iin Euphorbia pulcherrima. a Schematic representation of the full-length
sequence (2314 bp) of Bract? in the Vintage’ variety. Black arrows represent the exonic regions. Black lines represent the intronic regions. The red
square represents the location of the tetranucleotide motif SSR locus (CTTCs). b Nucleotide alignment of the Bract] CDS for 14 red- and white-
bracted poinsettia varieties. The figure shows a 100 bp region of the CDS in which a 4 bp deletion (red box) is observed only in the white
varieties. Black arrows below the sequences show the location of the sequences in each exan. The first sequence corresponds to Bract] from the
Vintage’ variety and was used as a reference for the alignment
. J
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Table 1 List of SNPs identified in the sequenced varieties in
comparison to the Vintage variety

Position Original Alternative Varieties

90 T A Chr. Glory/Bravo
120 T C Chr. Glory/Bravo
150 C A Chr. Glory/Bravo
525 C T Chr. Glory/Bravo
578 A G Chr. Glory/Bravo
604 C A Chr. Glory/Bravo

located in the N-terminal domain and a C-terminal
substrate-binding domain (H-site) [14]. The predicted
protein from the CDS containing the 4 bp deletion is a
putative truncated protein with an early stop codon at
position aa52 due to a frameshift in the mRNA. The
full-length amino acid sequence and the truncated ver-
sion are available in Additional File S1.

Bract colouration associated with a deletion in the Bract1
gene

The colour range in poinsettia varieties is obtained ei-
ther through classic breeding (crossing) or mutagenic
breeding (radiation), thus generating a spectrum of bract
colours, such as pink, marble, orange and white/creamy.
The white varieties are often obtained through radiation
mutagenesis of the red varieties, followed by shoot de-
velopment and trait selection. Therefore, red and white
poinsettias from the same variety are referred to as
‘pairs’ due to their highly similar genetic background.
However, not all red varieties can produce white sports
through radiation. Therefore, red poinsettia varieties are
distinguished into ‘heterozygous’ and ‘homozygous’ for
the colouration locus according to their ability to gener-
ate white sports and according to the segregation of red
and white phenotypes in progeny of crosses with white

genotypes.
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Since the 4bp indel in the SSR locus of Bractl had
shown indications of polymorphism among the different
poinsettia varieties—and a correlation with bract colour-
ation—we used a genotyping approach based on the
fluorescent labelling of PCR fragments. We genotyped
22 different poinsettia varieties bearing red and white
bracts (Fig. 3a, Additional File S2). All the red heterozy-
gous varieties showed two distinct copies of the allele
(with and without the 4 bp deletion), while their white
counterparts showed only the copy with the deletion.
On the other hand, homozygous red varieties (i.e., those
unable to generate white sports) showed only the copy
without the deletion.

We further genotyped a segregating population with
190 progeny from ‘Joy (Rr) x ‘Joy White’ (rr) containing
36 white and 154 red plants (Fig. 3b, Additional File S2).
Contrary to expectation, we observed a deviation in the
segregation ratio, which was approximately 4:1 (red:white),
instead of the expected 1:1 ratio for this crossing. This
may be explained by the fact that seeds from white var-
ieties are less vital than those from red varieties (von
Tubeuf, Selecta One, pers. comm.). In addition, white var-
ieties also exhibit lower pollen fertility, thus increasing the
chances of self-pollination when red varieties are used as a
female parent (von Tubeuf, Selecta One, pers. comm.). In
fact, 17 red progeny showed only the wild-type copy of
the allele (data not shown), which can be attributed only
to self-pollination. Nonetheless, all the white progeny
showed only the allele copy containing the deletion, thus
reinforcing our hypothesis that the presence of the allele
containing the deletion in a homozygous recessive state is
correlated with the white phenotype.

Bract1 is the anthocyanin-related GST orthologue in
poinsettia

As GST genes occur in large gene families, we wanted to
analyse whether the poinsettia GST gene was related to
other GST genes involved in anthocyanin transport to

a M
- g gy
————— bt M

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

b ¥ ™M

-

White (rr) progenies

Red (Rr) progenies

Fig. 3 PCR amplification of the tetranucleotide motif SSR locus (CTTC); from the Bract! gene. a Band patterns from the amplified PCR fragments
for Bract! in 22 red- and white-bracted poinsettia varieties. Samples 1-6 correspond to red heterozygous varieties, samples 7-12 correspond to
white varieties, and samples 13-22 correspond to red homozygous varieties. b Example of the amplified PCR fragments for Bract! for the
segregating population Joy' (Rr) x Joy White’ (rr). M = marker. Figures were cropped for better visualization. Full length figures are available in
Additional File S2
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the vacuole. Therefore, we computed a phylogenetic tree
from the deducted amino acid sequences of 95 GST
family members from our previously assembled poinset-
tia transcriptome [72], as well as the Bractl and
anthocyanin-related ~ GSTs  from  other  species
(CkmGST3, LcGST4, VvGST4, PhAN9, PpRiantl,
PpRiant2, AtGSTFI11 and AtTTI9). Nine GST classes
were identified among the poinsettia GSTs: Tau, Theta,
Lambda, Zeta, Phi, tetrachlorohydroquinone dehalogen-
ase (TCHQD), glutathionyl hydroquinone reductase
(GHR), dehydroascorbate reductase (DHAR) and
eukaryotic translation elongation factor 1B-y (Ef1By).
Except Tau and Ef1By, all other GST classes showed a
single cluster (Fig. 4). All anthocyanin-related GSTs be-
long to the Phi class and clustered together in the phylo-
genetic tree, with Bractl showing high similarity with
these GSTs.

By aligning the Bractl nucleotide CDSs with those of
anthocyanin-related GSTs from other species, an overall

Page 5 of 16

nucleotide similarity of 61.9% was observed (Additional
File S3). Protein alignment of BRACT1 with the other
anthocyanin-related GSTs resulted in an overall similar-
ity of 58.3%, with the peach RIANT1 protein showing
the highest similarity (66.5%) (Additional File S3). Inter-
estingly, we identified seven amino acid residues, previ-
ously reported as specific to anthocyanin-related GST's
[32, 37, 40], that are conserved in the protein alignment,
except in AtGSTF11: 2Val, 11Ala, 13Cys, 62Phe, 90Leu,
91Glu and 152Ser (Fig. 5). In summary, these results in-
dicate that Bractl is the anthocyanin-related GST ortho-
logue in poinsettia.

Bract1 functionally complements the Arabidopsis tt719
mutant phenotype

To examine the in vivo function of Bractl as an antho-
cyanin transporter, we tested the ability of Bractl cDNA
to functionally complement the Arabidopsis GST mu-
tant ¢t19, which is defective in the expression of
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CkmGST3 ENPDLCGSYLEFERAT.VDCWLEVESHNFNDLVYTLVLHLMVE P-QMGKRSDMOLVQECESRLERVEDIYEERISKSNYLAG
VvGST4 QGPDLLGRYLEERAVVDOWLEVEAHNFNELVYTLVMQLVILP-RMGERGDLALAHTCECRLERVEFDVYEQRISKSRYLAG
LcGST4 RGPNLLGTYLEERARVDCWLEVEAHNFNDLIYTMVLOLIVIP-SMGQPGDLTLVHSCECRLEAVEDVYERCISKSKYLAG
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Bractl DYFTI.ADLTHMPSIRYLVHELGLAII-ILVHNIIQNKVNIAWWIDISDRPAWKNLI!HLAGIY————I—————I—————I————
AtTT19 EEFTMADLTHMPAMGYLMSITDINQMVEARGSFNRWWEEISDRPSWRRIMVIAGH-—————————————————
PhAN9 EFFSLADLSHLPSLRFLMNEGGFSHLVTRRKCLHEWYLDISSRDSWEKVLDLMMERISEIEAVSIPAKEEARV
CkmGST3 RLFTLADLSHLPSITFLMGEGGLGHMVRNRENVNSWWMDISSRPSWREVRELMD————————————— =
VvGST4 DSFTLADLSHLPAIRYLVRKEAGMAHLVTERKSVSAWWEDISNRAAWRRVMELAA - ——————————————————
LcGST4 DWFSLADLSHMPALRFILMEDARLVHLVRERRHVNAWWEEISGRLSWERRIMRIAYY——————————————————
PpRiantl EAFTLADLSHLPGISYLIDEARLGHLVSERKNVNAWWKDISNRPAWKELMSLASDY N
PpRiant2 EAFTLADLSHLPGISYLIDEARLGHLVSERENVNAWWKDISNRPAWKRLMSLASDY-————————————————
AtGSTF1ll DEFTLADLSHMPGMRYIMNETSLSGLVTSRENLNRWWNEISARPAWRELMELAAY-—————————————————
Fig. 5 Protein sequence alignment of BRACT1 and anthocyanin-related GSTs from other plant species. The numbers in the alignments indicate
the amino acid positions, and black boxes show amino acids that are known to be conserved in anthocyanin-related GSTs (32, 37, 40]. Sequences
were aligned using the ClustalW function in the BioEdit Sequence Alignment Editor v7.2.5
®

anthocyanins in aboveground organs and seeds. Two
constructs containing the Bractl ¢cDNA (with and with-
out the 4 bp deletion) under the cauliflower mosaic virus
(CaMV) 35S promoter were introduced into the ¢£19
mutant by the floral-dip method [11, 75]. Although the
constructs contained a GFP marker for the selection of
transgenic events, we genotyped 10 independent bio-
logical replicates from the T, progeny of ¢t19/35S:
Bractl and tt19/35S::Bractl_mut transgenic plants. All
progeny contained the correct allele from the Bractl
gene, thus confirming the correct integration of the
transgenic construct (Fig. 6a, Additional File S2).

Upon stimulation of anthocyanin accumulation in
seedlings by irradiation with red/blue LEDs, the 219/
35S::Bractl transgenic lines displayed a purple hypocotyl
phenotype at the seedling stage, similar to the Columbia
(Col-0) line but not the #£19 mutant (Fig. 6b). On the
other hand, #t19/35S:Bractl transgenic lines did not
show complementation of the anthocyanin phenotype.
The ProAtUbi::GFP construct, used as a control for infil-
tration, did not result in any phenotypic changes.
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Moreover, transgenic plants harbouring Bractl did not
complement the seed colour of #£19, as the seed colour
at the ripening stage remained the same as that of the
mutant #19 in transgenic plants (Fig. 6¢). This finding
suggests that Bractl may have distinct functions from
TT19 during seed coat pigmentation. Taken together,
these results not only emphasize the role of Bractl in
anthocyanin transport in poinsettia but also demonstrate
that a deletion in its coding region leads to a colourless

phenotype.

De novo mutations occur with high frequency and
include deletion of the 4 bp repeat

To study the stability of the 4bp repeat within the first
exon of the Bractl gene, we analysed DNA samples from
mutation experiments conducted over the last 4 years at
Selecta One. In brief, 10 cuttings from the varieties ‘Aur-
ora’, ‘SK159 Dark Pink’, ‘Aurora Jingle’ and ‘SK183" were
X-ray irradiated with 20 Gy (30 Gy for ‘SK183), and subse-
quently, side shoots from those cuttings were further
propagated. DNA was extracted and analysed as
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tt19/35S::Bract1

b Col-0 tt19

‘ T —— S

tt19 tt19 tt19
35S::Bractl_mut

ProAtUbi::GFP

Fig. 6 Functional complementation of the Arabidopsis tt79 mutant with the Bractl gene. a Genotyping of 10 independent biological replicates
from the T, progeny of tt19/35S:Bract] and tt19/355::Bract1_mut transgenic plants. Figure was cropped for better visualization. Full length figure is
available in Additional File S2. b Phenotypes of seedlings (14 days old) and C) mature seeds of Col-0 and tt79 and the transgenic lines tt19/
ProAtUbI:GFP, tt19/35S:Bract! and tt19/35S:Bract1_mut in the tt19 background

tt19/35S::Bractl_mut

35S::Bractl

previously described from 377, 191, 188 and 186 of the
propagated side shoots. Table 2 shows the results indicat-
ing that out of 942 samples, 9 mutations could be de-
tected. Three mutated progeny were identified in both
‘SK159 Dark Pink’ and ‘Aurora Jingle’ individuals and two
in the ‘SK183’ individuals, and only one mutated individ-
ual was identified in the ‘Aurora’ progeny. Unfortunately,
as this was part of a commercial breeding programme, in-
dividual shoots were not labelled in a way that would
allow tracing them back to one of the original shoots that
were irradiated. However, even if all the mutations de-
tected in each of the separate mutation treatments were
redundant and originated from one original mutational
event, the frequency was extraordinarily high.

Microsatellite repeats are not an anthocyanin-related
feature

The microsatellite repeat present in the Bractl gene
shows signs of instability upon irradiation treatment. To
identify whether such repeats are a common feature for
anthocyanin-related GSTs in Euphorbiaceae or related
taxa or are a family-specific feature, we first computed a
phylogenetic tree from the CDSs of Bractl, known
anthocyanin-related GSTs (CkmGST3, LcGST4, VvGST4,
PhANY, PpRiantl, PpRiant2, and AtTT19) and GST-like
orthologues from Euphorbiaceae species (Euphorbia
esula, Euphorbia pekinensis, Ricinus communis, Jatropha
curcas, Hevea brasiliensis and Manihot esculenta). Fig-
ure 7 shows that Bractl shared high similarity with the

Table 2 Fragment analysis of progeny from three X-ray-irradiated poinsettia varieties. Two methods were used for the fragment
analysis: polyacrylamide gel electrophoresis (PAGE) and fragment length analysis (FLA) by capillary electrophoresis

Variety/year of Number of progeny Type of

iadistioh Total Homozygous (RR) Heterozygous Homozygous ahalysis
(Rr) (rr)

Aurora/2016 377 376 1 0 PAGE

SK159 Dark Pink/2018 191 187 3 0 FLA

Aurora Jingle/2018 188 185 3 0 FLA

SK183/2018 186 1 184 1 FLA
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Tree scale: 0.01

LcGST4
AtTT19
PhAN9
CkmGST3
| PpRiant1
b PpRiant2
WGST4
Manihot esculenta

Hevea brasiliensis

Ricinus communis

Jatropha curcas

—— Euphorbia pekinensis

Fig. 7 Phylogenetic tree of anthocyanin-related GSTs and GST-like genes from Euphorbiaceae species. CDS nucleotide sequences were aligned

using MUSCLE. The maximum likelihood (ML) method based on the T92 matrix-based model was used to calculate the phylogenetic tree.
Phylogeny testing was performed using the bootstrap method with 1000 replicates, which are depicted next to the branches

A

i v
Euphorbia esula

GSTs from the two Euphorbia species (E. esula and E.
pekinensis) but also closely clustered with the GSTs from
the other Euphorbiaceae species. Although none of the
GST-like genes from other Euphorbiaceae have been in-
vestigated as putative anthocyanin transporters, they

may perform a similar function due to their homology
with Bractl and the other anthocyanin-related GSTs.
Furthermore, we wanted to assess the distribution of the
microsatellite repeat and possibly investigate its origin.
The sequence alignment shows that none of the GSTs

Bractl 106 CCT TCT GCT CAA CAT AAA CTC
36 Pro Ser Ala Gln His Lys Leu

Euphorbia esula 106 CAT TCT GCT CAA CAT AAA CTC
36 His Ser Ala Gln His Lys Leu

Euphorbia pekinensis 106 CAC TCT TCT CAC CAC AAA CTC
36 His Ser Ser His His Lys Leu

Ricinus communis 106 GAT TCT GGA GAG CAT AAG CGA
3¢ Asp Ser Gly Glu His Lys Arg

Jatropha curcas 106 AAA TCC GGG GAC CAT AAG CAT
36 Lys Ser Gly Asp His Lys His

Hevea brasiliensis 106 GCT TCT GGA GAG CAC AAA CGA
36 Ala Ser Gly Glu His Lys Arg

Manihot esculenta 106 GAT TCC GGC GAG CAA AAG CAA
36 Asp Ser Gly Glu Gln Lys Gln

VvGST4 106 GAC TCT GGC GAG CARA AAA CGG
36 Asp Ser Gly Glu Gln Lys Arg

PpRiantl 106 GAG GTG GGA GAG CAA AAG CAA
36 Glu Val Gly Glu Gln Lys Gln

PpRiant2 106 GAG GTG GGA GAG CAA AAG CAA
36 Glu Val Gly Glu Gln Lys Gln

CkmGST3 106 GAA TCC GGG GAG CAT AAG AAG
36 Glu Ser Gly Glu His Lys Lys

PhAN9 106 GAT TCT CTC GAG CAG AAA ARA
36 Asp Ser Leu Glu Gln Lys Lys

AtTT19 106 GAT ACA TTT GAG CAA AAA ARA
36 Asp Thr Phe Glu Gln Lys Lys

LcGST4 106 GAC AAT GGA GAG CAT AAG CGT
36 Asp Asn Gly Glu His Lys Arg

60 bp region of the CDS containing the (CTTC); SSR motif (represented

complete alignment is available in Additional File S7

Fig. 8 Partial sequence alignment of Bract], anthocyanin-related GSTs and orthologue GSTs from Euphorbiaceae species. The alignment spans a

amino acid positions in the CDS. Sequences were aligned using the ClustalW function in the BioEdit Sequence Alignment Editor v7.2.5. The

TCT TCC TTC CTT CTC ARARA CAG CCC TTT GGG TTA GTT CCA 165
Ser Ser Phe Leu Leu Lys Gln Pro Phe Gly Leu Val Pro 55

CCT TCT TAC CTT TGC AAA CAG CCC TTT GGG TTA GTT CCA 165
Pro Ser Tyr Leu Cys Lys Gln Pro Phe Gly Leu Val Pro 55

CCT TCC TTT CTT CTC AAA CAG CCT TTT GGG CTC GTT CCG 165
Pro Ser Phe Leu Leu Lys Gln Pro Phe Gly Leu Val Pro ss

TCT GAA TTC CTT CTC AAA CAG CCA TTT GGG CAA GTC CCG 165
Ser Glu Phe Leu Leu Lys Gln Pro Phe Gly Gln Val Pro ss

CCT GAC TTC CTT CTC ARAR CAG CCG TTT GGG CAA GTT CCG 165
Pro Asp Phe Leu Leu Lys Gln Pro Phe Gly Gln Val Pro 55

CCT GAC TTC CTT CTC AAA CAG CCA TTT GGG CAA GTT CCT 165
Pro Asp Phe Leu Leu Lys Gln Pro Phe Gly Gln Val Pro 55

CCT CAC TTC CTT CTC AAA CAG CCA TTT GGC CAA GTT CCA 165
Pro His Phe Leu Leu Lys Gln Pro Phe Gly Gln Val Pro 55

CCT GAT TTC CTC CTT CGA CAG CCT TTT GGG CAA GTT CCA 165
Pro Asp Phe Leu Leu Arg Gln Pro Phe Gly Gln Val Pro ss

CCT CAG TTC CTC TCC CGT CAG CCG TTT GGT CAA GTT CCA 165
Pro Gln Phe Leu Ser Arg Gln Pro Phe Gly Gln Val Pro 55

CCT CAG TTC CTC TCC CGT CAG CCG TTT GGT CAA GTT CCA 165
Pro Gln Phe Leu Ser Arg Gln Pro Phe Gly Gln Val Pro ss

CCC GAT TTT CTT CTT CGC CAG CCC TTT GGA CAA GTC CCA 165
Pro Asp Phe Leu Leu Arg Gln Pro Phe Gly Gln Val Pro 55

CCT GAG TTT CTA GTT TTA CAG CCA TTT GGA CAA GTT CCT 165
Pro Glu Phe Leu Val Leu Gln Pro Phe Gly Gln Val Pro 55

CCA GAA CAT CTT CTT CGT CAG CCA TTT GGT CAA GTT CCA 165
Pro Glu His Leu Leu Arg Gln Pro Phe Gly Gln Val Pro s5

CCT GAG TTT CTT CTT CGA CAG CCT TTT GGG CAA GTT CCA 165
Pro Glu Phe Leu Leu Arg Gln Pro Phe Gly Gln Val Pro 55

in red). The numbers in the alignments indicate the nucleotide and
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analysed contain the same (CTTC); SSR motif observed
in Bractl (Fig. 8). When analysing the GST's from Euphor-
biaceae species, two CTTC repeat units were present in L.
pekinensis, with a single nucleotide substitution respon-
sible for the loss of the third repeat. . curcas, H. brasilien-
sis and M. esculenta showed two CTTC repeat units, with
two nucleotide substitutions related to the loss of the third
repeat. Last, E. esula and R. communis showed a single
CTTC unit and three nucleotide substitutions in the
microsatellite region. The anthocyanin-related GSTs
showed greater distinction in the microsatellite region.
Three of the genes contained a single CTTC repeat unit
(CkmGST3, AtTT19 and LcGST4), while the others did
not contain any repeat unit (VvGST4, PpRiantl, PpRiant2
and PhANY), which was due to the higher number of nu-
cleotide substitutions (ranging from 4 to 7 substitutions).
In conclusion, even though some of the known
anthocyanin-related GSTs contain a CTTC sequence,
CTTC repeats seem to be a common feature of Euphorbi-
aceae GSTs, and the three repeats from the E. pulcherrima
GST (Bractl) behave in an unstable manner upon being
subjected to ionizing irradiation.

Discussion

Anthocyanins, a class of flavonoid secondary metabolite
compounds [47], are responsible for providing orange to
blue colours in plant tissues, and their biosynthetic and
regulatory mechanisms have been widely characterized
[76]. However, there is still debate on the mechanism of
anthocyanin transport from the ER to the vacuole [62,
63]. Strong evidence for the involvement of transport
proteins [21, 24], with a special role of GST enzymes,
has been reported in several plant species (Alfenito et al.
[38, 43];). In the present study, we demonstrated that
the Bractl gene functions as an anthocyanin transporter
in poinsettia and that a highly mutable repeat in its cod-
ing region leads to frequent deletions and therefore to a
colour-deficient phenotype.

Bract1 is a functional GST gene related to anthocyanin
transport in poinsettia

GSTs are a large and diverse group of enzymes with
multifunctional roles, especially in the detoxification of
xenobiotics as well as in responses to biotic and abiotic
stresses [1, 15]. The classification of GSTs is based on
sequence conservation, genomic organization, and
physiochemical properties, among other features [18, 33,
42]. Based on our previous study [72], we identified 95
GST genes in poinsettia and phylogenetically classified
them into nine different classes based on their similarity
with known Arabidopsis GSTs (Fig. 4). To date, 14 GST
classes have been identified in plants: tau (U), phi (F),
lambda (L), DHAR, theta (T), zeta (Z), EF1By, TCHQD,
microsomal prostaglandin E-synthase type 2 (mPGES-2),
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GHR, metaxin, Ure2p, hemerythrin (H) and iota (I)
(reviewed by [42]).

A large number of GSTs have been identified in plant
species, such as 49 in Capsella rubella {31/, 55 in Arabi-
dopsis (), 61 in Citrus [45] and 139 in L. chinensis [32].
Bractl clusters with high bootstrap support with
anthocyanin-related GSTs from other species (e.g.,
AtTTI9, PhAN9 and Vv(GST4), with all of these GSTs
belonging to the phi class. Known anthocyanin-related
GSTs belong almost exclusively to the phi class, except
for Bronze-2 from maize, which belongs to the tau class
[50]. Further support for Bractl being a member of the
phi-type plant GST genes is provided by the presence of
two introns as a characteristic of this group of genes,
such as AN9 from petunia and TTI9 from Arabidopsis
(Alfenito et al. [54];).

Complementation studies using Arabidopsis tt19 mu-
tants have been widely applied as proof of concept for the
function of GSTs as anthocyanin transporters (Alfenito
et al. [32, 34, 37, 40, 46, 54, 57];). Due to the high amino
acid conservation of GST enzymes involved in flavonoid
accumulation among species [77], they can complement
each other’s anthocyanin-deficient mutants (Alfenito et al.
[43];). However, similar to our observation for Bractl, not
all of these genes complemented both the shoot and seed
phenotypes [34, 40, 48]. TT19 is involved in both antho-
cyanin accumulation in vegetative tissues and proantho-
cyanidin (PA) accumulation in Arabidopsis seed coats,
which provides its brown colouration [38]. Transgenic
tt19 mutants overexpressing the petunia AN9 orthologue
showed AN9 mRNA expression in developing siliques, but
the seed colour still remained the same as the wild-type
mutant [38]. Altogether, these results suggest that GST
orthologues from different species may have distinct func-
tions from TT19 during seed-coat pigmentation.

A direct complementation of poinsettia white mutants
with the functional Bractl would ultimately prove its
function in bract colouration. However, neither Agrobac-
terium-mediated infiltration nor biolistic particle delivery
system (a.k.a. gene gun) were successful for transient ex-
pression studies (data not shown). Stable transformation
in poinsettia have been done using electrophoresis-based
methods [9, 71], but no stable transgenic poinsettia was
obtained. Successful stable transformation via Agrobacter-
ium-mediated infiltration has been previously achieved,
but the process is time-consuming [10]. Attempts to per-
form stable transformation of poinsettia with Bract! al-
leles will bridge the current knowledge gap but are out of
the scope of the present study.

A loss-of-function mutation in Bract1 is the cause of the
"white paradox” in poinsettia

Based on our results, we hypothesize that deletion of
one unit of the repeat in the Bractl gene is responsible
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for most of the white genotypes in poinsettia. This hy-
pothesis is strongly supported by the evidence that the
tt19/358::Bract]_mut mutant was not able to comple-
ment the anthocyanin phenotype in the Arabidopsis #£19
mutant, unlike the #£19/355::Bract!] mutant. Mutations
in GSTs leading to colourless phenotypes have been pre-
viously reported. A mutation in the fI3 gene in carnation
leads to a light pink phenotype, but a brighter phenotype
is observed upon complementation by petunia AN9 and
maize Bz2 [43]. In peach, four alleles of a GST gene (Ri-
ant) were identified, with two of them containing frame-
shift mutations and wunable to complement the
Arabidopsis t£19 phenotype. Varieties containing copies
of the mutated alleles in a homozygous state showed
flowers with white variegated phenotypes [8]. Last, a
single-nucleotide polymorphism (SNP) in the strawberry
RAP gene, leading to a premature stop codon, results in
a mutant with green petioles and leaves. The non-
functional rap gene was not able to complement Arabi-
dopsis £t19, while wild-type RAP was successful [48].

In our analyses, all six independently generated white
mutants of red varieties displayed the same deletion of a
4 bp repeat in Bractl, whereas the original varieties all
contained a fully functional copy of the gene. In
addition, co-segregation of the deletion with the white

Table 3 List of poinsettia varieties used in the present study
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phenotype was observed in a segregated population of
190 progeny. Furthermore, a novel mutation leading to a
homozygous recessive allele of Bractl among 184 sam-
ples obtained from irradiated cuttings of the heterozy-
gous line SK183 led to a white phenotype (Table 3).
Altogether, the results of this study present strong evi-
dence that the four-base deletion in BractI is the cause
of the red-to-white shift in the poinsettia varieties ana-
lysed here. However, as anthocyanin biosynthesis in-
volves several steps, other regulatory and structural
genes might give rise to white mutants as well, as has
been shown in numerous other examples [5, 39, 49, 52].
We did not detect these genes in our current plant ma-
terial perhaps due to the much higher mutation rate of
the Bractl gene than of less mutable genes.

Bract1 contains a short highly mutable four-base repeat

Upon X-ray treatment, red poinsettia plants produce
progeny bearing white phenotypes with high frequencies,
often based on only 10 irradiated cuttings (von Tubeuf,
Selecta One, pers. comm., Selecta One). This
phenomenon is associated with a deletion in a short re-
peat in the Bractl gene of white mutants in a homozy-
gous state. The mutations in all six independent mutant
pairs that we detected are exactly identical, which

Variety ID Variety name Bract colour Observation

1 Christmas Feelings Red

2 Christmas Glory Red

3 Joy Red

4 Bravo Red

5 Titan Red

6 SK130 Red

7 Christmas Feelings Pearl White Mutation from Chr. Feelings
8 Christmas Glory White White Mutation from Chr. Glory
9 Joy White White Mutation from Joy
10 Bravo White White Mutation from Bravo
11 Titan White White Mutation from Titan
12 SK130 White White Mutation from SK130
13 Vintage Red

14 Christmas Aurora Red

15 Happy Day Red

16 Tabalunga Red

17 Christmas Day Red

18 Christmas Eve Red

19 Noel Red

20 Valentino Red

21 Prestige Red Red

22 Christmas Cracker Red
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indicates that the X-ray treatment did not directly cause
the mutation but rather led to changes indirectly by
stimulating the DNA repair mechanisms via replication
errors, by increasing recombination or by the other
mechanisms discussed for mutations in repeat sequences
[56]. The possible involvement of replication-based er-
rors is supported by our observation that upon amplifi-
cation of the repeat via standard PCR from cloned
Bractl wild-type or mutant allele, a low level of variants
carrying four-base indels can always be detected (data
not shown).

Radiation is frequently used as a tool for mutagenic
breeding in poinsettia. In contrast to ethyl-
methanesulphonate (EMS)-based chemical mutagenesis,
which produces point mutations with high frequency
[25], ionizing radiation (e.g., X-rays and y-rays) induces
DNA oxidative damage, such as double-strand breaks
(DSBs), base substitutions, deletions and chromosomal
alterations, at a lower frequency, frequently resulting in
loss of gene function [35, 36, 51]. SSRs are among the
most variable types of repetitive sequences in the gen-
ome [19]. Studies have shown that SSR instability in-
creases with plant development [22] and abiotic stress
[74]. This might be another explanation for the frequent
observation of repeat changes in the Bract! gene after
X-ray irradiation, although the small number of repeats
(i.e., three) of four base pairs each does not fit the most
widely applied criteria used to define SSRs, which usually
focus on sequences with a larger number of repeats.

However, little information about the genetics and dy-
namics is available for short repeats. A majority of stud-
ies compared historical events for mostly shorter SSRs
(2 and 3bp repeats with larger repeat numbers) in
present-day populations or the dynamic repeats respon-
sible for human diseases (mostly trinucleotide repeats),
which usually display effects beyond those of large num-
bers of repeats (> 30 repeats [56]).

Our observation that a large number of mutation
events could be observed in the side shoots of ten irradi-
ated plants indicates an unusually high mutation rate,
which is in contrast to the few reports in which exact
mutation rates have been reported for vegetatively prop-
agated crops [65]. In one example, the woody ornamen-
tal plant Tibouchina urvelliana was irradiated three
independent times with a 45 Gy dose, resulting in 0.06%
dwarf mutants each time [65]. However, several authors
reported that the radiosensitivity of vegetative tissues
varies greatly among species and tissues [20], so exact
comparative estimations of mutation frequencies have a
very limited accuracy among species and conditions.
However, experiments with transgenic Arabidopsis lines
harbouring constructs designed to analyse restoration of
GUS open reading frames by either recombination or by
restoring in-frame translation by mutations in SSRs
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demonstrate the occurrence of easily detectable numbers
of somatic mutation events [22, 74]. Together with the
careful selection of side shoots after X-ray irradiation of
poinsettia, this finding may explain the high rate of re-
cessive mutations detected here.

In this study, we showed that the poinsettia Bractl
gene is an active GST gene involved in the expression of
anthocyanins in poinsettia bracts. Furthermore, a 4 bp
deletion in a short repeat within the coding region of
Bractl is the most likely cause of many mutations that
lead to a white bract colour. This mutation occurs with
an unusually high frequency and is presumably an indir-
ect effect of X-ray mutagenesis. Future analyses using
mutagenesis in transgenic Arabidopsis lines harbouring
Bractl might help elucidate the causes of the high in-
stability of this repeat. Moreover, this result might also
serve as a reference for the study of other repeat-
containing structural genes as potential mutational hot
spots in plant genomes.

Conclusions

In this study, we showed that the poinsettia Bractl gene
is an active GST gene involved in the expression of an-
thocyanins in poinsettia bracts. Furthermore, a four base
pair deletion in a short repeat within the coding region
of Bractl is the most likely cause of many white muta-
tions for bract colour. This mutation occurs with an un-
usually high frequency and is presumably an indirect
effect of the x-ray mutagenesis. Future analyses using
mutagenesis in transgenic Arabidopsis lines harbouring
the Bractl might help to elucidate the causes of the high
instability of this repeat. Moreover, it might also serve as
an example for other repeat containing structural genes
in plant genomes as potential mutational hot spots.

Methods
Plant material
A range of red- and white-bracted varieties of poinsettia
was used in this study for the different analyses (Table
3). Among the varieties, we used so-called pairs of red
varieties and white mutants generated from these var-
ieties by y-ray or X-ray mutagenesis by the company
Selecta One (Stuttgart, Germany). In addition, a segre-
gating population containing 190 progeny from the “Joy
x Joy white” cross, one such pair, was also used for ana-
lysis. The plant material used are exclusively cultivated
varieties of the species Euphorbia pulcherrima which
were provided by the company Selecta One. Identifica-
tion of the material was conducted by Dr. Robert Boehm
and Mr. Guido von Tubeuf. There were no vouchers
taken and deposited.

Leaf and bract samples for DNA and RNA isolation
were harvested at Selecta One, immediately frozen in li-
quid nitrogen, shipped on dry ice and stored at - 80°C
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at the Institute for Plant Genetics of the Leibniz Univer-
sitit Hannover (Hannover, Germany). Moreover, rooted
cuttings of three red (‘Aurora’, ‘Aurora Jingle’ and
‘SK183’) and one pink (‘SK159 Dark Pink’) variety were
irradiated with y-rays (20 Gy) and further developed, and
new cuttings were generated by the company Selecta
One. The progeny were used for fragment analysis
(please refer to section “Poinsettia genotyping and frag-
ment analysis”).

Seeds of the Arabidopsis thaliana Columbia (col-0)
genotype were available at the Institute for Plant Genet-
ics of the Leibniz Universitait Hannover; these seeds were
originally obtained from the Arabidopsis information
service in Frankfurt, Germany [12], and subsequently
propagated in isolated greenhouse compartments. Seeds
of the mutant line #t79-8 (stock number: CS52105587)
were obtained from the Arabidopsis Biological Resource
Center (ABRC). Seeds were sown in Einheitserde P sub-
strate, and seedlings were placed in long-day conditions
(16 h light/8 h dark, 22 °C) for 2 weeks to induce flower-
ing. Seedlings of the wild-type and mutants analysed for
the expression of anthocyanins were grown under sup-
plemental red/blue LED light (GP LED production DR/B
120 LB, Philips, Germany) to stimulate anthocyanin
development.

DNA and RNA isolation

For the poinsettia samples, DNA was isolated from ap-
proximately 100 mg of leaf tissue using the NucleoSpin®
Plant II Kit (Macherey—Nagel GmbH & Co., KG, Diiren,
Germany) according to the manufacturer’s instructions.
Total RNA was isolated from approximately 100 mg of
bract tissue using the mirPremier™ miRNA Isolation Kit
(Sigma-Aldrich, St. Louis, USA). For Arabidopsis sam-
ples, total RNA was isolated from approximately 50 mg
of leaf tissue using the Quick-RNA Plant Kit (Zymo Re-
search, Irvine, USA). ¢cDNA synthesis was performed
using the FastGene Scriptase Basic cDNA Kit (Nippon
Genetics Europe GmbH, Diiren, Germany) according to
the manufacturer’s recommendations. The DNA and
total RNA concentrations and quality were assessed
using a NanoDrop™ 2000 (Thermo Fisher Scientific, Wil-
mington, USA) and gel electrophoresis.

GST expression by RT-qPCR

Two endogenous reference genes (Translation elong-
ation factor 1 beta (EFIB) and Translation elongation
factor 1 alpha (EF1A)) were used to normalize the
Bractl expression data. Primer sequences are available
in Additional File S4. The amplification efficiency for all
primers was obtained from relative standard curves.
Three independent biological replicates were used for
each of the varieties. RT-qPCRs were performed using
the qPCRBIO SyGreen Mix Lo-ROX Kit (Nippon
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Genetics Europe GmbH) according to the manufac-
turer’s recommendations. Briefly, reactions were carried
out in technical triplicates in a volume of 10 puL. contain-
ing 5 uL. of qPCRBIO SyGreen Mix Lo-ROX, 10 pmol of
gene-specific forward and reverse primers, and 4 puL of a
1:50 cDNA dilution. RT-qPCRs were performed using a
StepOne™ Real-Time PCR System (Applied Biosystems,
Singapore, Singapore). The normalized relative quantity
(NRQ) was calculated according to the Pfaffl equations
[59]. The real-time data for this study are provided ac-
cording to the Minimum Information for Publication of
Quantitative Real-Time PCR Experiments guidelines [6].
Pairwise statistical analysis between each red variety and
its white counterpart was performed using the Relative
Expression Software Tool (REST) v2.0.13 [60].

Bract1 gene sequencing

The poinsettia variety ‘Vintage’ was used for full-length
sequencing of the GST-like gene (hereafter named
Bractl). PCRs were performed in a 50 puL. reaction con-
taining 50 ng of DNA template, 1X PrimeSTAR® Buffer
(Mg** plus), 0.2mM each dNTP, 0.25 uM forward and
reverse primers and 1.25U of PrimeSTAR® HS DNA
Polymerase (Takara Bio Inc., Kusatsu, Japan). The cyc-
ling conditions were 95°C for 3 min; 30 cycles of 95°C
for 30s, 60°C for 30s and 72°C for 2 min; and a final
extension of 10 min at 72 °C. The PCR products were re-
solved in a 1% (w/v) agarose gel by horizontal electro-
phoresis for 90 min at 100 V. The correct bands were
excised from the gel and purified using the NucleoSpin®
Gel and PCR Clean-up Kit (Macherey—Nagel) following
the manufacturer’s recommendations. Finally, the puri-
fied PCR fragments were sent to Eurofins Genomics
(Ebersberg, Germany) for Sanger sequencing. The gener-
ated sequences were aligned using the ClustalW func-
tion in the BioEdit Sequence Alignment Editor v7.2.5
[30], and a final full-length gene sequence for Bractl
was generated.

The coding sequences (CDSs) of Bractl from 14 red-
and white-bracted poinsettia varieties (‘Noel’, ‘Valentino’,
‘Christmas Feelings’, ‘Christmas Feelings Pearl’, ‘Christmas
Glory’, ‘Christmas Glory White’, ‘Joy’, ‘Joy White’, ‘Titan’,
‘Titan White’, ‘Bravo’, ‘Bravo White’, ‘SK130" and ‘SK130
White’) were further sequenced. PCRs were performed in
a 50 pL reaction containing 1 uL of undiluted cDNA, 1X
PrimeSTAR® Buffer (Mg®* plus), 0.2mM each dNTP,
0.25 uM forward and reverse primers and 1.25U of Pri-
meSTAR® HS DNA Polymerase (Takara). The cycling
conditions were 95 °C for 3 min; 30 cycles of 95°C for 30
s, 60 °C for 30 s and 72 °C for 45 s; and a final extension of
10 min at 72 °C. The sequencing strategy was the same as
that used for the full-length sequencing analysis. The gen-
erated sequences were aligned using the ClustalW
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function in the BioEdit Sequence Alignment Editor v7.2.5.
Primer sequences are available in Additional File S4.

Poinsettia genotyping and fragment analysis

To detect changes in the repeat structure of the Bract!
gene, a genotyping approach based on the fluorescent la-
belling of PCR fragments [64] was applied. DNA samples
were PCR amplified in a 20 pL reaction containing 50 ng
of DNA template, 1X Williams buffer, 0.15mM each
dNTP, 0.0125pM forward primer, 0.07 uM universal
FAM-labelled M13 primer, 0.25 uM reverse primer and
1 U of DCSPol DNA Polymerase (DNA Cloning Service,
Hamburg, Germany). The cycling conditions were 94 °C
for 3 min; 24 cycles of 94 °C for 455, 59 °C for 1 min and
72°C for 1 min; 6 cycles of 94°C for 30s, 52°C for 455
and 72°C for 1 min; and a final extension of 10 min at
72°C. Fifty microliters of formamide loading dye (98%
formamide, 10mM EDTA, 0.05% pararosanilin) was
added to each reaction, which was then incubated at
95°C for 5min. The PCR products were resolved in a
6% (w/v) acrylamide gel via vertical electrophoresis using
a LI-COR Gene Readir 4200 DNA Analyser (LI-COR
Biosciences, Nebraska, USA). The varieties from Table 3
and the progeny of the irradiated variety ‘Aurora’ were
genotyped using fluorescent labelling of PCR fragments.
The progeny of the irradiated varieties ‘Aurora Jingle’
and ‘SK159 Dark Pink’ were analysed by capillary elec-
trophoresis on an ABI 3730 XL system at Microsynth
AG (Balgach, Switzerland). Primer sequences are avail-
able in Additional File S4.

Phylogenetic analysis
Protein sequences for Bractl and 95 different poinsettia
GSTs, retrieved from our previous study [72], were pre-
dicted with TransDecoder [29] and used for the con-
struction of a phylogenetic tree. Moreover, protein
sequences for known anthocyanin-related GSTs from
other species were included in the analysis: CkmGST3
(Cyclamen persicum x Cyclamen purpurascens, GenBank
- AB682678.1), LcGST4 (Litchi chinensis, GenBank -
KT946768.1), VvGST4 (Vitis vinifera, GenBank -
AY971515.1), PhAN9 (Petunia hybrida, GenBank -
Y07721.1), PpRiantl (Prunus persica, GenBank -
KT312847.1), PpRiant2 (P. persica, GenBank -
KT312848.1), AtGSTFI11 (Arabidopsis thaliana, Gen-
Bank - NM 111189.3) and AtTT19 (A. thaliana, Gen-
Bank - NM_121728.4). The putative protein sequences
of all the GSTs are available in Additional File S5.
Sequence alignment was performed using MUSCLE
[17], and the phylogenetic tree was constructed with
MEGA X v10.0.5 [41] using the maximum likelihood
(ML) method with the Whelan and Goldman matrix-
based model using a discrete gamma distribution
(WAG+G) [73]. The best model was estimated using
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MEGAX. The tree topology was tested via a bootstrap
analysis with 1000 replicates. For better visualization of
the phylogenetic tree, Tree Of Life (iTOL) software, ver-
sion 4.2.3 [44] (https://itol.embl.de/), was used.

Plasmid construction and Agrobacterium-mediated
infiltration

The coding sequence of Bractl was amplified from the
poinsettia varieties ‘Vintage’ and ‘Christmas Feelings
Pearl’ to capture both wild-type and mutated alleles. The
primers used for amplification are available in Additional
File S4. The PCR fragments were inserted in the sense
orientation into the BamHI-HindIll site of the
C757pGFPU10-35 s-ocs-LH (Additional File S6) binary
vector (DNA Cloning Service, Hamburg, Germany)
using the In-Fusion® HD Cloning Kit (Takara Bio Inc.,
Kusatsu, Japan). The vector contains a GFP gene under
the control of the Arabidopsis ubiquitin promoter
(ProAtUbi:GFP) and a 35S promoter upstream of the
multiple cloning site into which inserts were cloned.
The final expression vectors contained either the wild-
type allele (35S:Bractl) or the mutated allele (35S:
Bractl_mut). The vector containing only GFP was also
used for transformation as a negative control (only
ProAtUbi:GFP).

The expression vectors were introduced into Agrobac-
terium tumefaciens strain GV3101 via electroporation.
Transformation of the A. thaliana mutant line t£19-8
was performed using the floral dip method [11, 75]. For
transgenic plant selection, T, seeds were sown in soil,
and GFP-expressing seedlings were selected to produce
T, and subsequently T, progeny to achieve GST homo-
zygosity. T, seedlings of £t19/355:Bractl and tt19/35S:
Bractl mut transgenic plants were used for phenotypic
analysis. Non-transformed ¢t19-8, Col-0 and tt19/ProA-
tUbi::GFP seedlings were used as controls. Seedlings
were placed under red light to stimulate anthocyanin
biosynthesis. To confirm correct GST integration, 10 in-
dependent biological replicates, each representing an in-
dependently selected transgenic line from the T,
progeny of £t19/358:Bractl and {t19/35S::Bractl_mut
transgenic plants, were used for GST genotyping. The
protocol was the same as that used in the section “Poin-
settia genotyping and fragment analysis”.

Analysis of the GST repeat

To understand the origin of the microsatellite-like repeat
in the Bractl gene, orthologous GST genes from Eu-
phorbiaceae species were retrieved by BLASTN against
the Euphorbiaceae (taxid: 3977) nucleotide database.
GST-like genes from the Euphorbiaceae species Ricinus
communis (GenBank - XM_002532928.3), Manihot escu-
lenta (GenBank - XM_021748071.1), Jatropha curcas
(GenBank - XM 012219312.2), Hevea brasiliensis
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(GenBank - XM_021787187.1), Euphorbia esula (Gen-
Bank - PJAE01736713.1) and Euphorbia pekinensis (7,
72], as well the anthocyanin-related GSTs CkmGST3 (C.
persicum x C. purpurascens, GenBank - AB682678.1),
LcGST4 (L. chinensis, GenBank - KT946768.1), VvGST4
(V. vinifera, GenBank - AY971515.1), PhAN9 (P.
hybrida, GenBank - Y07721.1), PpRiantl (P. persica,
GenBank - KT312847.1), PpRiant2 (P. persica, GenBank
- KT312848.1) and AtTTI19 (A. thaliana, GenBank -
NM_121728.4) were used to construct a phylogenetic
tree.

Sequence alignment was performed using MUSCLE
[17], and the phylogenetic tree was constructed with
MEGA X v10.0.5 [41] using the ML method with the
Tamura 3-parameter matrix-based model [68] using a
discrete gamma distribution with invariant sites (T92 +
G +1). The best model was estimated using MEGAX.
The tree topology was tested via a bootstrap analysis
with 1000 replicates. For better visualization of the
phylogenetic tree, Tree Of Life (iTOL) software, version
4.2.3 [44] (https://itol.embl.de/), was used.
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3 A highly mutable GST is essential for bract colouration in poinsettia

3.1 Supporting information

Additional File S1. Full-length sequence of the Bractl gene, CDS sequences of red and white
poinsettia varieties, full sequence and truncated version of the BRACT1 protein. (Available as
electronic appendix).

Additional File S2. Full-length gel images referent to Figure 3a, Figure 3b and Figure 6a from this
publication.

Figure 1. Full-length image referent to Figure 3a in this publication. Band patterns from the amplified PCR
fragments for Bractl in 22 red- and white-bracted poinsettia varieties. Sample order is the same as
presented in Figure 3a from the publication. The last lane on the right side corresponds to DNA marker for
size estimation. The contrast in the image displayed in the manuscript was adjusted to remove some of
the grey background. The alteration does not alter the interpretation of the results.
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3 A highly mutable GST is essential for bract colouration in poinsettia

Figure 2. Full-length image referent to Figure 3b in this publication. Example of the amplified PCR

fragments for Bractl for the segregating population ‘Joy’ (Rr) x ‘Joy White’ (rr). Sample order is the same
as presented in Figure 3b from the publication. Last lane on the right side corresponds to DNA marker for
size estimation. The black line seen on the left side of the image is due to a problem in the image capturing
step. This was removed from the image displayed in the manuscript, but it does not alter the interpretation

of the results. The samples cropped on the left side of the line also correspond to white (rr) progenies.
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Figure 3. Full-length image referent to Figure 6a in this publication. Genotyping of 10 independent
biological replicates from the T2 progeny of tt19/35S::Bractl and tt19/35S::Bractl_mut transgenic plants.
Sample order is the same as presented in Figure 6a from the publication. The image in the publication was
cropped to remove part of the image that does not contain any information and to be able to create a

composite figure in the publication. The alteration does not alter the interpretation of the results.
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Additional File S3. Sequence similarity of Bractl with other anthocyanin-related GSTs.

Genes Bractl AtTT19 PhAN9 CkmGST3 WGST4 LcGST4 Riantl Riant2  AtGSTF11
Bractl 60,4% 60,8% 63,2% 66,8% 65,5% 68,2%  49,6% 60,7%
AtTT19 55,1% 52,2% 58,9% 62,4% 62,7% 62,1%  50,5% 75,3% %
PhAN9 53,8% 46,1% 63,6% 61,9% 60,3% 61,8%  46,7% 53,3% %
CkmGST3 | 63,5% 52,8% 64,6% 67,1% 69,3% 69,4%  50,8% 59,6% %
VvGST4 65,8% 57,0% 58,6% 68,0% 70,6% 74,8%  53,7% 62,3% §
LcGST4 62,6% 57,9% 59,9% 66,8% 69,6% 71,7%  53,6% 61,0% %-
PpRiantl 66,5% 56,2% 59,9% 70,6% 75,8% 72,5% 67,8% 61,5% g
<
PpRiant2 40,7% 37,9% 40,0% 44,4% 45,3% 46,2% 58,7% 47,3%
AtGSTF11 | 58,4% 68,6% 47,8% 53,7% 58,8% 56,5% 57,6%  37,0%

Protein sequence similarity

Additional File S4. List of primers used in each of the analyses in the present study.

. Fragment Target
Primer name Sequence .
size (bp) sequence
Sanger sequencing
EpGST_F1 TCCGATCTAAGAAATCAAGGCTA Full-length gene
(gDNA) / full-
2,368 /695 lenqth CDS
EpGST_R1 CAGTCGGCCGCTACATAGAT 9
(cDNA)
t t
EpGST_F2 TGGCCTGCCTTTTAGAGAAA 1% intron, 1°
596 exonngpartlally),
EpGST_R2 AAAGCCTGAAATCCCCATCT 2™ exon
(partially)
nd j nd
EpGST_F2 TGGCCTGCCTTTTAGAGAAA 2™ intron, 2"
1,033 exonrgpartla y),
EpGST_R3 TATGGGCTTCCACTTCAACC 3 exon
(partially)
Genotyping
EpGST F3 i;ZAAAAACGACGGCCAGTTGGCCTGCCTTTTAGAG
CTTC3SSR
EpGST_R4 ACAAGTTCAGGGGGCTGAG 197 locus in the 1st
exon
FAM labelled M13 FAM-GTAAAACGACGGCCAGT
RT-qPCR
EpGST_gPCR_F CTTGTTCATGAGCTTGGGTTAG
~ 80 EpGST
EpGST_gPCR_R CGGTCGGTCCGATATATCAAT
EF1B_gPCR_F GGAGATGAGACTGAGGAGGATAA Translation
~120 elongation factor
EF1B_gPCR_R CCCACGGCTTTACATCCAATA 1 beta — EF1B
EF1A_gPCR_F AAGATGATTCCCACCAAGCCCA Translation
~120 elongation factor
EF1A gPCR_R CACAGCAAAACGACCCAGAGGA 1 alpha — EF1A
InFusion Cloning
Ep_infusion GST F GACACTAGTTGGATCTCCGATCTAAGAAATCAAGG
- - - CTA 795 Full-length CDS

Ep_infusion_GST_R

CGACACGCGTAAGCTCAGTCGGCCGCTACATAGA
T

(cCDNA)
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Additional File S5. Deducted protein sequences from the Bractl and 95 GSTs from E. pulcherrima

GSTs, as well as anthocyanin-related GSTs from other species. (Available as electronic appendix).

Additional File S6. Schematic representation from the C757pGFPU10-35s-0cs-LH binary vector
used for the constructions of transformation plasmids containing either the wild-type allele
(35S::Bractl) or the mutated allele (35S::Bractl_mut) from the poinsettia GST.

(10,030 BlpI
(9881) BStEIT

KfII (1006)

Eco53KkI (1400)
- Sacl (1402)

(9305) PluTI
fol
(9?0320)3 )Nasr?— PaeR7I - PspXI - XhoI (1786)
(9301) KasL~" _BSstXI (1803)

(9298) Mrel AleI (1831)

_BstBI (2144)

(8733) FspI—_

(8520) BmtI\;_
{8516) Nhel"
(8400) BSIWI ——
C757pGFPU10-35s-0cs-LH — BspEI (2711)
11,034 bp
SbfI (3017)
:/NCOI (3043)

PshAI (3299)

Spel (3483)

BamHI (3490)
TspMI - Xmal (3496)
Smal (3498)

4~ HindTIT (3514)

" MIul (3520)

' Stul (3734)
T AFIIT (3736)
| PspOMI (3753)
Apal (3757}
Pmel (3795)

(7440) Al

" Zral (4184)

(6846) Pasl AatIl (4186)

Additional File S7. Sequence alignment of Bractl, anthocyanin-related GSTs and orthologue GSTs

from Euphorbiaceae species. (Available as electronic appendix).

70



4 Detection of low-frequency mutation by amplicon-sequencing

4 Development of a multiplex amplicon-sequencing assay to detect

low-frequency mutations in poinsettia (Euphorbia pulcherrima

Willd. Ex Klotsch) breeding programmes

Vinicius Vilperte 1, Robert Boehm ? and Thomas Debener *

1Institute of Plant Genetics, Leibniz Universitat Hannover, 30419 Hannover, Germany

2Klemm + Sohn GmbH & Co., KG, 70379 Stuttgart, Germany

Type of authorship:
Type of article:

Contribution to the article:

Contribution of the other authors:

Supplements:

Journal:
Date of publication:
Impact factor:

DOI:

71

First author
Research article

Planned and performed most of the experiments,
analysed the data, prepared all tables and figures, and

wrote most of the manuscript.

Robert Boehm and Thomas Debener helped in
conceptualizing the project and reviewing the

manuscript.

Thomas Debener contributed to the planning of the
experimental design, data analysis, and writing and

reviewing of the manuscript.

Supplementary material mentioned in the manuscript

is provided as an electronic appendix.

Plant Breeding
24.05.2021
1.662

https://doi.org/10.1111/pbr.12925



Received: 23 November 2020

4 Detection of low-frequency mutation by amplicon-sequencing

Revised: 8 April 2021 | Accepted: 12 April 2021

DOI: 10.1111/pbr. 12925

ORIGINAL ARTICLE

Fiby

i Plantﬂreeding Wl LEY

Development of a multiplex amplicon-sequencing assay to
detect low-frequency mutations in poinsettia (Euphorbia
pulcherrima) breeding programmes

Vinicius Vilperte! | Robert Boehm? | Thomas Debener!

!Institute of Plant Genetics, Leibniz
Universitat Hannover, Hannover, Germany

2Klemm+50hn GmbH & Co., Stuttgart,
Germany

Correspondence

Thomas Debener, Institute of Plant
Genetics, Leibniz Universitat Hannover,
30419 Hanover, Germany.

Email: debener@genetik.uni-hannover.de

Funding information
Marie Sktodowska-Curie Actions, Grant/
Award Number: 675657

Communicated by: Henryk Flachowsky

1 | INTRODUCTION

Abstract

Poinsettia is an economically important ornamental potted plant in which certain
bract colour variants are often obtained by mutation breeding. Previously, in poinset-
tia, we identified Bract1, a GST gene involved in the sequestration and transport of
anthocyanins to the vacuole. This gene carries a short, highly mutable 4-bp repeat
in its coding region. Loss of one repeat unit leads to a loss of function for Bract1, and
in homozygous mutants, anthocyanin-based coloration is absent, resulting in white
or cream-coloured bracts. Although mutation induction through ionizing radiation
leads to a high frequency of mutations in Bract1, mutants are difficult to obtain from
homozygous red genotypes. In this study, we used Bract1-specific amplicon sequenc-
ing as a tool to identify mutations in pools of tissues, which enabled the detection of
mutations in dilutions of up to one mutant in 50 nonmutated samples. This approach
enabled efficient screening of recalcitrant homozygous genotypes for mutated al-
leles and the reduction of the mutation load in the application of ionizing radiation in

mutation breeding programmes.

KEYWORDS
amplicon-seq, Bract1, heterozygous mutations, irradiation mutagenesis, mutation breeding,

poinsettia breeding

branching), physiological traits (photoperiodic response, early
flowering, free flowering and flower keeping quality), and biotic

and abiotic stress responses (Schum & Preil, 1998). The applicabil-

Mutation breeding is an established and successful method for
generating variation in ornamental plants, because maost eco-
nomically important traits, for example, flower characteristics or
growth habits, are easily monitored after mutagenic treatment
(Ibrahim et al., 2018; Schum & Preil, 1998). Induced mutations
in ornamental plants focus on economically valuable aesthetic
values, such as flower and leaf characteristics (colour, size, mor-
phology and fragrance), growth habits (compact, climbing and

ity of induced mutagenesis has heen exploited in several ornamen-
tal species (Datta, 2020), with over 700 mutant varieties being
obtained for more than 80 different species (FAO & IAEA, 2019).
Among all ornamental-related traits, the development of new co-
lours has strong appeal among consumers; therefore, it is one of
the most exploited traits in mutagenesis breeding (reviewed by
Datta, 2020; Ibrahim et al., 2018).

This is an open access article under the terms of the Creative Commaons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in

any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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Poinsettia, also known as nochebuena, Weihnachtsstern or
Christmas star (Trejo et al., 2012), is considered an important orna-
mental plant, especially due to its attractive, mostly red-coloured
bracts, and it is primarily consumed during Christmas season in
North America, Europe and Asia (Vilperte et al., 2019). The total
consumption of ornamental poinsettias in Germany alone was
estimated to be ~32 million potted plants in 2018, with ~90% of
the sales comprising red- and white-coloured varieties (van der
Ploeg, 2018). Nonetheless, the introduction of varieties with co-
lour variations, such as pink, yellow and even bicoloured, scattered
and marbled colourations, adds considerable ornamental value
for product development. lonizing radiation is an important tool
in mutation breeding for obtaining such a range of colours, with
nearly all pink and white varieties being obtained after y- or X-
ray mutagenesis of red varieties. Poinsettia mutation breeding is
usually performed on cuttings that are irradiated with moderate
dosages (~20-30 Gy), and mutants are selected on side shoots of
the originally irradiated plants.

Anthocyanins have been identified as the main pigments in
poinsettia bracts (Moustaka et al., 2018; Nitarska et al., 2018;
Slatnar et al., 2013; Stewart et al., 1980), but extensive molecular
studies of colour formation and accumulation remain lacking for
this species. Dihydroflavonol-4-reductase (DFR) was suggested
to promote the conversion of green leaves into red bracts (Gu
et al., 2018). The orange colour of the poinsettia cultivar ‘Harvest
Orange’ was related to a nonsense mutation in a flavonoid
3"-hydroxylase (F3'H) allele, thereby leading to a higher accumu-
lation of pelargonidin (Nitarska et al., 2018). The pink colouration
in pink and marble bracts can be attributed to periclinal chimeric
structures (Nielsen et al., 2003). Previous unpublished studies, as
well as the poinsettia transcriptome (Vilperte et al., 2019), have
demonstrated the expression of most structural genes and the
related enzyme activities involved in the formation of red antho-
cyanin pigments. Thus, the appearance of acyanic (uncoloured)
varieties in poinsettias, despite gene expression being present, is
referred to as the ‘white paradox’.

A glutathione S-transferase (GST) gene (Bract1) was recently de-
termined to be involved in the transport and accumulation of an-
thocyanins in poinsettia bracts (Vilperte et al., 2019, 2020). A 4-bp
deletion in a short repeat within the coding region is responsible for
the lack of function of Bract1 and thus explains the ‘white paradox’ in
poinsettia, that is, the appearance of white phenotypes upon irradi-
ation treatment. The identified repeat seems to be highly unstable,
because mutated plants can be easily detected among fewer than
200 shoots derived from an original set of only 10 mutated hetero-
zygous plants (Vilperte et al.,2020). In contrast, de novo mutations
derived from homozygous plants cannot be identified phenotypi-
cally due to the complete dominance of Bract1 but only by molecular
analysis.

In this study, we present a strategy for a multiplex amplicon-
sequencing (hereafter named amplicon-seq) assay to detect newly
generated heterozygotes among pooled progeny from irradi-

ated poinsettia homozygotes and thus significantly increase the
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efficiency of the detection of heterozygous mutants. Employing
different approaches, this study demonstrates the applicability of
using an amplicon-seq strategy to detect low-frequency mutations
in a heterozygous state, thereby enabling the detection of mutant
alleles in larger pools of tissue samples. Most importantly, we devel-
oped a marker assay linked to colour variation that could be directly
implemented in poinsettia breeding programmes, thereby contribut-
ing to the genetic resources by obtaining mutants from unexploited
homozygous genotypes and improving the selection of prominent

breeding material.

2 | MATERIALS AND METHODS
2.1 | Plant material

Three poinsettia (Euphorbia pulcherrima Willd. Ex Klotsch) varie-
ties were utilized in this study: the red varieties 'Vintage' and
‘Christmas Feelings’ and the white variety ‘Christmas Feelings
Pearl’. The white variety ‘Christmas Feelings Pearl’ was obtained
through y-ray mutagenesis of the red variety ‘Christmas Feelings’
followed by shoot development and trait selection at the com-
pany Selecta One (Stuttgart, Germany; https://www.selecta-one.
com/). Therefore, red- and white-bracted poinsettias from the
same variety are referred to as ‘pairs’ due to their highly similar
genetic backgrounds.

Rooted cuttings from all varieties were obtained from the com-
pany Selecta One and grown in a greenhouse at the Institute for
Plant Genetics of the Leibniz Universitat Hannover under short-
day conditions to induce flower formation and to stimulate the
development of coloured bracts. The plants were grown in 5-L
pots containing Einheitserde P substrate (Hermann Meyer KG)
with an average temperature of 22°C and 9 hr of daylight (15 hr
of darkness).

2.2 | Plasmid controls

Plasmids obtained from Vilperte et al. (2020) were used as con-
trols for amplicon sequencing. Briefly, the coding sequence of
Bractl (GenBank—MW?718861) was amplified from the poinset-
tia varieties 'Vintage' and ‘Christmas Feelings Pearl’ (GenBank—
MW718847-MW718860) to capture both wild-type and mutated
alleles (645/641 bp plus 50 bp of partial 5" and 3’ flanking sequences)
and inserted into the C757pGFPU10-35s-0c¢s-LH binary vector (DNA
Cloning Service, Hamburg, Germany). The fragment was amplified
using the primer pair EpGST_F1 (TCCGATCTAAGAAATCAAGGCTA)
and EpGST_R1 (CAGTCGGCCGCTACATAGA, Vilperte et al., 2020).
The vector contains a GFP gene under the control of the Arabidopsis
ubiquitin promoter (ProAtUbi::GFP) and a 35S promoter upstream
of the multiple cloning site into which inserts were cloned. The
final expression vectors contained either the wild-type allele
(35S::Bract1—695 bp) or the mutated allele (355::Bract1_mut—&91 bp).
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2.3 | DNAsolation

DNA was isolated from ~100 mg of poinsettia leaf tissue using the
NucleoSpin® Plant Il Kit (Macherey-Nagel GmbH & Co.) according
to the manufacturer's instructions. DNA concentrations and quality
were assessed by photometry using a NanoDrop™ 2000 (Thermo
Fisher Scientific) and by gel electrophoresis.

2.4 | Sample preparation

Plasmids containing the wild-type and mutated copies of the Bract1
alleles were used as controls for the amplicon-seq analysis. Moreover,
the poinsettia varieties were also used as controls: (a) 'Vintage' is
homozygous dominant for the Bract1 locus (designated RR), contain-
ing two copies of the wild-type allele; (b) ‘Christmas Feelings’ is het-
erozygous for the same locus (Rr) and contains both wild-type and
mutated versions of the allele; and (c) ‘Christmas Feelings Pearl’ is
homozygous recessive (rr) for the Bract1 locus and contains two cop-
ies of the mutated allele. DNA samples from the varieties ‘Vintage’
and ‘Christmas Feelings Pearl’ were diluted to the same concentra-
tion (10 ng/pl) and used to create serial dilutions of wild-type (R) and
mutated alleles (r). The following dilutions (R:r) were used: 1:1, 5:1,
10:1, 20:1, 50:1, 100:1 and 500:1.

2.5 | Genotyping

To detect changes in the repeat structure of the Bract1 gene, a geno-
typing approach based on the fluorescent labelling of polymerase
chain reaction (PCR) fragments (Schuelke, 2000) was employed.
DNA samples were PCR-amplified in a 20-ul reaction containing
50 ng of DNA template, 1x Williams buffer, 0.15-mM each dNTP,
0.0125-uM forward primer, 0.07-uM universal IRD,,-labelled M13
primer, 0.25-uM reverse primer and 1 U of DCSPol DNA Polymerase
(DNA Cloning Service, Hamburg, Germany). The cycling conditions
were 94°C for 3 min; 24 cycles of 94°C for 45 s, 59°C for 1 min and
72°C for 1 min; six cycles of 94°C for 30 s, 52°C for 45 s and 72°C
for 1 min; and a final extension of 10 min at 72°C. Fifty microlitres
of formamide loading dye (98% formamide, 10-mM EDTA and 0.05%
pararosaniline) was added to each reaction, which was subsequently
incubated at 95°C for 5 min. The PCR products were resolved in a
6% (w/v) acrylamide gel via vertical electrophoresis using a LI-COR
4,200 DNA Analyser (LI-COR Biosciences). Primer sequences are
available in Table 1.

2.6 | Amplicon sequencing

Control plasmids, poinsettia varieties ‘Vintage', ‘Christmas
Feelingsa and ‘Christmas Feelings Pearl’, and serial dilutions of
genomic DNA samples (1:1, 5:1, 10:1, 20:1, 50:1, 100:1 and 500:1)

were submitted to amplicon sequencing. Briefly, Bractl-specific
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primers were tagged with an M13 tail and used in the first round
of PCR (Table 2). Complementary M13 tags were subsequently
used in a second PCR to differentiate PCR fragments arising from
each variety. A schematic overview of the amplicon-seq approach
is shown in Figure 1.

Both rounds of PCRs were performed in a 50-ul reaction con-
taining 30 ng of DNA, 1x PrimeSTAR® Buffer (Mg®* plus), 0.2 mM
of each dNTP, 0.25 pM of forward and reverse primers and 1.25 U
of PrimeSTAR® HS DNA Polymerase (Takara). The cycling conditions
were 95°C for 3 min; 10 (for the second PCR) and 20 (for first PCR)
cycles of $5°C for 30 s, 55°C for 30 s and 72°C for 45 s; and a final
extension of 10 min at 72°C. PCR products were pooled and sent
to Eurofins Genomics Germany GmbH (Ebersberg) for lllumina se-
quencing. Primer sequences are available in Table 1.

Sequences were analysed using CLC Genomics Workbench
(Qiagen). The Kruskal-Wallis test for non-parametric data (p < .05)
was applied for pairwise comparisons of allele frequency. Statistical
analysis and data plotting were performed by in-house scripts using
the language and statistical environment R.

3 | RESULTS

3.1 | Detection of Bractl mutation by PCR
fluorescent labelling

In a previous study (Vilperte et al., 2020), we used a genotyping ap-
proach based on the fluorescent labelling of PCR fragments to iden-
tify wild-type and mutated alleles in a range of poinsettia varieties.
This approach produced satisfactory results to differentiate varieties
containing a 4-bp indel in the Bract1 locus in homozygous (dominant
and recessive) and heterozygous states. However, heterozygous mu-
tations arising from irradiation mutagenesis of homozygous domi-
nant varieties have been shown to occur at low frequencies, and
screening individual mutants by phenotype is impossible due to the
dominance of Bractl (Vilperte et al., 2020). Therefore, we created
serial dilutions of wild-type (R) and mutated (r) Bract1 alleles to simu-
late mutation frequencies and evaluate the potential for detecting
mutations at such dilutions through PCR-based techniques.

The amplification of the poinsettia varieties ‘Vintage’, ‘Christmas
Feelings’ and ‘Christmas Feelings Pearl’ showed the expected allele
configuration: homozygous wild-type, heterozygous and homo-
zygous mutations, respectively (Figure 2). The mutated allele was
detected with high accuracy at dilutions of 1:1, 5:1 and 10:1 in wild-
type DNA, whereas the approach was not sensitive for detecting
the mutations at dilutions of 100:1 and 500:1 (Figure 2). Although
IRD labelling was highly sensitive with low background noise, only
faint amplification could be observed for the 20:1 and 50:1 dilutions
of mutated alleles in wild-type DNA, but the same faint signal could
be detected in DNA of the ‘Vintage' variety (RR) indicating back-
ground noise due to slippage of the DNA polymerase. Therefore, a
reliable result could not be drawn for those samples. Nonetheless,
the fluorescent labelling of PCR fragments approach followed by
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TABLE 1 List of primers used in this study

Primer name
Bractl_F

Bractl R
IRD,,-labelled M13
Bractl_F

Bractl R

Bractl_F
Bract1_plasmid_R

Sequence

GTAAAACGACGGCCAGTTGGCCTGCCTTTTAGAGAAA

ACAAGTTCAGGGGGCTGAG
FAM-GTAAAACGACGGCCAGT

GTAAAACGACGGCCAGTTGGCCTGCCTTTTAGAGAAA
CAGGAAACAGCTATGACACAAGTTCAGGGGGCTGAG

GTAAAACGACGGCCAGTTGGCCTGCCTTTTAGAGAAA
CAGGAAACAGCTATGACGGCCCTCTTTCTTCATATTTTG

Tagl_F AAGTCTTCGTGTAAAACGACGGCCAGT
Tagl_R AATGCGCTATCAGGAAACAGCTATGAC
Tag2_F ACCTCATCTTGTAAAACGACGGCCAGT
Tag2_R ACGTGTTACTCAGGAAACAGCTATGAC
Tag3_F AACAACTGCTGTAAAACGACGGCCAGT
Tag3_R AAGCTCACTTCAGGAAACAGCTATGAC
Tag4_F ACAGTTAGCTGTAAAACGACGGCCAGT
Tag4_R ACGATACGTTCAGGAAACAGCTATGAC
Tag5_F ACAACCAGTTGTAAAACGACGGCCAGT
Tag5_R ACATGAGGTTCAGGAAACAGCTATGAC
Tag6_F AATCCTGGATGTAAAACGACGGCCAGT
Tag6_R AGAGTTGCTTCAGGAAACAGCTATGAC
Tag7_F ATGTTAGGATGTAAAACGACGGCCAGT
Tag7_R AAGACCGAATCAGGAAACAGCTATGAC
Tag8_F AGTATTCGATGTAAAACGACGGCCAGT
Tag8_R ATCGGACCATCAGGAAACAGCTATGAC
Tag?_F AAGCTACCATGTAAAACGACGGCCAGT
Tag9_R AAGGTCCTATCAGGAAACAGCTATGAC
TaglO_F ACTTGACGATGTAAAACGACGGCCAGT
Tagl0_R ATCATTCGATCAGGAAACAGCTATGAC

Analysis

Genotyping in acrylamide gel

First PCR round amplicon
sequencing

Poinsettia samples

First PCR round amplicon
sequencing

Plasmid samples

Second PCR round for amplicon
sequencing

Abbreviation: PCR, polymerase chain reaction.

electrophoresis resolution could reliably detect heterozygous muta-
tions in poinsettia DNA samples up to a 10:1 dilution.

3.2 | Amplicon-seq approach to identify
heterozygous mutations

Our amplicon-seq analysis was performed in two experiments: (i)
plasmid sequencing, where we used the plasmids 35S::Bractl and
358::Bract1_mut to first evaluate if the approach would be suitable to
detect the Bract1 mutation and to determine the intrinsic error rates,
and (i) poinsettia sequencing, where we sequenced the Bract1 locus
from PCR products amplified from genomic DNA obtained from the
varieties Vintage, Christmas Feelings and Christmas Feelings Pearl,
and the serial dilutions 1:1, 5:1, 10:1, 20:1, 50:1, 100:1 and 500:1
were employed. The sequencing strategy consisted of a first round
of PCR with Bractl-specific primers tagged with M13 tails followed

by a second PCR with complementary M13 primers including tags
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to differentiate PCR fragments arising from each variety and PCR
replicates (Figure 1).

Three independent PCRs were performed for each plasmid for
the first amplicon-seq experiment, whereas for the second experi-
ment (the poinsettia sample and serial dilutions), five independent
PCRs were performed for each sample. The tags used for each sam-
ple are available in Table 1. The amplicon-seq experiments showed
an average sequencing coverage of 135,890 reads for the plasmids
and an average coverage of sequencing of 62,995 for the second
experiment (Figure 3). The mutated Bractl allele (containing a
4-bp deletion) was detected in all analysed samples, including the
35S::Bract1 plasmid and the homozygous dominant variety Vintage
(Data S1). On the other hand, the wild-type Bract1 allele was also
detected in the 35S::Bract1_mut plasmid and the homozygous reces-
sive variety Christmas Feelings Pearl. Figure 4 shows the percent-
age of the Bractl-mutated allele detected in each of the varieties
and dilutions. The heterozygous variety Christmas Feelings showed

a ratio of 1:1 from both alleles. The serial dilutions showed a serial
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TABLE 2 Tagdistribution for the

Reverse tag (one tag per R ) )
amplicon-sequencing experiments

Experiment Sample Forward tag PCR replicate)
Plasmid sequencing 358::Bractl Tag_F1 Tag_R1-R3
35S::Bractl.  Tag_F2 Tag_R4-R6
mut
Poinsettia sequencing Vintage Tag_F1 Tag_R1-R5
Chr. Feelings Tag_F2 Tag_R1-R5
Chr. Feelings Tag_F3 Tag_R1-R5
Pearl
1:1 Tag_F4 Tag_R1-R5
5:1 Tag_F5 Tag_R1-R5
10:1 Tag_F6 Tag_R6-R10
20:1 Tag_F7 Tag_Ré6-R10
50:1 Tag_F8 Tag_R6-R10
100:1 Tag_F9 Tag_Ré6-R10
500:1 Tag_F10 Tag_R6-R10

Note: Sequence information for each of the tags is available in Table 1.
Abbreviation: PCR, polymerase chain reaction.

15t PCR round

Bract] locus (158bp / 154bp) Bractl R | M13_R

21d PCR round

il
[l
il

Sample 1 Sample 2 Sample 3
5 technical replicates 5 technical replicates 5 technical replicates

D Reverse tag 1

. Bractl locus containing wild-

type and/or mutated alleles I:I Forward tag 1 D Reverse tag 2
. Bractl specific primers Forward tag 2 D Reverse tag 3
D M13 tails for tag attachment . Forward tag 3 D Reverse tag 4

D Reverse tag 5

FIGURE 1 Schematic overview of the amplicon-sequencing (amplicon-seq) strategy for the Bract1 locus. The first polymerase chain
reaction (PCR) round amplifies the Bract1 locus containing the 4-bp indel. The second PCR round introduces tags for each sample and PCR
replicate prior to sequencing. The picture depicts an example for three hypothetical samples. The tag distribution for each sample can be
seen in Table 2 [Colour figure can be viewed at wileyonlinelibrary.com]
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reduction in the detection of the mutated allele, ranging from 36.1% control samples (35S::Bract1 and Vintage). As previously mentioned,
(1:1) to 0.3% (500:1). the mutated allele was detected in the control samples, which may
be explained by the fact that library construction for sequenc-
ing relies on PCR, which is prone to polymerase slippage at repeat
3.3 | Detection accuracy of heterozygous mutations motifs, thereby leading to minor amplicon products that differ by
multiples of the length of the repeat unit (also known as stutters;

To address the detection accuracy of the amplicon-seq assay for Ellegren, 2004). Therefore, the control samples used a threshold for
the detection of heterozygous mutations in the poinsettia breeding the limit of detection of mutated alleles in our assay.
pipeline, we compared the serial dilutions containing the lower con- When compared with the 355::Bract1 plasmid control, the dilu-

centrations of mutated alleles (20:1, 50:1, 100:1 and 500:1) to the tions 20:1 and 50:1 showed significant differences (Kruskal-Wallis,

RR 1 Rr ] T 1 1 1 1 1 1 1
W Vintage | Chr.Feel  ChrFeel y 110 51 4 101 ¢ 201§ 50:1 1001 500:1
' © Pearl : : : ' ' :
M—-.
e b
R ——— —

FIGURE 2 Detection of Bract1 alleles in poinsettia genotypes and in serial dilutions of wild-type (R) and mutated (r) Bract1 alleles using
fluorescent labelling with polymerase chain reaction (PCR) fragments. For each poinsettia variety and dilution, three independent PCR
analyses were performed. A size marker (~200 bp) is shown on both sides of the gel image. Chr. Feel., ‘Christmas Feelings’ variety; Chr. Feel.
Pearl, ‘Christmas Feelings Pearl’ variety
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FIGURE 3 Sequencing coverage for two amplicon-sequencing (amplicon-seq) experiments. Boxplots for the plasmids 355::Bract1 (P_wt)

and 355::Bract1_mut (P_mut) were calculated with three independent replicates. Boxplots for the poinsettia samples and serial dilutions were
calculated with five independent replicates. CF, ‘Christmas Feelings’ variety; CFP, ‘Christmas Feelings Pearl’ variety
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FIGURE 4 Detection of the Bract1 mutated allele in amplicon-sequencing (amplicon-seq) experiments. Boxplots for the plasmids
35S::Bract1 (P_wt) and 35S::Bract1_mut (P_mut) were calculated with three independent replicates. Boxplots for the poinsettia samples and
serial dilutions were calculated with five independent replicates. CF, ‘Christmas Feelings’ variety; CFP, ‘Christmas Feelings Pearl’ variety

p < .05) for the detection level of the mutated allele, whereas the di-
lution 100:1 showed no differences, and the 500:1 dilution fell under
the threshold of the assay (Figure 5a). The dilutions 20:1 and 50:1
were also significantly different (Kruskal-Wallis, p < .05) from the
‘Vintage’ variety, whereas the dilutions 100:1 and 500:1 fell under
the detection threshold (Figure 5b). These results show that the
amplicon-seq approach can accurately detect the presence of the
Bract1 mutation at dilutions of at least 50:1 (wild-type allele:mutant

allele).

4 | DISCUSSION

lonizing radiation is an important and frequently used tool for mu-
tation breeding for bract colour variants in poinsettia. In contrast
to ethyl methanesulphonate (EMS) chemical mutagenesis, which
produces point mutations with high frequency (Greene et al., 2003),
ionizing radiation (e.g., X-rays and y-rays) induces DNA oxidative
damage, such as double-strand breaks (DSBs), base substitutions, de-
letions and chromosomal alterations, at a lower frequency, thereby
commonly resulting in the loss of gene function (Jo & Kim, 2019;
Kazama et al., 2011; Morita et al., 2009). We have previously identi-
fied a short 4-bp repeat in the poinsettia anthocyanin-related GST

gene (name Bractl). Upon X-ray treatment, progenies of irradiated
plants show a deletion of one repeat (4 bp) in the Bract1 locus at very
high frequencies, leading to a frame shift in the coding region and a
loss of function of the Bractl gene. This mutation is associated with
the appearance of a white phenotype (Vilperte et al., 2020).

SSRs and short repeats are among the most variable and highly
dynamic types of repetitive sequencesin the genome (Ellegren, 2004;
Verstrepen et al., 2005). These sequences are defined as short tan-
demly repeated DNA sequences that involve a repetitive unit of
1-9 bp and lengths of up to 100 nucleotides (nt; Fan & Chu, 2007;
Gemavel et al., 2010). SSR regions are highly unstable, where muta-
tions occur in the form of the addition or deletion of repeat units at
considerably higher rates than in other parts of the genome (10 to
100,000 times higher; Gemayel et al., 2010; Schiétterer, 2000). The
most evident source of SSR diversity is the slippage of DNA poly-
merases during SSR replication (Baptiste & Eckert, 2012; Brandstrom
et al., 2008; Webster & Hagberg, 2007). Such slippage also occurs
in in vitro SSR PCR amplification, which results in erroneous SSR
alleles, thereby making accurate SSR genotyping challenging. In ad-
dition, gel electrophoresis, the most commonly used approach to
detecting SSR PCR products, does not enable high-throughput appli-
cations and is not accurate due to its low resolution (Li et al., 2017).

Although we were able to apply our gel electrophoresis approach to
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FIGURE 5 Limit of detection of heterozygous mutations using amplicon sequencing. (a) Comparison of amplicon-sequencing coverage
of the mutant allele in serial dilutions with the 355::Bract1 plasmid. (b) Comparison of amplicon-sequencing coverage of the mutant allele in
serial dilutions of DNA from the homozygous dominant variety ‘Vintage' mixed with DNA from the white variety ‘Christmas Feelings Pearl’
Boxplots for the plasmids 35S::Bract1 and 355::Bract1_mut were calculated with three independent replicates. Boxplots for the poinsettia
samples and serial dilutions were calculated with five independent replicates. The Kruskal-Wallis test for non-parametric data (p < .05) for
pairwise comparisons between samples was performed using in-house R scripts

detect SSR Bractl mutations, it was not sensitive enough to detect
heterozygous mutations at low frequencies. Moreover, only a small
number of samples could be screened at a time.

Amplicon-seq is an increasingly frequently utilized genotyping
approach that provides a cost-effective strategy; that is, it is time
efficient and less laborious than conventional electrophoresis-
based approaches to profile short targeted gene sequences (Early
et al., 2019; Li et al., 2019). High-throughput approaches based on
next-generation sequencing (NGS) have only rarely been applied to
SSR genotyping but have nonetheless yielded helpful outputs. Yang
et al., (2019) applied an approach called target SSR-seq, which com-
bines the multiplexed amplification of SSRs with high-throughput
sequencing and can be used for genetic background selection, gene
and QTL mapping, and molecular breeding of cucumber varieties.
A similar approach (AmpSeq-SSR) was used for fingerprinting rice
varieties, as well as for mapping resistance genes (Li et al., 2017).
Our amplicon-seq approach is similar to both Target SSR-seq and
AmpSeq-SSR, and it was determined to be reliable and accurate in
detecting low-frequency heterozygous mutations in poinsettia.

Despite the importance of SSR genotyping by NGS and its re-
cent applications in many fields of molecular biology, employing this
method, especially for small insertions and deletions (indels) analysis,

remains challenging and error-prone (Albers et al., 2011; Treangen &
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Salzberg, 2011; Wang et al., 2011). In our amplicon-seq experiments,
both negative controls for the Bractl mutated allele (355::Bract1
plasmid and 'Vintage' variety) and the positive controls (355::Bract1
and ‘Christmas Feelings Pearl’) showed a low background of mutated
products, most likely the results of slippage that occurred during
PCR. In addition to error introduced by the slippage of in vitro SSR
PCR, there is an increased sequencing error in such regions due to
imprecise base calling of NGS platforms (Albers et al., 2011). Studies
using plasmids containing artificially inserted tandem repeat se-
quences have exhibited stutters due to slippage, which is strongly
correlated with the number of repeat units and repeat unit length
(Fungtammasan et al., 2015; Shinde, 2003). It is therefore possible
that the amplicon variants observed in our study are likely attribut-
able to polymerase slippage and/or base calling errors.

It is important to mention that the role of the Bract1 mutation in
the appearance of white phenotypes in poinsettia is not only relevant
for the varieties analysed in this study. Poinsettia varieties with red
bracts homozygous for the wild-type allele of Bractl differ for sev-
eral other characteristics, for example, bract and shoot morphology,
and production parameters. As poinsettia is a vegetatively propagated
crop, introgression of the mutated allele of Bract1 into elite varieties
is not an option leaving de novo mutagenesis as the only option for

breeding white variants of existing varieties. The high mutagenicity
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of Bract1 therefore provides the opportunity to obtain such mutants
from commercially important homozygous red varieties. However, mu-
tations, either natural or induced, can occur in several genes involved
in the anthocyanin biosynthesis/accumulation and, therefore, lead to
acyanic phenotypes. An insertion in a leucoanthocyanidin dioxygen-
ase (LDOX) gene led to the appearance of pomegranates containing
a white phenotype when the allele is a recessive state (Ben-Simhon
et al., 2015). A frameshift mutation in a dihydroflavonol 4-reductase
(DFR) gene is responsible for a rare white flower phenotype in Mimulus
lewisii (Wu et al., 2013). The insertion of a retrotransposable element
into the F3H 5'-upstream region caused a reduction in transcript ex-
pression and thus responsible for the white petal phenotype in Torenia
fournieri (Nishihara et al., 2014). Analysing possible mutations in other
anthocyanin-related genes in a wider range of varieties (e.g., from dif-
ferent breeding programmes) would generate valuable information on
alternative targets that could be used in colour breeding in poinsettia.

Nevertheless, we were able to distinguish the background noise
from true mutations down to a dilution of 50:1. This finding enables
us to improve the generation of novel colour mutants in poinsettias
in two important aspects. The first is that screens in homozygous
red varieties may now become more feasible and considerably more
effective compared with previous screens, as heterozygotes can be
readily detected and used in a second round of mutagenic treatment,
leading to white varieties. The second aspect is that considerably
lower dosages of ionizing radiation may now be employed for the
generation of heterozygotes from homozygotes, thereby reducing
the mutational load that is associated with the application of ionizing
radiation. In the long term, this approach avoids the accumulation of
negative mutations in the poinsettia breeding pool.

5 | CONCLUSIONS

The amplicon-seq approach utilized in our study exhibited higher
accuracy and sensitivity to detect heterozygous mutations in poin-
settia DNA samples. In addition, this approach demonstrated the
ability to detect low-frequency mutations at a sensitivity of up to
one mutant allele in 50 nonmutated alleles, thereby increasing the
possibility of high-throughput screenings. Because the current ap-
proach that is applied for mutagenic breeding in poinsettia is based
on the use of heterozygous plants and the subsequent selection of
white sports, the development of a strategy to detect heterozy-
gous mutations arising from radiation mutagenesis of homozygous
plants is a valuable tool to implement in the breeding process. This
approach may enable an expansion of the genetic resources avail-
able for the development of new varieties, especially those related
to colour traits, as well as enabling a reduction in the mutation load
in poinsettia gene pools.

ACKNOWLEDGEMENTS
We would like to thank Guido von Tubeuf for providing the poinsettia
varieties. This project has received funding from the European Union's

Horizon 2020 Framework Programme (research and innovation

FYy L Plartireeiins—WILEY-L

programme) under the Marie Sktodowska Curie Grant Agreement No.
675657 Flower Power. This funding body had no role in the design
of the study, in the collection, analysis or interpretation of data, or in
writing the manuscript. The publication of this article was funded by

the Open Access Fund of Leibniz Universitdt Hannover.

CONFLICT OF INTERESTS
The authors declare that the research was conducted in the absence
of any commercial or financial relationships that could be construed

as a potential conflict of interest.

AUTHOR CONTRIBUTIONS

V.V, T.D. and R. B. conceived the research. V. V. and T. D. designed
the experiments. R. B. provided the plant material. V. V. conducted
the laboratory and bioinformatics analyses. V. V. and T. D. wrote the

manuscript. All authors revised and approved the final manuscript.

DATA AVAILABILITY STATEMENT

The DNA sequence from the Bract1 gene is available in the GenBank
repository under Accession NumberMW718861. The CDSsequences
from several poinsettia genotypes are available in the GenBank re-
pository under Accession Numbers MW718847-MW718860. The
NGS data generated in this study are available on request from the

authors.

ORCID

Thomas Debener https://orcid.org/0000-0002-2012-2246

REFERENCES

Albers, C. A., Lunter, G., MacArthur, D. G., McVean, G., Ouwehand, W.
H., & Durbin, R. (2011). Dindel: Accurate indel calls from short-read
data. Genome Research, 21(6), 961-973. https://doi.org/10.1101/
gr.112326.110

Baptiste, B. A., & Eckert, K. A. (2012). DNA polymerase kappa micro-
satellite synthesis: Two distinct mechanisms of slippage-mediated
errors. Environmental and Molecular Mutagenesis, 53(9), 787-796.
https://doi.org/10.1002/em.21721

Ben-Simhon, Z., Judeinstein, S., Trainin, T., Harel-Beja, R., Bar-Ya'akov,
I., Borochov-Neori, H., & Holland, D. (2015). A “white” anthocyanin-
less pomegranate (Punica granatum L.) caused by an insertion in the
coding region of the leucoanthocyanidin dioxygenase (LDOX; ANS)
gene. PLoS One, 10(11), e0142777. https://doi.org/10.1371/journ
al.pone.0142777

Brandstrom, M., Bagshaw, A. T, Gemmell, N. J., & Ellegren, H. (2008). The
relationship between microsatellite polymorphism and recombina-
tion hot spots in the human genome. Molecular Biology and Evolution,
25(12), 2579-2587. https://doi.org/10.1093/molbev/msn201

Datta, S. K. (2020). Induced mutations: Technological advancement for
development of new ornamental varieties. The Nucleus, 63(2), 119-
129. https://doi.org/10.1007/s13237-020-00310-7

Early, A. M., Daniels, R. F., Farrell, T. M., Grimsby, J., Volkman, S. K.,
Wirth, D. F., Maclnnis, B. L., & Neafsey, D. E. (2019). Detection of
low-density Plasmodium falciparum infections using amplicon deep
sequencing. Malaria Journal, 18(1), 219. https://doi.org/10.1186/
$12936-019-2856-1

Ellegren, H. (2004). Microsatellites: Simple sequences with complex
evolution. Nature Reviews Genetics, 5(6), 435-445. https://doi.
org/10.1038/nrg1348

80



4 Detection of low-frequency mutation by amplicon-sequencing

VILPERTE ET AL.

MWI LEY— m’i‘:’” I PlantBreeding

Fan, H., & Chu, J.-Y. (2007). A brief review of short tandem repeat mu-
tation. Genomics, Proteomics & Bioinformatics, 5(1), 7-14. https://doi.
org/10.1016/51672-0229(07)60009-6

FAO, F. and A. O. of the U. N, & IAEA, |. A. E. A. (2019). IAEA Mutant
Varieties Database [Text]. IAEA. https://mvd.iaea.org/

Fungtammasan, A., Ananda, G., Hile, S. E., Su, M.-S5.-W.,, Sun, C., Harris,
R., Medvedev, P, Eckert, K., & Makova, K. D. (2015). Accurate typ-
ing of short tandem repeats from genome-wide sequencing data
and its applications. Genome Research, 25(5), 736-749. https://doi.
org/10.1101/gr.185892.114

Gemavel, R., Vinces, M. D., Legendre, M., & Verstrepen, K. J. (2010).
Variable tandem repeats accelerate evolution of coding and regula-
tory sequences. Annual Review of Genetics, 44(1), 445-477. https://
doi.org/10.1146/annurev-genet-072610-155046

Greene, E. A., Codomo, C. A., Taylor, N. E., Henikoff, J. G., Till, B. J.,
Reynolds, S. H., Enns, L. C., Burtner, C., Johnson, J. E., Odden, A.
R., Comai, L., & Henikoff, S. (2003). Spectrum of chemically induced
mutations from a large-scale reverse-genetic screen in Arabidopsis.
Genetics, 164(2), 731-740.

Gu, Z., Chen, H., Yang, R., & Ran, M. (2018). Identification of DFR as a
promoter of anthocyanin accumulation in poinsettia (Euphorbia
pulcherrima, Willd. Ex Klotzsch) bracts under short-day conditions.
Scientia Horticulturae, 236, 158-165. https://doi.org/10.1016/j.scien
ta.2018.03.032

Ibrahim, R., Ahmad, Z., Salleh, S., Hassan, A. A., & Ariffin, S. (2018).
Mutation breeding in ornamentals. In J. Van Huylenbroeck (Ed.),
Ornamental crops (pp. 175-211). Springer International Publishing.
https://doi.org/10.1007/978-3-319-90698-0_8

Jo, Y. D., & Kim, J.-B. (2019). Frequency and spectrum of radiation-
induced mutations revealed by whole-genome sequencing analyses
of plants. Quantum Beam Science, 3(2), 7. https://doi.org/10.3390/
quhs3020007

Kazama, Y., Hirano, T., Saito, H., Liu, Y., Ohbu, S., Hayashi, Y., & Abe,
T. (2011). Characterization of highly efficient heavy-ion mutagen-
esis in Arabidopsis thaliana. BMC Plant Biology, 11, 161. https://doi.
org/10.1186/1471-2229-11-161

Li, L., Fang, Z., Zhou, J., Chen, H., Hu, Z., Gao, L., Chen, L., Ren, S., Ma,
H., Lu, L., Zhang, W., & Peng, H. (2017). An accurate and efficient
method for large-scale SSR genotyping and applications. Nucleic
Acids Research, 45(10), e88. https://doi.org/10.1093/nar/gkx093

Li, T., Fang, Z., Peng, H., Zhou, J,, Liu, P.,, Wang, Y., Zhu, W, Li, L., Zhang,
Q., Chen, L., Li, L., Liu, Z., Zhang, W., Zhai, W., Lu, L., & Gao, L. (2019).
Application of high-throughput amplicon sequencing-based SSR
genotyping in genetic background screening. BMC Genomics, 20(1),
444 https://doi.org/10.1186/s12864-019-5800-4

Morita, R., Kusaba, M., lida, S., Yamaguchi, H., Nishio, T., & Nishimura, M.
(2009). Molecular characterization of mutations induced by gamma
irradiation in rice. Genes & Genetic Systems, 84(5), 361-370. https://
doi.org/10.1266/ggs.84.361

Moustaka, J., Panteris, E., Adamakis, I.-D.- S., Tanou, G., Giannakoula,
A., Eleftheriou, E. P., & Moustakas, M. (2018). High anthocyanin ac-
cumulation in poinsettia leaves is accompanied by thylakoid mem-
brane unstacking, acting as a photoprotective mechanism, to prevent
ROS formation. Environmental and Experimental Botany, 154, 44-55.
https://doi.org/10.1016/j.envexpbot.2018.01.006

Nielsen, M. D., Farestveit, B., & Andersen, A. S. (2003). Adventitious
shoot development from decapitated plants of peri-clinal chimeric
poinsettia plants (Euphorbia pulcherrima Willd ex Klotsch). European
Journal of Horticultural Science, 68(4), 161-168.

Nishihara, M., Yamada, E., Saito, M., Fujita, K., Takahashi, H., &
Nakatsuka, T. (2014). Molecular characterization of mutations in
white-flowered torenia plants. BMC Plant Biology, 14, 86. https://doi.
org/10.1186/1471-2229-14-86

Nitarska, D., Stefanini, C., Haselmair-Gosch, C., Miosic, S., Walliser,
B., Mikulic-Petkovsek, M., Regos, |., Slatnar, A., Debener, T.,

81

Terefe-Ayana, D., Vilperte, V., Hadersdorfer, J., Stich, K., & Halbwirth,
H. (2018). The rare orange-red colored Euphorbia pulcherrima cul-
tivar ‘Harvest Orange’ shows a nonsense mutation in a flavonoid
3’-hydroxylase allele expressed in the bracts. BMC Plant Biology,
18(1), 216.

Schlétterer, C. (2000). Evolutionary dynamics of microsatellite DNA.
Chromosoma, 109(6), 365-371. https://doi.org/10.1007/s0041
20000089

Schuelke, M. (2000). An economic method for the fluorescent labeling
of PCR fragments. Nature Biotechnology, 18(2), 233-234. https://doi.
org/10.1038/72708

Schum, A., & Preil, W. (1998). Induced mutations in ornamental plants. In
S. M. Jain, D. S. Brar, & B. S. Ahloowalia (Eds.), Semaclenal variation
and induced mutations in crop improvement (pp. 333-366). Springer.
https://doi.org/10.1007/978-94-015-9125-6_17

Shinde, D. (2003). Tag DNA polymerase slippage mutation rates mea-
sured by PCR and quasi-likelihood analysis: (CA/GT), and (A/T),
microsatellites. Nucleic Acids Research, 31(3), 974-980. https://doi.
org/10.1093/nar/gkg178

Slatnar, A., Mikulic-Petkovsek, M., Veberic, R., Stampar, F., & Schmitzer,
V. (2013). Anthocyanin and chlorophyll content during poinsettia
bract development. Scientia Horticulturae, 150, 142-145. https://doi.
org/10.1016/j.scienta.2012.10.014

Stewart, R. N., Asen, S., Massie, D. R., & Norris, K. H. (1980). The antho-
cyanin and flavonol composition of three families of poinsettia color
sports. Journal of Heredity, 71(2), 140-142. https://doi.org/10.1093/
oxfordjournals.jhered.a109329

Treangen, T. J., & Salzberg, S. L. (2011). Repetitive DNA and next-
generation sequencing: Computational challenges and solutions.
Nature Reviews Genetics, 13(1), 36-46. https://doi.org/10.1038/
nrg3117

Trejo, L., Feria Arroyo, T. P., Olsen, K. M., Eguiarte, L. E., Arroyo, B.,
Gruhn, J. A., & Olson, M. E. (2012). Poinsettia's wild ancestor in the
Mexican dry tropics: Historical, genetic, and environmental evi-
dence. American Journal of Botany, 99(7), 1146-1157

van der Ploeg, R. (2018). FloraCulture International. International
Association of Horticultural Producers (IAHP). https://www.flora
culture.eu/digital-magazine/fci-november-december-2018/

Verstrepen, K. J., Jansen, A., Lewitter, F., & Fink, G. R. (2005). Intragenic
tandem repeats generate functional variability. Nature Genetics,
37(9), 986-990. https://doi.org/10.1038/ng1618

Vilperte, V., Boehm, R., & Debener T. (2021). A highly mutable GST is
essential for bract colouration in Euphorbia pulcherrima Willd. Ex
Klotsch. BMC Genomics, 22(1). https://doi.org/10.1186/s12864-021-
07527-z

Vilperte, V., Lucaciu, C.R., Halbwirth, H., Boehm, R., Rattei, T., & Debener,
T. (2019). Hybrid de novo transcriptome assembly of poinsettia
(Euphorbia pulcherrima Willd. Ex Klotsch) bracts. BMC Genomics,
20(1). https://doi.org/10.1186/512864-019-6247-3

Wang, D. Y., Chang, C.-W., Lagacé, R. E., Oldroyd, N. J., & Hennessy, L. K.
(2011). Development and validation of the AmpFeSTR® Identifiler®
Direct PCR Amplification Kit: A multiplex assay for the direct ampli-
fication of single-source samples. Journal of Forensic Sciences, 56(4),
835-845. https://doi.org/10.1111/j.1556-4029.2011.01757.x

Webster, M. T., & Hagberg, J. (2007). Is there evidence for conver-
gent evolution around human microsatellites? Molecular Biology
and Evolution, 24(5), 1097-1100. https://doi.org/10.1093/molbev/
msmO051

Wu, C. A, Streisfeld, M. A., Nutter, L. |., & Cross, K. A. (2013). The genetic
basis of a rare flower color polymorphism in Mimulus lewisii provides
insight into the repeatability of evolution. PLoS One, 8(12), e81173.
https://doi.org/10.1371/journal.pone.0081173

Yang, J., Zhang, J., Han, R., Zhang, F., Mao, A., Luo, J., Dong, B., Liu,
H., Tang, H., Zhang, J., & Wen, C. (2019). Target SSR-Seq: A novel
SSR genotyping technology associate with perfect SSRs in genetic



4 Detection of low-frequency mutation by amplicon-sequencing

VILPERTE ET AL.

analysis of cucumber varieties. Frontiers in Plant Science, 10, https://
doi.org/10.3389/fpls.2019.00531

SUPPORTING INFORMATION
Additional Supporting Information may be found online in the
Supporting Information section.

!J}‘H’ e Plantﬂreeding*W[ LEYM

How to cite this article: Vilperte V, Boehm R, Debener T.
Development of a multiplex amplicon-sequencing assay to
detect low-frequency mutations in poinsettia (Euphorbia
pulcherrima Willd. Ex Klotsch) breeding programmes. Plant
Breed. 2021;140:497-507. https://doi.org/10.1111/pbr.12925

82



4 Detection of low-frequency mutation by amplicon-sequencing

4.1 Supporting information

Additional File S1. Number of reads containing either the Bractl wild-type or mutated alleles for

each replicate of each sequencing library (Available as electronic appendix).

83



5 General discussion

5 General discussion

The main goal of this study was to unravel the molecular mechanism involved in the
appearance of high frequency acyanic mutants after mutagenesis treatment of red
poinsettia genotypes. First, a de novo transcriptome for poinsettia bracts was generated
and used as the reference for expression analysis (manuscript 1). Secondly, a thorough
molecular characterization of a candidate gene involved in the anthocyanin pathway was
performed (manuscript 2). Lastly, a multiplex assay was developed to identify low-
frequency mutations and to improve poinsettia breeding programs. The main results that
were obtained in the three studies presented in this thesis are already discussed in the
respective manuscripts. More general aspects are discussed in this chapter to connect
the findings of the different manuscripts and to give an outlook on the future use of the

generated information.

5.1 The transcriptome of poinsettia bracts

Since the start of its active breeding efforts in the 1950s, red poinsettias are still the
dominant varieties in breeding programs. Nonetheless, a range of other colours,
especially white varieties, are becoming well accepted in the current market (van der
Ploeg, 2018) and alternative colours may be economically interesting to specific niches.
However, the efforts to understand the molecular mechanisms underlying the colour
formation in poinsettia are still scarce. With that in mind, the first goal of this study was
to generate valuable genetic data for the species and to utilize it towards the
understanding of colour formation. A hybrid transcriptome assembly approach, which
integrates short reads (lllumina) with long reads (PacBio), was used to create a poinsettia
transcriptome and, therefore, serve as the foundation of this study. Such approaches
have helped to improve transcriptome information for several plant species (Abdel-
Ghany et al., 2016; Wang et al., 2016; Cheng et al., 2017; Hoang et al., 2017).

The final poinsettia bract transcriptome contains 288,524 contigs, with 33% showing
confident protein annotation against the TAIR10 database. When working with non-
model species, low gene annotation outcomes can be a common feature due to many
reasons. The lack of a reference genome can hamper the transcriptome assembly,
causing problems such as the sensitivity of alignment error due to paralogs and

multigene families, production of artefactual chimaeras, problems reconstructing
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transcript length, and potentially misestimating allelic diversity (Cahais et al., 2012,
Palma-Silva et al., 2016; Ungaro et al., 2017). The quality of a transcriptome assembly
can directly affect its functional annotation, which usually depends on the transfer of
functional knowledge from one gene to another from different species, and several pitfalls
in the process can lead to either incomplete or erroneous annotation of genes (Bolger et
al., 2017).

Assessing the completeness of the transcriptome can also help to understand the overall
quality of the transcriptome assembly. From a total of 1,440 BUSCO groups searched
(Siméo et al.,, 2015; Zdobnov et al., 2017), 77% of the poinsettia transcripts were
categorized as complete, 10% as fragmented and 13% as missing BUSCOs. Although
our transcriptome showed a lower level of completeness compared to other
transcriptome studies (e.g. 91% in Cinnamomum longepaniculatum and 90% in Noccaea
caerulescens) (Blande et al., 2017; Yan et al., 2017), the absence of a particular
annotated gene or orthologue does not mean the lack of the gene-related function in the
species. Functional annotation is highly dependent on complete gene models often
transferred from model species (i.e. Arabidopsis); thus, for partial or incomplete gene
models frequently obtained in de novo transcriptome assemblies, the bioinformatic tools
are not always accurate to predict the correct function on a partially assembled gene
(Bolger et al., 2017).

As the transcriptome is defined as the complete set of transcripts in a single cell and its
quantities for a specific stage of development or physiological condition (Wang et al.,
2009; Valdés et al., 2013), the choice of tissue used for a transcriptome assembly will
directly impact its content. Varying levels of BUSCO completeness were observed when
comparing different tissues of the same species (Babineau et al., 2017), thus indicating
that tissue-specific transcripts account for differences in the expected gene space. The
development of expression atlases (Libault et al., 2010; Fasoli et al., 2012; Kagale et al.,
2016; Palovaara et al., 2017; Braich et al., 2019) are extremely helpful to obtain a nearly
complete transcriptome picture and thus improve structural and functional gene

annotation.

There are currently no consensus or optimal methodologies in place for creating and
analysing the complexity of de novo transcriptome assemblies, especially for non-model
species. Different species (with their different tissues, ploidy levels and genomic

complexities), sequencing protocols, and parameter settings require different
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approaches to achieve the most reliable results (Holzer and Marz, 2019). Nonetheless,
transcriptome studies are a powerful tool to reconstruct and quantify whole
transcriptomes and to generate useful information for breeding purposes (Conesa et al.,
2016; Hrdlickova et al., 2017).

5.2 Improving and expanding the knowledge on the genetic basis of bract

colouration in poinsettia

The first attempts to decipher the inheritance of bract colour in poinsettia was done by
Robert N. Stewart in 1960, whereby performing crosses between red and white
genotypes, he concluded that white bracts differ from red bracts by a single recessive
factor (wh) and that the red factor (WH) is completely dominant over white (Stewart,
1960). Over the years, this knowledge has been applied to poinsettia breeding programs,
but not much effort has been made to identify the gene(s) responsible for the white
phenotype. Therefore, the main goal of this thesis was to identify the causal gene and

the genetic mechanisms involved in the appearance of white phenotypes.

In the first chapter of this thesis, we aimed to characterize possible gene expression
differences in anthocyanin-related pathways between red and white poinsettia genotypes
under similar genetic backgrounds (Chr. Feelings and Chr. Feelings Pearl) and during
three bract developmental stages. As an outcome, we identified a glutathione S-
transferase (GST) gene as being a putative candidate for further analysis since it showed

a lower expression in the white variety, for both RNA-Seq and RT-gPCR analysis.

To further utilize the knowledge obtained in the first chapter of this thesis, the second
chapter focused on thoroughly characterizing the expression, genetic variation and
function of the poinsettia GST (named Bractl) as an anthocyanin transporter. We first
observed a reduced transcript expression of the Bractl gene in six independent white
mutants when compared to their red bracted counterpart. This corroborated with the
results previously observed and enforced the hypothesis of the Bractl as a candidate
gene. By sequencing the Bractl CDS from 14 red- and white-bracted poinsettia varieties,
we identified two alleles in the gene: one present in all red varieties (here named the
wild-type allele) and the second one, containing a 4 bp deletion located 8 bp upstream
of the first exon-intron junction (here named the mutant allele), present only in the white
varieties. The deletion is in a short repeat locus, resembling a short simple sequence

repeat (SSR), with a tetranucleotide motif ((CTTC)3) composition. This mutation leads to
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a gain of a stop codon in the transcript and thus leading to a putative non-functional
protein.

Although white poinsettia varieties are often obtained through radiation mutagenesis of
the red ones, not all red varieties can produce white sports through radiation. Therefore,
red poinsettia varieties are distinguished into ‘heterozygous’ and ‘homozygous’ for the
colouration locus according to their ability to generate white sports and according to the
segregation of red and white phenotypes in the progeny of crosses with white genotypes.
By using a genotyping approach based on the fluorescent labelling of PCR fragments,
we observed that previously categorized red heterozygous varieties (those that have
been successfully used for mutagenesis) showed two distinct copies of the Bractl allele
(wild-type and mutant alleles), while their white counterparts showed only the mutant
one. On the other hand, homozygous red varieties (those previously unable to generate
white sports) showed only the wild-type copy. These results indicate that the red bract

colouration in poinsettia is a dominant trait.

In poinsettia breeding programmes, such homozygous red varieties are not used for
mutagenesis breeding to obtain colour variants due to the lack of phenotypic traits for
selection. However, they could be a valuable source of variation to overcome the narrow
genetic base of modern breeding varieties in poinsettia (Trejo et al., 2012). With that in
mind, we analysed the progeny of three homozygous irradiated varieties for putative de
novo mutations in the Bractl gene. Mutant progeny (i.e. containing one copy of the
mutated allele) was identified in all varieties, with a total of 7 mutants out of 756 screened
progeny. These mutants would need to go to a second round of irradiation treatment to
possibly generate white sports. Although such an approach would increase the length
and costs of a breeding programme, harnessing the genetic variation of these varieties
would be extremely beneficial in the long run. Nonetheless, one question remains open:
Why do independent varieties submitted to irradiation treatment present the same type

of mutation in the same locus?

Short repeat regions are extremely unstable, with mutation frequencies being much
higher than in other parts of the genome (Schlétterer, 2000; Gemayel et al., 2010) and
mainly occurring due to replication slippage (Fan and Chu, 2007; Gemayel et al., 2010).
However, the use of ionizing radiation (e.g. X-rays and y-rays) leads to DSBs, which are
then repaired either via HR or NHEJ pathways, with the latter being predominant in plants
(Puchta, 2005; Bleuyard et al., 2006; Roldan-Arjona and Ariza, 2009). Mutations in SSR
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locations caused by DSB repair have been previously identified in plants (Paques et al.,
1998; Richard and Paques, 2000; Verstrepen et al., 2005). SSR instability is shown to
increases with plant development in Arabidopsis, and that NHEJ repair is more efficient
in such cases (Golubov et al., 2010). Besides, abiotic stress has also been linked to SSR
instability, with errors during NHEJ repair being most likely the instability cause (Yao and
Kovalchuk, 2011). Mutations in SSR regions of EMS-treated sugarcane were linked to
increased drought tolerance, but the authors could not elucidate if the SSR mutation was
the potential cause (Khalil et al., 2018). Although our data cannot precisely answer the
cause of such instability in the poinsettia Bractl gene, it indicates that particular short
repeat sequences, similar to microsatellite sequences or so-called dynamic mutations,
might be hot spots for genetic variability. Analysing other genomic short repeat regions
in irradiate poinsettias would help to elucidate the molecular mechanisms behind such

high-frequency mutations.

5.3 Bractlis afunctional anthocyanin transporter in poinsettia bracts

Identifying the mutation in the Bractl gene as the most likely cause for the white
phenotypes in poinsettia bracts, as well as elucidating the possible genetic mechanisms
behind the mutation, was a great achievement for this project. However, as final proof of
concept, we needed to confirm that Bractl is the functional anthocyanin transporter in
poinsettia, as well as that the mutation leads to a loss of function. Therefore, we aimed
to functionally characterize the Bractl by in silico and in vivo approaches: i) Bractl
homology to known anthocyanin-related GSTs from other plant species and ii) Bractl
ability to complement the colour phenotype in GST-deficient Arabidopsis mutants and

(possibly) poinsettia bracts.

A phylogenetic tree containing 96 poinsettia-specific GST genes, together with seven
anthocyanin-related GST from different species, revealed a high similarity of the Bractl
gene with the other anthocyanin-related GSTs, with all of them belonging to the Phi class
on the GST classification. Apart from Bronze-2 from maize (Marrs et al., 1995),
anthocyanin-related GSTs belong exclusively to the phi class, with the presence of two
introns as a characteristic of this group of genes, such as AN9 from petunia and TT19
from Arabidopsis (Alfenito et al. 1998; Mueller et al.,, 2000), as well as Bractl.
Furthermore, Bractl showed overall nucleotide and protein similarities with the other

anthocyanin-related GSTs of 61.9% and 58.3%, respectively. Lastly, seven amino acid
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residues, previously reported as specific to anthocyanin-related GSTs (Kitamura et al.,
2012; Hu et al., 2016; Kou et al., 2019), were identified to be conserved in the Bractl
gene and the anthocyanin-related GSTs: 2Val, 11Ala, 13Cys, 62Phe, 90Leu, 91Glu and
152Ser. All in all, the in silico analysis indicated that Bractl is the anthocyanin-related

GST orthologue in poinsettia.

To examine the in vivo function of Bractl as an anthocyanin transporter, we tested the
ability of Bractl cDNA to functionally complement the Arabidopsis GST mutant tt19,
which is defective in the expression of anthocyanins in aboveground organs and seeds
(Kitamura et al., 2004; Sun et al., 2012). Arabidopsis tt19 mutants were transformed via
the floral-dip method with distinct constructs harbouring the functional and the mutated
Bractl alleles. Transgenic lines containing the functional Bractl allele displayed a purple
hypocotyl phenotype at the seedling stage, while transgenic lines containing the mutated
allele did not show complementation of the anthocyanin phenotype. Mutations in
anthocyanin related GSTs leading to colourless phenotypes have been previously
reported and thus corroborate with our results (Larsen et al., 2003; Cheng et al., 2015;
Luo et al., 2018). These results not only emphasize the role of Bractl as an anthocyanin
transporter in poinsettia but also demonstrate that a deletion in its coding region is not

able to complement the anthocyanin phenotype.

The complementation of plant model mutants (e.g. the Arabidopsis tt19 mutant) has been
routinely applied in pigment-related functional studies (Hu et al., 2016; Pérez-Diaz et al.,
2016; Liu et al., 2019), but final complementation in the real mutant will ultimately prove
the gene function. Direct complementation of poinsettia white mutants with the functional
Bractl was not possible during this thesis. Neither Agrobacterium-mediated infiltration
nor biolistic particle delivery system (a.k.a. gene gun) transient assays were successful
for the transformation of poinsettia bracts, even by testing different Agrobacterium strains
(GVv3101, GVv2260, ABH, EHA105 and AGL1) and different protocol improvements
(different rupture disk pressures and gold particle sizes) (data not shown).

Transient transformation in poinsettia has been successfully reported using leaf and
bract-derived protoplasts, although only reporter genes were tested (Pitzschke and
Persak, 2012). Attempts to stably transform poinsettia has been done using
electrophoresis-based methods (Vik et al., 2001; Clarke et al., 2006), but no stable
transgenic poinsettia was obtained. Successful stable transformation via Agrobacterium-

mediated infiltration has been previously achieved, but the process is time-consuming
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(Clarke et al., 2008; Islam et al., 2013). The construct used for the complementation of
the Arabidopsis tt19 mutant is currently being used for stable transformation of white
bracted poinsettias, but no results were obtained so far since the experiments showed to
be highly genotype- and explant-dependent, as well as time-consuming (data not
shown). Altogether, our in silico and in vivo approaches show that Bractl is involved in
anthocyanin transport in poinsettia bracts, as it shows high similarities with other
anthocyanin-related GSTs and it was able to successfully complement the anthocyanin

phenotype in Arabidopsis mutants.

It is important to mention that the role of the Bractl mutation in the appearance of white
phenotypes in poinsettia may only be true for the varieties analysed in this study.
Mutations, either natural or induced, can occur in several genes involved in the
anthocyanin biosynthesis/accumulation and, therefore, lead to acyanic phenotypes. An
insertion in a leucoanthocyanidin dioxygenase (LDOX) gene led to the appearance of
pomegranates containing a white phenotype when the allele is in a recessive state (Ben-
Simhon et al., 2015). A frameshift mutation in a dihydroflavonol 4-reductase (DFR) gene
Is responsible for a rare white flower phenotype in Mimulus lewisii (Wu et al., 2013). The
insertion of a retrotransposable element into the flavanone 3-hydroxylase (F3H) 5'-
upstream region caused a reduction in transcript expression and thus responsible for the
white petal phenotype in Torenia fournieri (Nishihara et al., 2014). As the colour trait in
poinsettia is known to be regulated by a dominant locus (Stewart, 1960), mutations in
alternative gene targets could also occur. However, due to the genetic nature of the
Bractl locus (short repeat region as mutation hotspot) and years of breeding selection,
the identification of alternative mutations can be challenging. Nonetheless, analysing
possible mutations in other anthocyanin-related genes in a wider range of varieties (e.g.
from different breeding programs) would generate valuable information on alternative

targets that could be used in colour breeding in poinsettia.

5.4 Development of an assay for mutation detection in poinsettia breeding

programmes

Poinsettia mutation breeding is usually performed on cuttings that are irradiated with
moderate dosages (~20-30 Gy) and mutants are phenotypically selected on side shoots
of the originally irradiated plants. Still, as previously mentioned, heterozygous mutations

arising from homozygous red genotypes occur at low frequencies and cannot be
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phenotypically distinguished due to the dominance of Bractl. Now, with the identification
of the Bractl mutation and the development of molecular markers that can identify
heterozygous mutations, homozygous red varieties can be used in mutation breeding
programmes. However, thousands of progenies need to be screened with molecular
markers, thus making the process costly and time-consuming. With that in mind, this
work aimed to develop a multiplex assay that could aid the detection of such low-

frequency heterozygous mutations.

We created serial dilutions of wild-type (R) and mutated (r) Bractl alleles to simulate
mutation frequencies and evaluate the potential for detecting mutations at such dilutions
through two PCR-based techniques: i) the previously applied genotyping approach
based on the fluorescent labelling of PCR fragments, and ii) Amplicon sequencing (Amp-
Seq). The fluorescent labelling of PCR fragments approach could reliably detect
heterozygous mutations in poinsettia DNA samples up to a 10:1 dilution. Although such
a method can be easily applied in a routine laboratory set up, it might not sensitive
enough to detect heterozygous mutations at low frequencies and only a small number of
samples can be screened at a time. On the other hand, the Amp-Seq approach could
accurately detect the presence of the Bractl mutation at dilutions of at least 50:1 copies.
Moreover, such an approach enables the screening of multiple samples at the same time,
thus increasing the throughput of the assay. In this experiment, we screened 50 different
samples through the combinations of different primer tags. Adjusts can be made by using
more tag combinations and/or by changing the sequencing coverage according to each

experiment.

Although targeted sequencing-based methods are extremely helpful for breeding
purposes (Jantzen et al., 2019; Nagano et al., 2020), the genotyping of short repeat
seqguences by such approaches remains challenging and error-prone. Errors introduced
by the slippage of in vitro PCR are common, especially for repetitive regions, which is
strongly correlated with the number of repeat units and repeat unit length of such regions
(Shinde, 2003; Fungtammasan et al., 2015). Also, there is an increased sequencing error
due to imprecise base-calling of NGS platforms (Albers et al., 2011). A new technology
based on targeted nanopore sequencing with Cas9-guided adapter ligation could be
useful for such repetitive regions, as it is able to sequence longer regions, it is not affected
by PCR amplification bias and base callers are constantly being improved (Gilpatrick et
al., 2020; Xu et al., 2020). However, such technologies are still costly to be used in large

scale experiments. Nonetheless, targeted sequencing of repetitive regions has been
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successfully applied in plant breeding. Target SSR-seq, a multiplexed amplification of
SSRs with a high-throughput sequencing approach, was successfully developed for
genetic background selection, gene and QTL mapping, and molecular breeding of
cucumber varieties (Yang et al.,, 2019). Similarly, the AmpSeq-SSR, which could
potentially genotype more than a million SSRs at once, was used for the fingerprinting of
rice varieties, as well as for mapping resistance genes (Li et al., 2017).

The Amp-seq approach developed in this study has been proven successful for the
detection of low-frequency heterozygous mutations in poinsettia, and it can be directly
used in the selection of mutants arising from irradiation breeding. Moreover, such an
approach could also be applied for different purposes. The current poinsettia breeding
programmes focus on improving transportability, shelf life, cutting production yields and
temperature tolerance. However, biotic stresses affecting poinsettia have become more
common, e.g. Botrytis, Phytophthora, Pythium, Rhizoctonia, Xanthomonas,
Curtobacterium flaccumfaciens pv. and Bemisia tabaci, and resistance breeding needs
to be addressed in poinsettia breeding programmes (van der Ploeg, 2018). Therefore,
such targeted high throughput molecular approaches would help improving the current
poinsettia breeding programmes, as well as help tackle the future challenges impose by

the current climate change scenario.

5.5 Prospect biotechnological applications in poinsettia breeding

Despite its worldwide demand, 75% of cultivated poinsettias in Europe are from red
cultivars, while in the German market in 2018, only 20% of the varieties displayed white,
pink or bicoloured/scattered coloured bracts (van der Ploeg, 2018). Other uncommon
cultivars include curly and rose-shaped bracts, as well as the snow-white and bright pink
princettias, but they only reach small niches including younger target groups (van der
Ploeg, 2018). Nonetheless, the development of new varieties bearing distinct
phenotypes, such as bract colour and shape, will become trivial to meet the demand for
different niches. With that in mind, mutation induction in vegetatively propagated
ornamentals (e.g. poinsettia) can be of extreme value since it allows for changes in a few
characters without changing the remaining genetic background (as compared with

conventional breeding) (Broertjes, 1969; Datta and Silva, 2006)

With the availability of genome and transcriptome sequences from several horticultural

crops, the application of advanced genetic engineering tools, such as genome editing,
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become possible and they can be used to generate variation in different plant traits
(Karkute et al., 2017). Genome editing approaches, such as zinc-finger nucleases
(ZFNs) (Carroll, 2011), transcription activator-like effector nucleases (TALENSs) (Mahfouz
et al., 2011) and Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR
associated 9 (CRISPR/Cas9) (Jinek et al.,, 2012; Cong et al.,, 2013), have been
successfully used to alter different genomic targets in ornamental plants and are
recognized as important tools of the improvement of horticultural crops (Xu et al., 2019;
Li et al., 2020)

Successful knockout of the dihydroflavonol-4-reductase-B (DFR-B) gene using the
CRISPR/Cas9 system in purple-flowered Japanese morning glory (Ipomoea nil) resulted
in flowers with white and light purple (due to chimeric mutations) flowers (Watanabe et
al., 2017). Another study from the same authors using a white-flowered Japanese
morning glory obtained pale yellow flowers by targeting the carotenoid cleavage
dioxygenase 4 (CCD4) gene using the CRISPR/Cas9 system (Watanabe et al., 2018).
Albino plants were obtained in petunia when using the Phytoene desaturase (PDS) gene
as a target for CRISPR/Cas9 gene editing (Zhang et al., 2016). In transgenic
Chrysanthemum morifolium, the previously inserted yellowish-green fluorescent protein
(YGFP) gene was used as a target for CRISPR/Cas9 gene editing. This was the first
report of gene editing in the species and it is a great achievement since the species is
hexaploid, which hinders the applicability of genome editing techniques (Kishi-Kaboshi
et al., 2017).

Although genome editing has been widely used for almost a decade, its precision and
security, as well its regulation regarding environmental risk assessment (ERA) and
management, has been intensively scrutinized (Cho et al., 2014; Agapito-Tenfen et al.,
2018; Duensing et al., 2018; Fears and ter Meulen, 2018; Shew et al., 2018). Due to the
uncertainties of the technology, the Court of Justice of the European Union (CJEU), in
2018, ruled that genome-edited organisms qualify as products of genetic engineering
and hence fall under the scope of the Deliberate Release Directive 2001/18/EC.
According to the court ruling, as genome-editing techniques have not yet demonstrated
a long safety record in the open field or in a few applications, they cannot be exempted
from the rules applying to GMOs. (Callaway, 2018; Confédération paysanne and Others,
2018).
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5 General discussion

Even though gene editing has an uncertain future about its commercial use, the
applicability of such technologies has yet to be tested poinsettia. This current thesis has
demonstrated that a mutation in a GST gene leads to the appearance of white bracted
phenotypes. Similarly, a nonsense mutation in the flavonoid 3-hydroxylase (F3'H) gene
showed correlations with the appearance of orange coloured bracts (Nitarska et al.,
2018). Therefore, creating knock-out mutants in anthocyanin-related genes via
CRISPR/Cas9 gene editing could be a promising approach to generate plants with

distinct phenotypes and thus extend the portfolio of available cultivars.

5.6 Conclusion

This study aimed to unravel the molecular mechanism responsible for the ‘white paradox’
(i.e. the appearance of white bracted phenotypes) in poinsettia, as well as to generate
molecular tools and information to improve the breeding programmes for the species.
With that in mind, we generated a comprehensive hybrid de novo transcriptome from
poinsettia bracts, together with the first-hand profiling of gene expression during the
process of bract development of red and white varieties. This transcriptome analysis
provides a valuable foundation for further studies on the species, such as plant breeding
and genetics, and highlights crucial information on the molecular mechanism of colour
formation in poinsettia, with a focus on the detailed regulatory pathways regulating

flavonoid biosynthesis.

Besides the transcriptome data, we identified the Bractl gene as an active GST gene
involved in the expression of anthocyanins in poinsettia bracts, and that a 4 bp deletion
in a short repeat within its coding region is most likely the cause of many mutations that
lead to a white bract colour (i.e. the ‘white paradox’). This mutation occurs with an
unusually high frequency and is presumably an indirect effect of X-ray mutagenesis.
Moreover, we were able for the first time to detect low-frequency heterozygous mutation
arising from radiation mutagenesis of homozygous varieties, and thus broadening the

genetic resources that can be used to generate mutants.

Lastly, we developed an amplicon-seq approach to detect such heterozygous mutations
with high accuracy and sensitivity. The approach demonstrated the ability to detect low-
frequency mutations at a sensitivity of up to 1 allele in 50 nonmutated alleles, thereby
increasing the possibility of high-throughput screenings. This approach may enable an

expansion of the genetic resources available for the development of new varieties,

94



5 General discussion

especially those related to colour traits, as well as enabling a reduction in the mutation
load in poinsettia gene pools. All in all, this thesis generated powerful and valuable
information that can be used in future molecular studies in poinsettia, but that can also

be directly applied to breeding programmes.
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