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Abstract

ABSTRACT

Plants have been used for centuries in traditional medicine due to the
properties of their secondary metabolites (SMs) as pharmaceuticals, cosmetics,
chemicals or nutraceuticals. For a long time, the production of SMs has only
been achieved through the field cultivation of medicinal plants. However, in
most cases the active natural product is present at low levels, or is
accumulated only in a specific tissue and at a specific vegetative growth stage
or under certain environmental conditions, which complicates its extraction.
Furthermore, collecting material from the wild is not always feasible and the
over-collection could provoke the habitat destruction. Plant Biotechnology is an
alternative to produce SMs on a large-scale, and to ensure the conservation

and multiplication of interesting plants with active molecules.

The phenolic compounds trans-resveratrol and furanocoumarins are
among the relevant SMs reported as interesting for human health. Resveratrol
exhibits antioxidant and anti-carcinogenic properties and prevents
cardiovascular diseases. Furanocoumarins are used for the treatment of skin
disorders (psoriasis and vitiligo), and show anti-mutagenic and anti-microbial
activities. Two different natural sources of these compounds are known:
Grapevine (Vitis vinifera L.) and Bituminaria bituminosa (L.) Stirt. (Fabaceae) as
trans-resveratrol and furanocoumarin producers respectively. Genomic and
plant tissue culture techniques have been developed for grapevine but not for
B. bituminosa.

In the present thesis, biotechnological tools have been successfully
developed for the production of those SMs: (1) genetic modification with the
stilbene synthase (Vst1) gene and plant regeneration of grapevine (cv.
Sugraone) for over-producing trans-resveratrol and (2) plant tissue culture and
elicitation techniques for furanocoumarin over-production, and genetic tools for

genetic variability studies in B. bituminosa.
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Introduction

INTRODUCTION

Plants produce a huge and diverse collection of organic compounds, the
great majority of which do not appear to participate directly in growth and
development. These substances, traditionally referred to as secondary
metabolites (SMs), have effect on ecological interactions between the plant and
its environment, and often are differentially distributed among limited taxonomic
groups within the plant kingdom. Each plant family, genus, and species
produces a characteristic mix of these chemicals, and they can sometimes be
used as taxonomic characters in classifying plants. The primary metabolites
(PMs), in contrast, such as phytosterols, acyl lipids, nucleotides, amino acids,
and organic acids, are found in all plants and participate in nutrition and
essential metabolic processes inside the plant (Wink 1999).

Based on their biosynthetic origins, plant natural products (PMs and SMs)
can be divided into three major groups: (i) phenolic and polyphenolic
compounds that are formed by either the shikimic acid pathway or the
malonate/ acetate pathway; (ii) terpenoids (or isoprenoids), including PMs and
more than 25,000 SMs; and (iii) nitrogen- (i.e. alkaloids) and sulphur-containing
compounds that are biosynthesized principally from amino acids (Wink 1999).

SMs play an important role in plant defence. Plants in their natural
environment are challenge by large number of pathogens (fungi, bacteria or
virus) (Jeandet et al 2002), and even by other plants. Plants respond to
infection by accumulating low-molecular-weight antimicrobial metabolites called
phytoalexins. The phytoalexins are generally lipophilic substances, and they
often accumulate at infection sites to concentrations which are inhibitory to the
development of fungi and bacteria (Kic and Rush 1985). Moreover, SMs may
also be involved in attraction of animals for pollination or seed dispersal, and
have other functions as antioxidants: (i) preventing the destruction of cell
membranes, (i) maintaining the operation of cellular organelles, (iii) increasing
the chlorophyll content and (iv) delaying the plant senescence caused or
induced by pathogens. In addition, some SMs exhibit physiological functions
such as mobile-toxic nitrogen transport, compound storage, and phenolics like

flavonoids may function as UV-protectants (Wink 1999).
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Besides the ecological defence properties and their implications in plant
fitness, SMs may be beneficial for human health as pharmaceuticals (Terryn et
al. 2006). Rout et al. (2000) reported that in the order of 40% or more of the
pharmaceuticals currently used, are derived, at least partially, derived from
natural sources. This involves cultivation of plants, harvesting the desired parts,
and extraction and purification of the desired product. This conventional method
has a number of limitations such as plants are often not readily available
because of geographical or governmental restrictions, requires huge area of
land and it is a labour-intensive and time-consuming process. Moreover, plants
are often difficult to cultivate, become endangered because of over-harvesting
(Namdeo 2007) and the accumulation of SMs is often limited to certain tissues
or cell types and regulated by environmental or developmental factors. By other
hand, the production of SMs by total or partial chemical synthesis is not always
economically feasible because of their highly complex structures and
stereochemical requirements (Terryn et al. 2006).

Plant Biotechnology, in its broadest sense, offers multiple methods
(including plant tissue culture, cell biology, and molecular biology) for
conservation and commercial propagation of valuable plants for pharmaceutical
industry (Wink 1999), and for the large-scale production of interesting SMs.

1. Plant tissue culture techniques applied to Secondary Metabolite
production

Numerous factors influence the success of establishing in vitro plant
cultures, such as plant growth regulators or the plant genotype. Different studies
that involve screening of SM hyper-producing plants, establishment of the in
vitro culture medium and conditions, and genetic stability analyses of cells and
regenerated plants must be carried out. Moreover, it must be taken into account
that in vitro cultures (calli, cell suspensions, organs and regenerated plants)
could show somaclonal variation due to the spontaneous mutations that might
occur during the sub-culture cycles and produce structural and physiological
changes. So, finally, the evaluation of SM content in cells, calli and regenerated

plants is necessary to determine the genetic stability of the culture.
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Among all plant tissue culture techniques, the development of
micropropagation protocols through rapid proliferation of shoot-tips and axillar
buds (Figure 1A), yield plants genetically identical to the donor plants ensuring
the conservation and commercial propagation of plants with interesting SMs
(Rout et al. 2000). For instance, micropropagation protocols have been
developed (Faisal and Anis 2005) to regenerate Ruta graveolens plants
producing furanocoumarins (FCs). Even, an increase in FC production in
micropropagated shoots has been achieved by optimizing the in vitro culture
conditions (Ekiert et al. 2001; Massot et al. 2000).

When the elite genotype has been in vitro established, other
biotechnological tools may be applied to produce SMs, such as the induction of
undifferentiated cell growth (callus or cell suspensions), accomplished by the
differential application of growth regulators and the control of conditions in the
culture medium (Rout et al. 2000). Once calli are obtained, they can undergo
somaclonal variation and SM production is often variable from one sub-cultured
cycle to another, but after a period of time (from several weeks to several years)
genetic stability occurs and each callus can be considered as homogeneous
cell aggregate (Bourgaud et al. 2001). When genetic stability is reached, cell
suspension cultures from selected calli, can be established for producing SMs
(Bourgaud et al. 2001).

With the stimulus of endogenous growth substances or by the addition of
exogenous growth regulators to the nutrient medium, cell division, cell growth
and tissue differentiation are induced (Rout et al. 2000). The development of
plant regeneration protocols by organogenesis (Figure 1B) or somatic
embryogenesis could ensure the conservation and commercial propagation of
interesting SM producing plants and could be an alternative to cell cultures for
the production of secondary products (Baskaran and Jayabalan 2009a, b, c;
Ahmad et al. 2010). The organized cultures present a cellular organization level
higher than that of calli or cell suspensions. Diwan and Malpathak (2010)
observed an increase in the FC synthesis as a function of the cell organization
level in R. graveolens cultures, maybe due to a development of specialised
sites of FC accumulation. According to Subroto et al. (1996), syntheses of some

SMs are specifically located in organs like roots or shoots. In all cases, the
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production of SMs in regenerated organs or plants needs to be analysed
(Baskaran et al. 2011).

Micropropagation

——

Shoot and apical explants /% -: -I‘\ Micropropagated plants
(] & { )
-
o S k1
r k Multiplication l
R
Y
Calli induction Shoot induction ——
/ =
| e o | -I :«%@ (;:;ﬁ‘ | Regenerated plants
| I | . S—
\ Evaluation of SM
eaf explants production on
Organogenesis regenerated/

micropropagated plants

Figure 1. Plant cell tissue culture techniques for secondary metabolite (SM) production
by (A) Micropropagation and (B) Organogenesis.

Hairy root cultures (Figure 2) could also represent a valuable system for
the production of plant SMs (Zhou et al. 2011). These cultures are obtained
after the successful transformation of a plant tissue with Agrobacterium
rhizogenes. Their advantages include relatively-fast growth rate (in hormone-
free media), genetic and biochemical stability, and capacity for organogenesis-
associated synthesis of metabolites (Sevon and Oksman-Caldentey 2002). One
problem is that not all natural products are able to accumulate in these cultures
(Kim et al. 2002). This system has often been used, because it gives a lot of
material easy to maintain, can grow in liquid media (Donnez et al. 2009), and
offers a scalable and continuous product recovery platform for naturally-derived
SM. Hairy root system for psoralen production has been achieved in Psoralea
corylifolia (Baskaran and Jayabalan 2009d) and in Ammi majus (Krolicka et al.
2001).
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In vitro culture of
selected clones

Agrobacterium
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Hairy root culture

[ Hairy root Iines]
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in liquid media for . .
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lin in .

e up in bioreactors
bioreactors

Figure 2. Scheme of hairy root induction and biotechnological applications

To enhance the production of SMs, elicitation methods may be used for
the in vitro cultures. When plants are infected by pathogenic microorganisms,
respond with rapid activation of various spatially and temporally regulated
defence reactions inducing synthesis of SMs. Other stress factors like UV-
irradiation, osmotic shock, fatty acids, inorganic salts or heavy metals also
stimulate the production of SMs. Both biotic and abiotic stresses are termed as
elicitors and induce product accumulation, not only in intact plants or plant
organs, but also in plant cell cultures as a result of their defensive, protective or
offensive reactions. This technique has been developed in different species to
enhance SM production, for instance, the synthesis of trans-resveratrol in
elicitated cell suspension cultures of Vitis vinifera (Belchi-Navarro et al. 2012;

Delaunois et al. 2009), and the FC production in elicitated cell suspension
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cultures of R. graveolens (Austin and Brown 1973) and A. majus (Hamerski and
Matern 1988).

Plant genetic engineering has already been used for the production of
SMs (Delaunois et al. 2009). Gene transfer enables the introduction of foreign
genes (transgenes), specifically designed hybrid genes from the sexually-
compatibility crop (intragenes), or native gene with its own promoter and
terminator (cisgenes) into host plant genomes, creating novel varieties with
specific characteristics, including resistance to pests, diseases, environmental
stress, and production of bioactive substances (Couthos-Tévenot et al. 2001;
Dhekney et al. 2011; Fan et al. 2007; Jacobsen and Schouten 2008; Liévre et
al. 2005; Rommens et al. 2007) (Figure 3).

Chromosome
T-ONA
plasmd____| A. tumefaciens

Explant cultured on calli
induction medium

i Germinated Genetically modified
GFP positive embryo regenerated plant
embryo

Embryogenic calli

Figure 3. Scheme of a genetic transformation protocol for embryogenic calli, involving
Agrobacterium tumefaciens and plant regeneration

The use of cisgenes is a real new alternative for traditional and for genetic
transformation breeding, particularly in vegetative crops, and a realistic option
that could involve a change in the public opinion about genetic modification
(Rommens et al. 2007). Cisgenesis has been successful in some crops, such
as potato and apple (Jacobsen and Schouten 2008). Dhekney et al. (2011)
showed the first report of partially cisgenic V. vinifera modified with the

thaumatin-like protein (vvtl-1) gene.




Introduction

Genetic modification could help establishing new knowledge on the
biosynthesis of selected SMs for pharmaceutical purposes. There is already
considerable interest in manipulating SM plant biosynthetic pathways. Veronese
et al. (2001) reported the modification of essential oil production in the
trichomes of Mentha spp (mints) and an increased resistance of the plant to
fungal infection and abiotic stresses by engineering modification of biosynthetic
pathways. Gémez-Galera et al. (2007) reviewed the production of indole,
tropane, nicotine, isoquinoline alkaloids, monoterpenoids such as menthol and
related compounds, diterpenoids such as taxol, sequiterpenoids such as
artemisinin and aromatic amino acids by genetic transformation of medicinal

plants.

Clearly, Plant Biotechnology offers alternative methods for the production
of SMs and may provide competitive metabolite production systems when
compared to whole plant extraction. However, for molecular biology and
biotechnological applications, there are still many hurdles: compound
production is often species- or even genotype-specific, and their accumulation
is limited to certain tissues or cell types and regulated by environmental or
developmental factors. In addition, the function of most of the metabolites is not
known, nor is it clear which of the secondary metabolites from the plant’s
metabolome are responsible for its medicinal activity (Terryn et al. 2006). Our
limited knowledge of the biosynthesis of natural products and its regulation form
a bottleneck for using tissue culture in combination with advanced tools such as
metabolic-pathway engineering. This will be necessary in order to pursue a
biotechnological approach whereby plant cell tissue cultures could be
genetically engineered to produce profitably a natural product of choice
(Oksman- Caldentey and Inzé 2004).

Between all interesting SMs for pharmaceutical purposes, the present
thesis has focused on two phenolic compounds using two experimental
systems: grapevine (V. vinifera L.) as a natural source of trans-resveratrol and

Bituminaria bituminosa as a natural source of furanocoumarins.




Introduction

V. vinifera L. is the sole cultivated European representative of the genus
Vitis, a large member of the Vitaceae with around 60 species. Two-thirds of
these are native to North America and one third is distributed over central and
east Asia (Aradhya et al. 2003). Grapevine is one of the most cultivated crop in
the world; and besides of its food interest, this species synthesises resveratrol
and its derivates, viniferins, in response to biotic or abiotic factors (Langcake
and Pryce 1976; 1977). The facts that grapevine’s genome has been
sequenced (Jaillon et al. 2007; Velasco et al. 2007), and many plant cell culture
technigues have been developed for several purposes (i.e. molecular breeding,
functional genomic analyses) allow us to set up a system for over-producing

resveratrol from V. vinifera by genetic modification.

Bituminaria bituminosa (L.) C.H. Stirton (syn. Psoralea bituminosa L.,
Fabaceae, Psoraleeae; Stirton 1981) is a perennial legume widely distributed in
the Mediterranean Basin and Macaronesia. In the Canary Islands, the plants
(commonly known as “Tedera”) are grazed by small herbivores, but are mainly
used for hay to feed milking goats (Méndez 2000; Méndez and Fernandez
1990; Munoz and Correal 1998). B. bituminosa plants are also a source of SMs
of pharmaceutical and medicinal interest, such as FCs (Martinez et al. 2010)
(for more information about this species, see Introduction in Chapter Il:
Micropropagation).

For pharmaceutical purposes, the industry prefers homogeneous samples
with more or less constant levels of the active ingredient, which cannot be
ensured with whole-plant extraction from random wild-sampling. So, as a first
step, the selection of B. bituminosa individuals by conventional breeding, was
carried out by our research team at the IMIDA for more than 30 years (Project
RTA2007-00046-00-00). The domestication of these plants is a valuable
alternative, giving rise to a more controlled environment, and thus more stable

production of FCs.

On the other hand, this species has not yet been used extensively in
research. Thus, there is no knowledge of, for example, its genome and no
experience with its tissue culture and genetic engineering. So, in vitro culture
and molecular biology methods must be developed for enhancing production of
FCs from B. bituminosa.
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2. A drawback of in vitro plant tissue culture: endogenous contamination

Contamination by microorganisms, especially bacteria is known to be one
of the most serious problems in plant tissue culture, mainly for commercial and
research purposes. Contamination is not always seen at early stage of cultures;
some endophytic contaminants are discovered at later subcultures and they are
difficult to eliminate. Detection at the culture establishment stage may aid in
selecting bacteria-free cultures (Reed at al. 1995). Antibiotics or other
treatments may be needed to eliminate persistent microbial contaminations
(Reed et al. 1995, Tanprasert and Reed 1998).

Detection of bacterial contaminants in the first stage could be carried out
by visual inspection of the medium at the base of the explants, but is not
adequate for slow growing bacteria, endophytes or those bacteria which do not
grow on plant tissue culture media (Leifert et al. 1989). Screening methods
must be favourable to bacterial or fungal growth, and easily used and
interpreted (Reed et al. 1995). Screening procedures (indexing tests) are
available for identifying many contaminants (Viss et al. 1991). This indexing
system involves serial stem slices inoculated into liquid or agar solidified media
and incubated at 30°C. Initial growth of explants in a liquid culture system at pH
6.9 and later testing on 523-Bacterial Medium detected most contaminants from
over 400 mint explants (Reed et al. 1995), so it could be an accurate procedure.

Those detected bacteria, not pathogenic under natural conditions, could
become opportunistic and may fail to produce diseases symptoms in in vitro
cultures. In the present thesis, internal contaminants have been observed in in
vitro cultures of B. bituminosa, and different microbiological studies have been
developed, such as physiological and phenotypical test, to characterise the
endophytes.

3. Resveratrol

Resveratrol (3-5-4’-trinydroxy-trans-stilbene or trans-resveratrol) belongs
to the family of stilbenes, which are low-molecular weight phenolics, occurring in
different plant families, such as Pinaceae, Myrtaceae, Fagaceae, Liliaceae,
Moraceae, Papilionaceae and Vitaceae (Bavaresco and Fregoni 2001). They

11
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are synthesised by plants in response to biotic and abiotic factors, acting like
phytoalexins (Bavaresco et al. 2001). In the family Vitaceae, V. vinifera L. soft
tissues produce stilbenes only in response to pathogens like fungi, such as
powdery mildew (Uncinula necator), anthracnose (Elsinoe ampelina), downy
mildew (Plasmopara viticola) or gray mould (Botrytis cinerea), or to abiotic
stresses, like UV irradiation or wounding. They are found in lignified tissues as
constitutive compound, being involved in the mechanism of wood resistance to
decay (Jeandet et al. 1991; Langcake and Pryce 1977; Bavaresco and Fregoni
2001). Pool et al. (1981) found that there is no correlation between the
constitutive resveratrol content in lignified tissues and their resistance response

to oidium, while a positive correlation with induced leaf production exists.

Apart of trans-resveratrol, other compounds such as oligomers of
resveratrol, termed viniferins, have also been found in grapevine as a result of
infection or stress. The major components of these appear to be e-viniferin, a
resveratrol dimer and oa-viniferin, a cyclic resveratrol trimer; although other
viniferins are present as p-viniferin (resveratrol tetramer) and y-viniferin
(complex oligomers). Simple stilbenes have been identified as well: trans-
pterostilbene, a dimethylated resveratrol derivative (3,5-dimethoxy-4-
hydroxystiloene), trans- and cis-piceid, a 3-O-$-D-glucoside of resveratrol,
trans- and cis-astringin, a 3-O-B-D-glucoside of 3’-hydroxy-resveratrol and
trans- and cis-resveratrol-oside, a 4’-O-4-D-glucoside of resveratrol (Jeandet et
al. 2002). Jeandet et al. (1995) reported either pterostilbene or viniferins are
more active inhibitors in response to fungi infections, while trans-resveratrol is

the most abundant phytoalexin; so it is a good marker of disease resistance.

3.1. Biosynthesis of stilbenes

Stilbenes are derived from shikimic acid pathway (primary metabolism) via
phenylalanine (phenylpropanoid pathway), as first proposed by Langcake and
Pryce (1977). The central enzyme in phenylpropanoid metabolism that directs
carbon from aromatic amino acids to the phenylpropanoids is phenylalanine
ammonia-lyase (PAL), which forms cinnamic acid from phenylalanine. This step

is regarded as the branch point between the primary metabolism (shikimate
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pathway) and the secondary metabolism which leads to various natural
products including coumarins, phenolic acid esters, lignins and flavonoids
(Figure 4). While PAL is the first enzyme of phenylpropanoid metabolism,
chalcone synthase (CHS) and stilbene synthase (STS) catalyse the first
reaction of this metabolism using the same precursors (malonyl-CoA and
coumaroyl-CoA) leading to the production of flavonoids and stilbenes,
respectively. STS condenses three malonyl-CoA molecules with one molecule
of coumaryl-CoA to produce resveratrol. This diphenol compound is
metabolized, producing e-viniferina (dimerization), pterostilbene (methylation)
and piceid (resveratrol glucoside). Resveratrol accumulation decreases 16
weeks post-flowering (Bais et al. 2000). This decrease may be due to a
limitation in substrate availability, which may result either from decreased
synthesis of coumaroyl-CoA and malonyl-CoA or from competition between
CHS and STS for the same substrates (Fischer et al. 1997) (Figure 4).

The STS gene was first purified from cell suspension cultures of Arachis
hypogea (Schéeppner and Kindl, 1984). It is encoded by a multigenic family
(Wiese et al. 1994) and in grapevine is composed by 21-43 different genes
(Jaillon et al. 2007; Velasco et al. 2007). Some resveratrol forming STS genes
from grapevine are: pSV21, pSV25, pSV696 and pSV368 (Melchior and Kindl
1991) Vst1, Vst2, Vst3 and StSy (Sparvoli et al. 1994; Wiese et al. 1994). STS
genes from pine forming pinosylvin are: PST-1, PST-2, PST-3, PST-4 and PST-
5 (Preisig-Miller et al. 1999). Other STS genes were isolated from roots of
Pinus densiflora (pdsts1, pdsts2 and pdsts3, Kodan et al. 2001, 2002), from
Vitis riparia cv. Gloire de Montpellier (Goodwin et al. 2000) and from Vitis
pseudoreticulata (Fan et al. 2007). There is, at present, only one STS gene
described in monocotyledonous plants, the SbSTS7 gene isolated from
sorghum (Yu et al. 2005).

CHS and STS have a common evolutionary origin: the former is expressed
constitutively, while the latter is inducible by biotic and abiotic stresses. Thus,
the infection by B. cinerea produces a shut off in general proteins and active
STS and PAL (Bavaresco and Fregoni 2001), and elicitation of cell suspension
cultures with ciclodextrins, MeJA or a combination of both, specifically activate

13



Introduction

the PAL, cinnamate 4-hydroxylase (C4H), 4-cumarate-CoA ligase (4CL) and
STS expression, independently of CHS (Almagro 2011).
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Figure 4. Stilbene and chalcone biosynthesis pathways in grape and major
metabolites derived from resveratrol (Coutos-Thévenot et al. 2001).
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3.2. Resveratrol applications on human health

Resveratrol was first isolated from Veratrum grandiflorum O. Loes
(Takaoka 1940) and has also been found in knotweed (Polygonum cuspidatum
syn. Fallopia japonica), grapevines and peanuts (Burns et al. 2002). This
molecule is one of the best known plant SMs (Kiselev 2011), and thousands of
articles have been published about metabolism and bioactive properties of
trans-resveratrol and its derivates, concerning not only their biological
properties but also the benefits to human health and the applications in
pharmaceutical industries (Kiselev 2011). It helps preventing development of
cardiovascular diseases (Bradamante et al. 2004; Stervo et al. 2007), prevents
thrombocyte aggregation through regulation of the synthesis of eicosanoids
(Olas et al. 2001), presents antioxidant properties by interfering with oxidative
modifications of lipids (Leighton et al. 1999), has capacity to inhibit cellular
proliferation and a cytotoxic effect on tumour cells (lymphoid and myeloid
cancers; multiple myeloma; cancers of the breast, prostate, stomach, colon,
pancreas, and thyroid; ovarian carcinoma; and cervical carcinoma) (Aggarwal et
al. 2004; Shankar et al. 2007). Moreover, trans-resveratrol has a wide list of
applications such as protection against diabetes and neurodegenerative
diseases and it has been proposed to extend the life span of lower and higher
organisms (Pearson et al. 2008; Sharma et al. 2007; Wang et al. 2006) through
the sirtuin (silent information regulator enzymes, SIRT) pathway (Parker et al.
2005). However, other studies report that resveratrol does not directly active
sirtuins involved in the regulation of critical metabolic pathways (Beher et al.
2009; Burnett et al. 2011; Pacholec et al. 2010).

Moreover, trans-resveratrol is consumed in the form of numerous
biological additives so it is important to develop an effective method to obtain it
commercially (Kiselev 2011). Currently, field cultures of P. cuspidatum are the
main natural source of frans-resveratrol and several Chinese companies
produce it for the derivation of biologically-active additives from root extracts
with different degrees of purity. The use of biotechnological methods could be
an alternative for large-scale production of trans-resveratrol, with a high and
homogeneous degree of purity and preventing intensive cutting and decimation
of the natural source.
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3.3. The role of Plant Biotechnology in trans-resveratrol production

The use of Plant Biotechnology represents a reliable alternative, and
powerful method for large-scale, low-cost trans-resveratrol production under
controlled conditions. Employing different methods of plant tissue culture (cell
suspensions, hairy roots, callus cultures, and genetic modification) and
strategies (addition of precursors or chemical elicitors, environmental stresses,
or pathogen attack), several groups have achieved resveratrol production in in
vitro conditions (Delaunois et al. 2009; Kim et al. 2008; Kiselev 2011; Lijavetzky
et al. 2008).

3.3.1. Cell suspension cultures

The main advantage of cell suspensions is that these cultures produce
trans-resveratrol constitutively, or in response to stress, which can be exploited
in in vitro conditions using elicitation to optimize the production (Donnez et al.
2009). A large variability of elicitors has been tested, i.e. methyljasmonate
(MedA), cyclodextrins, chitosan or L-alanine. For the production of trans-
resveratrol from cell suspensions different plants have been used as cotton
(Kouakou et al. 2006), Vitis labrusca cv. Concord (Chen et al. 2006) and Vitis
thunbergii cv. Sieb. and Zucc. However, the main plant used for stilbene
production is grapevine where a synergistic effect of MeJA and cyclodextrins is
observed (Lijavetzky et al. 2008; Belchi-Navarro et al. 2012).

The amount of trans-resveratrol obtained vary in response to elicitors,
plant species and culture conditions used (Bru et al. 2006; Chen et al. 2006;
Medina-Bolivar et al. 2007; Belchi-Navarro et al. 2012). Table 1 shows
resveratrol production in different Vitis cell cultures.
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Table 1. Resveratrol production in Vitis cell cultures. (Modified from Kiselev et al. 2011)

Vitis cultivar Inducer/elicitor/precursor Maximal quantity of trans-resveratrol References

V. lambrusca cv. "Washington Concord" L-Alanine 0.22% DW®, 0.011% FW®, 2.2 mg I'"° Chen et al. (2006)

V. vinifera cv Barbera MeJA <0.01% DW?, 0.001% FW®, 0.11 mg I'"® Tassoni et al. (2005)
Control 0.02% DW®, 0.001% FW®, 1.6 mg I'™® Ferri et al. (2009)

V. vinifera L. cv Gamay Freaux var. Teinturier ~MeJA and sucrose 0.06% DW®, 0.003% FW?, 5.5. mg (I Belhadj et al. (2008)

V. vinifera L. cv Gamay DIMEB (5 mM) 0.51% DW®, 0.025% FW®, 100.3 mg I''2 Morales et al. (1998)
DIMEB and incubation with Xylophilus ampelinus ~ 1.02% DW®, 0.051% FW®, 202.9 mg I "2

V. vinifera L. cv Gamay rouge DIMEB (50 mM) 15.3% DWP, 0.765% FW®, 3,060 mg I Bru and Pedrefio (2006)
RAMEB (50 mM) 16.6% DW®, 0.83% FW®, 3,320 mg I '

V. vinifera L. cv Monastrell albino DIMEB (50 mM) 23.4% DW®, 1.17% FW", 4,680 mg "'
RAMEB (50 mM) 25.2% DW®, 1.26% FW", 5,027 mg "'

V. vinifera L. cv Monastrell albino DIMEB (50 mM) 5.02% DW®, 0.251% FW? 753 mg I'2 Lijavetzky et al. (2008)
DIMEB and MeJA 36.51% DW", 1.823% FW", 3,651 mg I'™®

V. vinifera cv Barbera Sucrose 0.01% DWb, <0.001% FWb, 6.7 mg [1e Ferri et al. (2011)

V. vinifera L. cv Monastrell albino CD (50 mM) 0.79 % DW®, 0.39 % FW®, 628.6 mg I"® Belchi-Navarro et al. (2012)
MeJA (100 uM) 0.03 % DW®, 0.00019 % FW®, 38 mg I'"®
CD (50 mM) +UV (5 min) 1.5 % DW®, 0.008 % FW", 1,519.7 mg I'"®
CD(50 mM) +MeJA (100 pM) 3.4 % DW", 1.68 % FW", 3,363 mg I'"®
CD(50 mM) +MeJA (100 puM)+UV (5 min) 3.82 % DWP®, 0.019 % FW®, 3,819.7 mg I"®
Sucrose (10 g 1™ 2.34 % DW®, 0.0117 % FW", 2.34 mg I'"®

DW= dry weight, UV=ultraviolet, MeJA= methyljasmonate, DIMEB= 2,6-di-O-methyl-b-cyclodextrin, CD= ciclodextrin

? Indicates the quantity of resveratrol obtained in the cited article

® Indicates the quantity of resveratrol calculated from data on resveratrol content in terms of fresh or dry biomass accumulation given that plant cells usually accumulate 10-20 g
I dry and 200-300 g I'" fresh biomass of cultivated cells
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3.3.2. Hairy root cultures

Growth of hairy roots and production of frans-resveratrol depend on A.
rhizogenes strain and bacterial infection frequency (Kim et al. 2008). In peanut
(Arachis hypogea), hairy roots induced by A. rhizogenes R1601 produced 1.5
mg g' DW. Medina-Bolivar et al. (2007) elicitated hairy root cultures of peanut

with sodium acetate, achieving levels of 98 pg mg™ DW.

3.3.3. Callus cultures

To produce trans-resveratrol, callus cultures from different species have
been obtained. Donnez et al. (2009) reported that calli are formed by
coalescence of dedifferentiated cells growing on a solid culture medium, and
their production of stilbenes has been related to the stimulation of plant defence
mechanisms. Peanut calli were able to produce 0.012 mg g' FW trans-
resveratrol after UV irradiation (Lin et al. 2007) and calli of V. amurensis
synthesised 0.15% DW trans-resveratrol after elicitation with sodium
nitroprusside (Kiselev et al. 2007).

3.3.4. Genetic modification

Although numerous studies have been carried out for genetic modification
with STS genes to enhance fungi resistance, to the best of our knowledge, no
studies have been carried out for large-scale trans-resveratrol production, for
pharmaceutical purposes.

Other authors have reported genetic modification with STS genes of rice
(Stark-Lorenzen et al. 1997), tomato (Thomzik et al. 1997; Giovinazzo et al.
2005; Morelli et al. 2005; Nicoletti et al. 2007), alfalfa (Hipskind and Paiva
2000), kiwifruit (Kobayashi et al. 2000), apple (Szankowski et al. 2003;
Rihmann et al. 2006), Arabidopsis (Yu et al. 2006), aspen (Seppanen et al.
2004), white poplar (Giorcelli et al. 2004), pea (Richter et al. 2006), hop
(Schwekendiek et al. 2007), papaya (Zhu et al. 2004), lettuce (Liu et al. 2006),
oilseed rape (HUsken et al. 2005), barley and wheat (Leckband and Lérz 1998;
Fettig and Hess 1999; Liang et al. 2000; Serazetdinova et al. 2005), banana
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(Vishnevetsky et al. 2005), Rehmannia (Lim et al. 2005) and grapevine (Coutos-
Thévenot et al. 2001; Fan et al. 2007) to enhance disease resistance (Table 2).

To increase the stilbene production the use of chimerical genes or the
combination of two encoding genes (Vst1 and Vst2) has been reported (Fischer
et al. 1997). The most common promoter selected to drive the transgene is
pCaMV35S (Fischer et al. 1997) that produces a strong and constitutive
stilbene accumulation, and as consequence, triggers a drastic depletion of the
endogenous pools of precursors (Delaunois et al. 2009). The promoter pVst1
from grapevine is induced by both biotic and abiotic factors, leads to stilbene
accumulation without interfering with secondary biosynthetic pathways
(Thomzik et al. 1997), is regulated by common transcriptional factors present in
most plant species (Delaunois et al. 2009), and provides a rapid and strong
accumulation of both STS transcripts and their products following inoculation
with phytopathogenic fungi (Hain et al. 1990; Stark-Lorenzen et al. 1997;
Thomzik et al. 1997; Zhu et al. 2004). The use of an inducible promoter appears
to be a promising way to maintain precursor pools, while allowing strong
stilbene accumulation at the infection site (Delaunois et al. 2009). Fischer et al.
(1997) reported over-expression of STS in tobacco flowers using a tissue-
specific promoter that permits the resveratrol accumulation only in a determined

organ or tissue.

The effect of strong resveratrol accumulation on modified-plant
development has been studied. In many cases, the expression of STS genes
did not alter the normal growth of plants (Hain et al. 1993) but in other cases,
accumulation of resveratrol modified the colour and morphology of the flowers
and altered pollen maturation leading to male sterility because STS and CHS
compete for the same precursors (malonyl-CoA and coumaroyl-CoA). Fischer et
al. (1997) reported that the expression of an STS gene in tobacco anthers
resulted in a decreased supply of the substrate for the endogenous CHS
enzyme. It is possible that the constitutive resveratrol synthesis inhibits flavonol
biosynthesis in the tapetum tissue (pollen), which eventually leads to a loss of
pollen viability. Ingrosso et al. (2011) reported parthenocarpy and abnormal
pollen development in tomato due to over-expression of a grapevine StSy

(stilbene synthase) cDNA because of malonyl-CoA and coumaroyl-CoA are key
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molecules in several other pathways, including sporopollenin or lignin
biosynthesis, involved in pollen development. Therefore, the over-accumulation
of resveratrol could produce changes in several other pathways with relevant
functions and they must be analysed.

To the best of our knowledge, no studies involving genetic modification
have been carried out regarding trans-resveratrol production for commercial
purposes. A possible method to obtain this molecule commercially may be the
combination of different approaches, for instance, genetic modification with STS
genes, establishment of modified-cell suspension cultures and subsequently
elicitation with MeJA and cyclodextrins. This thesis describes the trans-
resveratrol over-production brought about by genetic modification of Vitis
vinifera cv. Sugraone as a first step of this approach.
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Table 2. Stilbene synthase genes and promoters used to genetically transform plants, and the resulting effects on stilbene levels, resitance to

pathogens and antioxidant activities (Modified from Delaunois et al. (2009))

Plant species Gene Promoter Biochemical output  Stilbene concentration Biological activity References
(na/g FW)
Nicotiana tabacum L. Arachis hypogaea Stress-induced trans-Resveratrol - - Hain et al. (1990)
STS gene promoter
Vst1 and Vst2 Vst trans-Resveratrol 400 Resistance to Botritys cinerea Hain et al. (1993)
Chimeric STS gene  CaMV35S Resveratrol 50-290 Altered flower morphology, male Fischer et al. (1997)
sterility
Triticum aestivum L. Vst1 Vst1 (+35S-4 fold) - - Resistance to Botritys cinerea Leckband and L&rz (1998)
Liang et al. (2000)
Chimeric STS gene  Maize ubiquitin Resveratrol 2 - Fetting and Hess (1999)
promoter
Vst1 and Vst2 Vst1 (+35S-4 fold) Unknow derivative 35-190 Resistance to Puccinia reconditaand  Serazetdinova et al. (2005)
stilbene compounds Septoria nodorum
Hordeum vulgare L. Vst1 Vst1 (+35S-4 fold) - - Resistance to Botritys cinerea Leckband and Lérz (1998)
Medicago sativa L. Arachis hypogaea CaMV35S trans-Piceid 0.5-20 Resistance to Phoma medicaginis Hipskind and Paiva (2000)
STS gene (AhRS)
Arabidopsis thalianalL.  SbSTS1 CaMV35S trans- and cis-Piceid 584 - Yu et al. (2005, 2006)
Actinidia deliciosa pSva5 CaMV35S trans-Piceid 20-182 No resistance to Botritys cinerea Kobayashi et al. (2000)
Vitis vinifera L. Vst1 ms PR10.1 Resveratrol In vitro resistance to Botritys cinerea  Coutos-Thévenot et al.
(2001)
Vitis CaMV35S Resveratrol 2.6 Under investigation Fan et al (2007)
pseudoreticulata
STS gene
Malus domestica Vst1 Vsti Unknown resveratrol - - Szankowski et al. (2003)
glycoside
Borkh. Vst1 Vsti trans-Piceid 3-7 for non-UV-irradiated No influence on other phenolic Rihmann et al.(2006)
fruit; 23-62 for UV-irradiated = compounds
fruit
Lycopersicon Vst1 and Vst2 Vsti1 Resveratrol - Resistance to Phytophtora infestans. ~ Thomzik et al. (1997)
esculentum Mill. No resistance to Botritys cinerea and
Alternaria solani
Stsy CaMV35S trans-Resveratrol and  4-53 Antioxidant primary metabolism and Giovinazzo et al. (2005)
trans-Piceid increase in total antioxidant activity
Stsy CaMV35S trans-Resveratrol and  0.1-1.2 Enhancement of natural antiradical Morelli et al. (2006)
trans-Piceid properties
Stsy CaMV35S trans-, cis-Resveratrol 0.42-126 depending on the Differences in rutin, naringenin and Nicoletti et al. (2007)

and trans-, cis-Piceid

stage of ripening and fruit
samples

chlorogenic acid contents
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Table 2. Continued

Plant species Gene Promoter Biochemical output Stilbene concentration Biological activity Reference
(ng/g FW)
Lycopersicon Stsy CaMV35S
esculentum Mill. trans-Resveratrol and  25-125 in red fruit peel in Effects on flavonoids biosynthesis, Ingrosso et al. (2011)
trans-Piceid 35SS tomato, 25-200 in parthenocarpy and abnornal pollen
flowers development
TomLoxB in TomLoxB tomatoes, 20-
fold lower than in 35SS, 8-
10 times lower than in 35SS
Oryza sativa L. Vst1 Vsti1 - - Resistance to Pyricularia oryzae? Strak-Lorenzen et al. (1997)
Rehmannia glutinosa AhRS3 CaMV35S Resveratrol and piceid 22-116; up to 650 with Antioxidant capabilities, resistance to  Lim et al. (2005)
Libosch. stress treatment Fusarium oxysporum
Lactuca sativa L. Parthenocissus CaMV35S trans-Resveratrol 56.4 Effect on Hela cell morphology Liu et al. (2006)
henryana STS
Pisum sativum L. Vst1 Vst Ocurrence of two 0.53-5.2 - Richter et al. (2006)
resveratrol glucoside
compounds
Populus alba L. Susy CaMV35S trans- and cis-Piceid 309-615 No in vitro resistance to Melampsora  Giorcelli et al. (2004)
pulcherrima Seppénen et al. (2004)
Carica papaya L. Vst1 Vsti Resveratrol glucoside 54 Resistance to Phytophtora palmivora  Zhu et al. (2004)
Brassica napus L. Vst1 p-nap Resveratrol glucoside  361-616 Food quality improvement: high piceid Husken et al. (2005)
rate content an reduction of sinapate
esters
Humulus lupulus L. Vst1 CaMV35S trans- and cis-Piceid, 490-560 Higher amounts of flavonoids and Schwekendiek et al. (2007)

unknown stilbene cis-
isomer, trans-astringin,
trans- and cis-
Resveratrol

acids
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4. Furanocoumarins

The furanocoumarins (FCs) are phenolic compounds within the coumarins
group. Coumarins are lactones (1,2-benzopyrone) that according to their
structure are classified as: i) simple coumarins, ii) furanocoumarins, iii)
pyranocoumarins, and iv) pyron-ring sustituted coumarins and their
hydroxylated, alkoxylated, and alkylated derivates and their glycosides (Murray
et al. 1982).

The FCs are phytoalexins synthesised in response to fungal infection
(Tiejten et al. 1983) and against insects (Berembaum 1983). They can be
grouped into linear and angular types (Figure 5). Linear FCs (syn. psoralens)
are distributed in Apiaceae (Ammi majus and Apium graveolens), Moraceae,
Rutaceae (Ruta graveolens) and Leguminosae (Psoralea corylifolia and B.
bituminosa). The angular FCs (syn. angelicins) are less widely distributed and
have only been found in Apiaceae and Leguminosae (reviewed by Bourgaud et
al. 2006).

4.1. Biosynthesis of furanocoumarins

The biosynthesis of FCs in plants presents a double origin: the cumarinic
nucleous derives from the shikimic pathway and is transformed into trans-
cinnamic and finally into umbelliferone, and the furanic-ring derives from the
mevalonate pathway (dimethyl-pyrophosphate —DAP-) (Figure 5a). Floss and
Mothes (1964) proposed for the first time, that umbelliferone is the precursor of

FC biosynthesis.

FCs can be grouped into the linear type, where a three carbon chain is
attached at umbelliferone C(6) to get dimethylsuberosine, and the angular type,
carrying the substitution at C(8) to get ostenol (Hamerski et al. 1990) (Figure
5b). Dimethylsuberosine is transformed into marmesin and latter into psoralen
in two reactions catalised by P450s cytochromes: marmesin synthase and
psoralen synthase (Hamerski and Matern 1988). The two enzymes formally
catalyze very different reactions, the first forming the dihydrofuran-ring from the
ortho-prenylated phenol (marmesin synthase) and the second catalyzing the

oxidative carbon-carbon chain cleavage reaction (psoralen synthase). Psoralen
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5-monooxygenase, characterized as a cytochrome P450 enzyme (Hamerski
and Matern 1988), catalyzes the subsequent hydroxylation of psoralen to
bergaptol. This compound is then o-methylated to bergapten by an O-
methyltransferase (Hehmann et al. 2004). The enzyme is highly specific for
bergaptol and does not accept xanthotoxol. On the other hand, to synthesise
angular FCs (Figure 5b), ostenol is transformed into columbianetin and
subsequently into angelicin, also in two reactions catalysed by columbianetin
synthase and angelicin synthase. These reactions were assumed to be very
similar to the steps leading to the conversion of demethylsuberosin to marmesin
and psoralen (Figure 5b). This assumption is particularly convincing when the
catalytic mechanisms of psoralen synthase and angelicin synthase are
compared (Larbat et al. 2009), although, angular FC pathway has not been as

well documented, especially at the level of enzyme activity.

The enzymes for angular FC biosynthesis may have emerged by
evolutionary adaptation from the linear pathway. This would be consistent with
the fact that angular FCs are less abundant in plants than the linear type and
are always found concomitantly with linear FCs (Bourgaud et al. 2006).

The FC biosynthesis depends on organ, physiological stage and plant
cycle and there is an interaction between temperature and FC accumulation
(Walker et al. 2012; Zobel and Brown 1991).

The most abundant linear FCs are psoralen, xanthotoxin, bergapten and
isopimpinellin, whereas the angular type is mostly represented by angelicin,
sphondin, and pimpinellin (Figure 5b).

Figure 5. A: Phenylpropanoid pathway leading to coumarins. Pathways in grey have
been unequivocally established. Glycosylated compounds are not shown for clarity.
Enzymes assigned by a question mark are hypothetical. R = CO2H or CO-SCoA; C2H,
cinnamic acid 2-hydroxylase; C4H, cinnamic acid 4-hydroxylase; 4CL, 4-coumarate:
CoA ligase; CO2H, 4-coumaric acid 2-hydroxylase; HCT, hydroxycinnamoyl-
transferase; CAOMT, caffeic acid O-methyltransferase; CCoAOMT, caffeoyl CoA O-
methyltransferase, CA2H, caffeic acid 2-hydroxylase; FA2H, ferulic acid 2-hydroxylase;
MDCAZ2H, methylenedioxycinnamic acid 2-hydroxylase; O-MT, O-methyltransferase. B:
Enzymes designated with a question mark are hypothetical. O-MT, O-
methyltransferase (Modified from Bourgaud et al. 2006 and Larbat et al. 2009). (See
next page)
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4.1.1. The role of P450s in furanocoumarin biosynthesis

The cytochrome P450 monooxygenases (P450s) comprise a vast superfamily
of heme-thiolate enzymes that catalyze the NADPH-associated reductive cleavage of
oxygen to produce a functionalized product (Schuler 1996). Cytochrome P450
enzymes are pivotal enzymes of FC biosynthesis, i.e., the formation of xanthotoxin
relies, at least, on four sequential P450 reactions catalyzed by C4H, marmesin

synthase, psoralen synthase and psoralen 8-monooxygenase (Figure 5A, B).

Until the genetic studies on A. majus, the molecular genetics of FC formation
has remained largely unresolved due, in part at least, to the labiality of the
consecutively operating P450s. The first furanocoumarin-committed monooxygenase
gene cloned and functionally characterised was the psoralen synthase from A. majus
(CYP71AJ1). The enzyme revealed specificity for (+)-marmesin, whereas (+)-
columbianetin, which is considered as the analogous precursor of the angular FC
angelicin, acted as a competitive inhibitor (Larbat et al. 2007).

The genes encoding these enzymes constitute one of the largest known gene
superfamilies. P450-catalyzed reactions are important for detoxification of exogenous
compounds, such as drugs, and plant allelochemicals. Cytochrome P450
monooxygenases provide a case in point; these enzymes are involved in the
biosynthesis of FCs, toxic allelochemicals in plants, as well as in their detoxification
by lepidopterans (Schuler 1996).

Larbat et al. (2009) reported the cloning and functional expression of two new
psoralen synthase orthologues of A. majus, from A. graveolens (celery CYP71AJ2)
and Pastinaca sativa (parsnip CYP71AJ3). Additionally, the closely related
CYP71AJ4 was isolated from parsnip and annotated as angelicin synthase, the first
P450 gene committed to angular FC biosynthesis. Several studies of the paralogues
(CYP71AJ3 and CYP71AJ4) revealed that the sequence identity dropped to only
40% in substrate recognition sites at an overall identity of 70%. Assays conducted
with CYP71AJ4 and syn-[3-D] columbianetin demonstrated a reaction mechanism
analogous to that of psoralen synthase initiated by the abstraction of syn-C-3-
hydrogen. These results demonstrate that the CYP71AJ subfamily is involved in the
synthesis of both linear and angular FCs and suggest that CYP71AJ3 and
CYP71AJ4 derived from a common ancestor gene.
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Recently, Parast et al. (2011) reported the isolation, cloning and
characterisation of the psoralen synthase gene of P. corylifolia. The sequence
showed a significant degree of similarity 93% to the sequence of A. majus psoralen
synthase (GeneBank ACC. No. AY532370).

4.2. Furanocoumarins and their application to human health

Psoralens and the methoxylated psoralens, bergapten and xanthotoxin, have
numerous biological activities (reviewed by Martinez et al. 2010) and are the most
relevant natural FCs in terms of their therapeutic potential (Hehmann et al. 2004).
Psoralens exhibit photosensitising and anti-proliferative activities and were evaluated
as photosensitising drugs for the treatment of psoriasis and vitiligo using oral
psoralen in combination with UVA irradiation (PUVA therapy). They showed
photosensitised lethal effect in bacteria (Scott et al. 1976), showed activity in
darkness against Candida albicans and Cryptococcus laurentii (Camm et al. 1976)
and exhibited anti-HIV effect (Shikishima et al. 2001). Moreover, psoralen presents
antimutagenic activity that allows its use in medicine for cancer prevention (Martinez
et al. 2010). It is able to produce cross-linking of DNA strands, leading to significant
distortions in the DNA helix, creating sites that are recognised by DNA repair
enzymes (Cheng et al. 1988); therefore, it is a useful tool in DNA structural analyses.
Angelicin has potential therapeutic applications in haematology disorders, such as -
thalassemia (Patent US2006/0111433(A1)) and sickle cell anaemia (Lampronti et al.
2003). In addition, it shows calmative, sedative, anticonvulsant, anti-inflamatory, anti-
pyretic activities and also shows high activity against some microorganisms
(Backhouse et al. 2001; Santana et al. 2004).

In the pharmaceutical industry, the FCs have been extracted from bergamot oil
(Citrus bergamia) which contains bergapten (Spath 1937), the psoralen derivative
mainly used in medicine, but the bergamot production is rather low. Other natural
source of FCs is P. corylifolia, which has been widely used in traditional medicine in
China, although the psoralen contents are low. A. majus L. (Apiaceae) is also a
natural source of linear coumarins and furanocoumarins (Krolicka et al. 2001), and
due to the photosensitizing activity of these compounds, the fruits has been used in
the Mediterranean region in the treatment of leucoderma, psoriasis and vitiligo
(Hamerski et al. 1990).
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The economic importance of FCs, together with the fact that their chemical
synthesis is very expensive, has stimulated an interest in looking for other natural
sources to meet the increasing requirements of the pharmaceutical industry. In this
context, B. bituminosa appears to be a good species for commercial production of

psoralen and angelicin (Martinez et al. 2010).

The use of biotechnological methods could be an alternative for large-scale
production of FCs, preventing intensive cutting and decimation of the natural
sources. In the present thesis, in vitro cultures techniques and genetics studies have
been developed, for first time, for B. bituminosa in order to establish the bases for
large-scale production of FCs from this species, by applying a combination of

different biotechnological tools.

4.3. The role of Plant Biotechnology in furanocoumarin production

The species reported as FC producers such as P. corylifolia, R. graveolens, A.
majus and A. graveolens (Baskaran et al 2011; Hamerski and Matern 1988; Milesi et
al. 2001; Trumble et al. 1990) have been widely studied in tissue culture for FC
production, and also plant regeneration protocols have been developed (Ahmad et al.
2010; Baskaran and Jayabalan 2009a, b; Baskaran et al 2011; Pande et al. 2002). In
in vitro cultures (calli, cell-suspensions and shoots), the FC content is tissue
dependent and a function of the plant organization level (Baskaran et al. 2011; Diwan
and Malpathak 2010).

4.3.1. Cell suspension cultures and elicitation

The production of FCs in plant cell suspension cultures has been studied by
several authors in A. majus and R. graveolens. Staniszewska et al. (2003) reported
that treatment of cell suspension of A. majus with dead cells of Enterobacter
sakazaki strongly induced production of umbelliferone, and the treatment with BION®
induced production of umbelliferone, dehydrogenjerin and bergapten. Other biotic
elicitors have been tested for FC production in A. majus, such as Alternaria carthami
and Phytophthora megasperma, increasing in its production (Hamerski and Matern
1988). Bohlmann et al. (1995) reported that elicitation of cell suspension cultures of
R. graveolens with homogenate of the yeast Rhodotorula rubra showed enzyme
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induction and an accumulation of FCs 40 h after treatment, although there was no
strict correlation between them. Besides of these biotic elicitors, FC pathway
precursors may be used. Austin and Brown (1973) observed an increase in FC
production after elicitation by addition of marmesin to cell suspension cultures of R.

graveolens.

4.3.2. Callus and shoot cultures

In different species, the FC production has been studied in callus and shoot
cultures: in P. corylifolia , R. graveolens, and A. majus (Bourgaud et al. 1995; Ekiert
1993; Ekiert et al. 2001; Ekiert and Gomadlka 2000; Ekiert et al. 2005; Massot et al.
2000; Milesi et al. 1998), the amount of FC produced in unorganized cell cultures
(Bourgaud et al. 1995; Ekiert et al. 2005) was comparatively lower than the obtained
in organized cultures (Ekiert et al. 2001; Diwan and Malphathak 2008; Massot et al.
2000). Diwan and Malphathak (2010) demonstrated that differentiation of cells into
shoot and root primordia increased the capacity for synthesis and accumulation of
FCs.

Recently, Parast et al. (2011) reported the synthesis of psoralen in callus from
P. corylifolia and its increasing when calli were exposed to different organic elicitors
(yeast extract, proline, inositol, casein hydrolyzate (CH), glycine, glutamine and
sucrose) and precursors of psoralen (umbelliferone, cinnamic acid and NADPH).

4.3.3. Plant regeneration and micropropagation

In vitro regeneration and micropropagation protocols have been published for P.
corylifolia (Baskaran and Jayabalan 2007; 2008; 2009a; Baskaran et al. 2011;
Saxena et al. 1997), R. graveolens (Ahmad et al. 2010; Anis and Faisal 2005), and
A. majus (Pande et al. 2002). Baskaran and Jayabalan (2011) evaluated the FC
content of micropropagated plants and reported higher levels of psoralen than in
plants grown under natural conditions. This increment could be due to in vitro stress
(culture conditions) during the cultures and the addition of mineral salt solution (L2
medium) during acclimatisation. Massot et al. (2000) compared the FC content in
different R. graveolens materials (cell suspensions, calli, micropropagated shoots

and entire plants), and reported higher concentration in micropropagated shoots.
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4.3.4. Hairy roots cultures

Due to its capacity of SM production this technique has been also used for FC
production in P. corylifolia, R. graveolens and A. majus. Staniszewska et al. (2003)
reported the presence of umbelliferone and bergapten in hairy roots of A. majus.
Sidwa-Gorycka et al. (2003) observed a high level of bergapten and isopimpinelin,
and the presence of other FCs such as psoralen or xanthotoxin in hairy roots of R.
graveolens. Other authors have studied the root culture techniques, Baskaran and
Jayabalan (2009d) reported higher level of FCs in suspension grown hairy roots than

in solid media.

4.3.5. Genetic modification

To the best of our knowledge, no studies have been yet reported about genetic
modification for FC production. Lievre et al. (2005) reported an efficient
Agrobacterium-mediated transformation method to obtain R. graveolens modified
plants with a plasmid harboring neomycin phosphotransferase and B-glucuronidase
encoding genes. Following this protocol, they obtained genetically-modified plants
with a cinnamate-4-hydroxylase (C4H) gene under the control of the CaMV 35S
promoter, although no data about FCs were reported.

Some genes involved in FC biosynthesis pathway have already been isolated
and characterised (Larbat et al. 2007; 2009; Parast et al. 2011) however, the
bottleneck is the development of genetic modification protocols for FC-producing
species. In the future, the development of these protocols will allow controlling the
synthesis of linear or angular FCs.

4.4. Genetic characterization by molecular markers

The B. bituminosa genome is currently uncharted and genome-wide markers
have not yet been developed. Indeed, B. bituminosa could be considered a ‘genomic
orphan’ species (Varshney et al. 2009) with almost no genomic resources available.
New DNA sequencing technologies provide an opportunity to develop high quality
molecular markers for such orphan species.
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Breeding programmes in B. bituminosa have been developed (Project
RTA2007-00046-00-00) and molecular markers would be a valuable support to these
programmes (Collard et al. (2008). Markers provide the means to characterise
genetic diversity within breeding programmes and help identifying new genetic
diversity in the wild or in germplasm collections. Markers are valuable in determining
or confirming pedigrees and for marker-assisted selection of traits that are difficult
and/or expensive to measure. However, no genomic resources or high-quality
codominant markers are available for genetic analysis in B. bituminosa. The few
genomic resources readily available for molecular marker development for B.
bituminosa consist largely of chloroplast gene sequences developed for phylogenetic
studies (Doyle et al. 1997; Egan and Crandall 2008).

In the recent years, new high-throughput genome sequencing technologies
have been developed and provide a relatively low-cost opportunity for rapid
development of markers for a species like B. bituminosa that have few available
genomic resources (for more information, see Introduction in Chapter Il: Next
generation DNA sequencing).
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OBJECTIVES

The general objective of this thesis is the application of Plant Biotechnology and
Molecular Biology in order to over-produce secondary metabolites. This general

objective is divided into two main objectives:

1. Genetic modification of Vitis vinifera L. cv. Sugraone with the stilbene

synthase 1 (Vst1) cisgene to over-produce trans-resveratrol.

2. Development of in vitro culture and elicitation techniques to over-produce
furanocoumarins (FCs), and molecular biology tools for genetic variability studies
in Bituminaria bituminosa (L.) Stirt.

a. Micropropagation and evaluation of the FC content in regenerated plants.

b. Plant regeneration from leaf explants and evaluation of the FC content in
different plant materials.

c. Elicitation by ultraviolet radiation of calli and in vitro regenerated plants for

FC over-production.

d. Detection and characterisation of endophytic bacterial contamination in in
vitro cultures of B. bituminosa.

e. Development of a cDNA library and sampling of the leaf transcriptome
using 454 GS-FLX pyrosequencing technology. Identification of simple
sequence repeat (SSR) motifs to characterise a broad set of B. bituminosa

accessions.
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The thesis has been divided into two chapters, enclosing the studies carried out
in V. vinifera (Chapter I) and in B. bituminosa (Chapter Il). The organisation of
chapters has followed a chronological development of objectives, and the results
have been prepared for their publication in international scientific journals.

CHAPTER |I: TRANS-RESVERATROL PRODUCTION BY ENGINEERED
GRAPEVINES THAT OVER-EXPRESS THE CISGENIC Vitis vinifera Stilbene
Synthase 1 GENE.

CHAPTER IIl: DEVELOPMENT OF IN VITRO CULTURE, ELICITATION AND
MOLECULAR BIOLOGY TECHNIQUES IN Bituminaria bituminosa.

1. Micropropagation from apical and nodal segments of Bituminaria bituminosa
and the furanocoumarin content of propagated plants. J Hort Sci Biotech
87(1): 29-35, 2012.

2. Plant regeneration from leaf explants of Bitumnaria bituminosa and the
furanocoumarin content of regenerated plants. Plant Growth Regulation
(submitted).

Elicitation by ultraviolet radiation of calli and in vitro plants for furanocoumarin

over-production.

3. Detection and characterisation of endophytic bacteria from B. bituminosa in

vitro cultures.

4. Next generation DNA sequencing technology delivers valuable genetic
markers for the genomic orphan legume species, Bituminaria bituminosa.
BMC Genetics 12: 104, 2011.
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CHAPTERI

TRANS-RESVERATROL PRODUCTION BY ENGINEERED
GRAPEVINES THAT OVER-EXPRESS THE CISGENIC Vitis vinifera

Stilbene Synthase 1 GENE
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INTRODUCTION

Trans-resveratrol (syn. resveratrol) is a beneficial molecule to human
health (Kiselev 2011). Resveratrol is a stilbene that prevents cardiovascular
diseases and inhibits apoptotic cell death, thereby providing protection from
myocardial ischemic reperfusion injury, atherosclerosis, ventricular arrhythmias
(Fernandez-Mar et al. 2012), and thrombocyte aggregation through regulation
of the synthesis of eicosanoids (Olas et al. 2001). Resveratrol has an intrinsic
antioxidant capacity that could be related to its chemo-protective effects
(Fernandez-Mar et al. 2012) and may also provide some protection against
certain types of cancer (Aggarwal et al. 2004). The anti-carcinogenic effects of
resveratrol reside in its capability to inhibit cellular proliferation and have a direct
cytotoxic effect in tumour cells (Shankar et al. 2007). Moreover, it may play a
role in the prevention of diabetes and diabetic complications (Harikumar and
Aggarwal 2008), extends the lifespan of S. cerevisiae, Caenorhabditis elegans
and Drosophila melanogaster (Howith et al. 2003; Valenzano et al. 2006; Wood
et al. 2004) and combats the neuronal dysfunction caused in Huntington’s and
Alzheimer’s diseases, through the activation of sirtuin pathway (Parker et al.
2005). These silent information regulator enzymes or sirtuins (SIRTs family)
have recently emerged as central players in the regulation of critical metabolic
pathways such as insulin secretion and lipid mobilisation (Pacholec et al. 2010).
Later studies have reported that resveratrol does not directly active SIRTs
(Beher et al. 2009; Burnett at el. 2011; Pacholec et al. 2010) but SIRT1
activators and resveratrol interact with multiple unrelated targets including
receptors, enzymes, ion channels and transporters (Pacholec et al. 2010).

In grapevine, the synthesis of resveratrol is controlled by a key enzyme,
stilbene synthase, which belongs to a multigenic family composed by 21-43
genes (Jaillon et al. 2007; Velasco et al. 2007; Wiese et al. 1994), some of them
have already been isolated and cloned (Sparvoli et al. 1994; Wiese et al. 1994)

The use of genetic engineering in grapevines to alter the stilbene
biosynthesis pathway could be a powerful tool to establish a starting point for
large-scale production of resveratrol. In fact, genetic transformation protocols
using Agrobacterium tumefaciens are available for different Vitis sp. (Coutos-
Thévenot et al. 2001; Fan et al. 2007; Lépez-Pérez et al. 2008) and the transfer
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of different STS genes into the Vitis genome has been possible (Coutos-
Thévenot ef al. 2001; Fan et al. 2007), obtaining modified plants with increased
resveratrol levels, that produced an increase in the resistance to fungal

infection.

In the present work, partially-cisgenic plants of Sugraone (Superior
Seedless®) have been obtained, with a Vst? cisgene, a natural gene from
grapevine. The modified plants exhibited resveratrol levels significantly higher
than the control plants.

MATERIAL AND METHODS

Bacterial strains and plasmids

Agrobacterium tumefaciens EHA105 strain (Hood et al. 1993), a disarmed
derivative of A281, was used for in vitro transformation of grapevine

embryogenic calli.

The binary plasmid pKSTS706 was constructed in our laboratory using the
Gateway cloning system (Invitrogen). RNA from Red Globe berries was
extracted and cDNA from the stilbene synthase gene was amplified by RT-PCR
using primers attB1full Vst1U1 (5° GGGACAAGTTTGTACAAAAAAGCAGGCTC
TTCCTCAACTTAATCTTAGGCCT) and attB2polyT (5’GGGGACCACTTTGTA
CAAGAAAGCTGGGT). Next, cloning of cDNA by Gateway BP recombination
with plasmid pDONR221 (Invitrogen) was performed to obtain plasmid
pEDSTS3105 that was used to transform Escherichia coli DH5a cells. Finally,
after Gateway LR recombination between pEDSTS3105 and pK7WG2D (Karimi
et al., 2002, 2005), plasmid pKSTS706 was obtained and transferred by
transformation into E. coli DH5a cells. Restriction and sequencing analyses
were carried out to check that the construction was correct. Electroporation of
A. tumefaciens EHA105 with this plasmid was carried out to obtain the strain
EHA105-pKSTS706. The binary plasmid pKSTS706 contains the complete
coding region for the Vst7 cDNA under the CaMV35S promoter (p35S) and

terminator and includes a kanamycin resistance gene under the control of the

42



Chapter I: Genetic modification of V. vinifera

nopaline synthetase gene promoter and terminator, as well as a GFP
expression module provided by the EgfpER gene (Figure 3A).

Genetic Modification

For genetic modification, A. tumefaciens EHA105-pKSTS706 at
ODgno=0.2 were co-cultured with embryogenic calli (0.08 g) from Sugraone for
two days following the protocol described by Dabauza and Velasco (2012): calli
were washed with MS (Murashige and Skoog 1962) + 900 mg I"' cefotaxime for
20 minutes and cultured on AMSAC (ANNEX 1) with 300 mg I cefotaxime.
After ten days, calli were transferred to the same medium with 50 mg I’
kanamycin to select modified somatic embryos. The cultures were maintained in
darkness at 26+1 °C and sub-cultured to fresh medium every 30 days. GFP-
positive somatic embryos were transferred onto germination medium (ANNEX 1)
with cefotaxime (300 mg I'") and maintained at 25 °C and 16:8 h photoperiod
with a photon flux density of 45 umol m? s provided by Grolux fluorescent
tubes (Sylvania). Germinated somatic embryos were cultured into test tubes on
plant development medium (ANNEX ) with cefotaxime (300 mg ') to
regenerate plants. Plants were micropropagated on the same medium in 500-ml
glass pots without cefotaxime.

Calli were examined periodically under a Leica MZ16F fluorescence
stereomicroscope with a GFP-Plant filter that not blocks the red auto-
fluorescence of chlorophyll. The light source was provided by an HBO 100W
high-pressure mercury lamp. Photographs were taken using a Canon Power
Shot S50 digital camera.

Eight calli (0.08 g fresh weight per callus) were used and the experiment
was repeated twice. The number of genetically-modified somatic embryos was
counted.

Acclimatisation of plants was carried out following the protocol described
by Loépez-Pérez et al. (2005). Well-rooted and elongated plants were
transplanted into 10-cm pots with a mixture of 50% peat and 50% perlite,
covered with a plastic bag and incubated in a chamber under constant
conditions, 16:8 h photoperiod, 27+ 1 °C for 2 weeks. Then, the plastic bag was
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gradually raised before being completely removed. For resveratrol analyses,
plants were transferred to a greenhouse.

PCR analyses

Genomic DNA was isolated from young leaves according to Dellaporta et
al. (1983). A standard PCR technique was used to determine the presence of
the EgfpER and nptll genes, using specific primers that amplify the encoding
sequences. The primer pairs used were 5-ATGGTGAGCAAGGGCGAGGA-3
and 5-GGACCATGTGATC GCGCTTC-3’, that amplified a 600-bp fragment of
the EgfpER gene and 5-GACGAGGCAGCGCGGCTAT-3 and 5'-
AAGAAGGCGATAGAAGGCGA-3’, that amplified a 660-pb fragment of the nptll
gene (Ghorbel et al. 1999). PCR reactions were performed in 25 ul containing 4
ng DNA, 0.4 mM dNTPs, 1.25 mM MgCl,, 0.4 uM of each primer, 1x buffer and
0.5 U of GoTag DNA polymerase (Promega). Reactions were subjected to 40
cycles of 30 s at 95°C, 30 s at 55°C and 1 min at 72°C. Amplified DNA was
detected by UV after electrophoresis on agarose gel (1% w/v) with ethidium
bromide. In order to detect the introduced foreign Vst1 gene and to discriminate
from the endogenous Vst? gene, a region of 195 bp from the CaMV35S
promoter was amplified using the primers 5-GCTCCTACAAATGCCATCA-3’
and 5-GATAGTGGGATTGTGCGTCA-3' (Lipp et al. 1999) and PCR was
subjected to 40 cycles in the same conditions described above.

Southern blot

Genomic DNA of the samples (20 ug) was digested with EcoRl, separated
on 1% (w/v) agarose gels and blotted onto positively-charged nylon membranes
(Hybond®, Roche, Basel, Switzerland) using a Bio-Rad 785 vacuum blotter
system. Following the transfer, the DNA was UV cross-linked (0.120 Joules cm’
2 254 nm) to the membrane prior to overnight hybridisation with DNA DIG-
labelled probes (20 ng ml™") derived from the p35S region and the coding region
of the nptll gene, obtained after a PCR with the above-described primers
(Figure 3A). Detection of the hybridisation signals was carried out according to

the manufacturer’s instructions (Roche).

44



Chapter I: Genetic modification of V. vinifera

Cisgene copy nhumber determination

In addition to the Southern blot, quantitative real-time PCR was performed
for cisgene copy number determination. For the analysis, individual samples
were replicated three times in two independent experiments. All reactions were
carried out in a 20 pl final volume containing 1 pyl sample DNA (a total of 10 ng),
10 pl of 2x SYBR Green FAST gPCR Kit (KAPA Biosystems, Cape Town,
South Africa), 2 pl of each primer (0.5 yM) and 5 ul sterile water. External
controls representing 1-5 gene copies were prepared by diluting EcoRlI-
linearised plasmid pK7WG2D to a given concentration and adding the DNA to
reaction mixtures that contained 10 ng of SS-C2 genomic DNA (control plant).
The amount of plasmid DNA corresponding to a single copy of the gene per
reaction was calculated as 10 ng (genomic DNA amount) x 1.28x10* bp (size of
pK7WG2D)/4.75x10% bp (1C genome size of grape)=0.269 pg. The parameter
used for cisgene copy number estimation was the crossing point (Cp) in g°PCR
analysis. The gPCR conditions were the following: 95°C for 3 min followed by
40 thermal cycles of 95°C for 15 s and 60°C for 45 s. The level of SYBR-
specific fluorescence (483-533 nm) at the end of each cycle was measured and
recorded via a CCD camera connected to the Bio-Rad iQ5 Thermal cycler, and
was further analysed using the software Bio-Rad iQ5 System Software v. 2.1.
Following the thermal cycling, melting-curve analysis was performed to verify
amplicon sequence specificity. The cisgene indicator used for copy number
estimation was the 35S promoter.

RNA extraction and reverse transcription

For the RT-gPCR studies, the middle leaf of five plants per genetically-
modified and control line was sampled in the month of August (15 individual
samples in total). RNA was extracted using the Spectrum Plant Total RNA Kit
(Sigma-Aldrich Chemie, GmbH) according to the manufacturer’s instructions
and then immediately stored at -80°C until further use. To eliminate DNA
contamination of RNA, DNase treatment was performed using RNase-free
DNase | (Promega, Madison, WI). The RNA purity and yield were determined

spectrophotometrically using a NanoDrop ND-1000 spectrophotometer
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(NanoDrop Technologies, Wilmington, DE). RNA integrity was checked in 2 %
agarose TBE gels. Five plants of each line were sampled along the period
considered in this study. Reverse transcription (RT) was performed, in a 20 ul
final volume, on one microgram of DNase-treated RNA using 20 U of MuMLV
Reverse Transcriptase (Eurogentec, Seraing, Belgium) with 10 pmol of the

reverse primers described in the next section.

Quantitative real-time PCR

Primers STS2-For (5-ATCGAAGATCACCCACCTTG-3) and STS2-Rev
(5-CTTAGCGGTTCGAAGGACAG-3’) used for Vst1 expression analysis were
designed with the Primer3 online tool (http://biotools.umassmed.edu/bioapps/
primer3_www.cgi) (Rozen et al. 1998). For the internal reference genes Actin
and NAD5, we used the primer pairs described in Gutha et al. (2010).

By using the Bio-Rad iQ5 Thermal cycler, the real-time gPCR was done
using the KAPA SYBR Green FAST gqPCR Kit (KAPA Biosystems). The qPCR
was performed in white 96-well PCR plates (Bioplastics RV, The Netherlands)
with 100 ng of cDNA template, 10 pl of SYBR Green gPCR mix and 500 nM of
each primer in a 20 pl reaction volume. Samples were subjected to the following
conditions: 95°C for 3 min and 40 cycles of 95°C for 15 s, 60°C for 45 s.
Product specificity for the Vst1 gene was determined with the software package
Bio-Rad Optical System Software v.2.1, by melting-curve analysis of 60 s at 95
°C, 60 s at 55 °C, followed by fluorescence reading at 0.5 °C increments from
55 to 95 °C (Bustin et al. 2009).

Vst1 relative expression

The relative expression of the Vst gene, detected by real-time PCR, was
compared as the means of five biological replicates and three technical
replicates from each of the three lines studied (SS-E38, SS-E39 and SS-C2),
based on the standard curve method as described by Pfaffl et al. (2006). Briefly,
for Vst1, fold ratio determination was derived from the formula: ratio= Eiarget
EXP(ACq(target)(control-sample))/EEXP(ACq(ref)(control-sample)) where
Etarget refers to the amplification efficiency for the cisgene (Vst7) and Et is the
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amplification efficiency for the reference genes (Actin or NADS5). The ACq
values of samples were determined and normalised to the mean value of five
plants of the control line SS-C2 included in each plate. For the calculus of the
efficiency (E=10EXP[-1/slope]), the Cq of a dilution series of the positive control
(plasmid) in three replicates ranging from 10°, 107, 102,10, 10* and 10™° were
determined and the intercept and slope were calculated based on the linear
regression. Similarly, the amplification efficiencies for the Actin and NAD5

reference genes were obtained.

During the analyses, the Vst1 expression effect was investigated. A total
of 15 individual samples from two different genetically-modified lines (SS-E38
and SS-E39) and the control line SS-C2 were analysed, with three technical
repetitions. Because the Cq data were not normally distributed, the values were
log10-transformed for the calculations.

Resveratrol analyses

Frozen leaves of plants grown in a greenhouse were ground with a
mortar and pestle in liquid nitrogen and a known concentration of keracyanin
chloride was added as internal standard. Resveratrol was extracted with
methanol, followed by centrifugation at 10,000 rpm (14,136xg) for 20 min to
separate the insoluble residue. The extracts were evaporated to dryness under
vacuum and dissolved in methanol/formic acid (97:3 v/v) before HPLC analysis.
All procedures were carried out in a dark room under reduced light.

Samples of 20 ul of extract were analysed using an HPLC system
(Hewlett-Packard, Germany) equipped with photodiode array UV/Vis and
fluorescence detectors. Separation was performed on a 250 mm x 4 mm i.d., 5
um reversed phase Lichrocart Cg column (Merck, Germany) with 6% acetic
acid (A) and 5:30:65 acetic acid: acetonitrile: ultra pure water (B) as the mobile
phase at a flow-rate of 0.4 ml min™". The chromatograms were recorded at 510
and 306 nm by a UV detector and, for fluorimetric detection the maximum
excitation wavelength was measured at 270 nm and emission at 372 nm
(Roggero and Garcia-Parrilla 1995). Pure resveratrol (trans-3, 4" 5-
trinydroxystilbene) and keracyanin chloride were purchased from Sigma
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Chemical Co. and used as external and internal standards, respectively. The
peak assignment of resveratrol was based on the retention time of the standard
and calibration curves were plotted versus known concentrations of commercial
resveratrol. Resveratrol concentration was expressed as pg g— fresh weight
(FW).

As resveratrol is induced by biotic and abiotic factors, to study the effect of
environmental conditions, the resveratrol concentration was evaluated in two
consecutives years, in five independent genetically-modified lines (SS-E24, SS-
E27, SS-E28, SS-E38, SS-E39) and two control plants (SS-C1 and SS-C2). In
the first year, sampling of leaves was performed at 0 (2008/09/19), 15
(2008/10/04) and 30 (2008/10/19) days after transfer of plants to greenhouse
conditions. In the second year, plants were acclimatised in a greenhouse for 15
days (2009/06/16).

Statistical analyses

One-way analysis of variance was used to compare the means. When
appropriate, the Student—Newman—Keuls (SNK) multiple range test was used to
determine significant differences among groups. All effects were tested at the
5% significance level. For the statistical analysis, the SPSS v.13 (Chicago, IL,
USA) statistical package was used.

RESULTS

Genetic transformation and plant regeneration

During the first 2 weeks of culture without selection, a high number of
GFP spots were observed in embryogenic calli (Figure 1A-C). The culture with
kanamycin significantly decreased the GFP expression. Two months after calli
co-cultivation, independent somatic embryos of 5-8 mm with visible root
primordia were isolated on medium with kanamycin. The number of GFP-
somatic embryos recovered during the selection phase (1-2 months) was 247
(Figure 1C, D) and 33% of them were able to germinate in medium without
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kanamycin. From germinated embryos, 26 independent partially-cisgenic plants
(10.5%) were obtained (Figure 1E, F), micropropagated and acclimatised

(Figure 1G) as described in Material and methods.
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Figure 1. Different stages of development in genetically-modified
Sugraone material (A-B) Transient GFP expression 5 d post co-
cultivation. (C-D) Somatic embryos showing stable GFP expression at
different stages of development. (E-F) Apical shoot showing stable GFP

expression. (G) Partially-cisgenic plant over-expressing Vst1 gene. A, C,
E, and G: illuminated by white light; B, D, and F: illuminated by blue light.
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PCR analyses

In grapevine, the stilbene synthase is encoded by a multigene family and
several chalcone synthase genes have 70% homology with the stilbene
synthase. This would make it difficult to analyse by PCR or Southern blot the
integration of any grapevine STS gene. Thus, to analyse the Sugraone modified
plants without any kind of doubts, PCR for the CaMV35S promoter and
Southern blot with a fragment of this promoter as a probe were performed
(Figure 3A).

The PCR analysis of some putative genetically-modified plants showed
the amplification of the three transferred genes (Figure 2A-D): 600 bp for
EgfpER (Figure 2A), 660 bp for nptll (Figure 2B) and 195bp for the CaMV35S
promoter that reveals the integration of the Vst1 gene (Figure 2C). Only in one
modified line (SS-E28) were the results contradictory, as analyses carried out
over time showed positive and negative amplifications, indicating that this line is

possibly a chimera (Figure 2D)
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M100 E38 E39 E40 P C M100 E38 E39 E40 P C MVI
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SS-E24 nd nd +
SS-E27 + + +
SS-E28 &? &? &?
SS-E38 + + +
SS-E39 + + +
SS-E40 + + +

Figure 2. PCR products of the EgfpER gene (A), nptll (B) and 35S promoter (C) in
three regenerated genetically-modified Sugraone plants (E38, E39 and E40). P:
Positive control (pKSTS706), C: negative control plant of Sugraone. M100, MVI and M:
molecular weight markers. Results of three PCR products from the genetically-modified
plants analysed for resveratrol production (D). nd: not determined, ;?: ambiguous
results

Southern blot

The stable insertion of the nptll gene and the CaMV35S promoter was
confirmed by Southern Blot analysis (Figure 3). Digestion with EcoRl, which has
a unique restriction site between the Egfp marker and the LB signal that
comprises the p35S and the exogenous Vst1 gene (Figure 3A), revealed one
single, stable integration event in the two Sugraone SS-E38 and SS-E39
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genetically-modified plants analysed for the nptll gene (Figure 3B) and for the
p35S in the same plants (data not shown). No hybridisation signals were
detected in non-modified control SS-C2 for either probe. The cisgene copy
number in the genetically-modified plants was also estimated from quantitative
real-time PCR experiments for the p35S. Cp values for the p35S in the
genetically modified lines were compared with an equivalent copy number of
plasmid dilutions. The results for the SS-E38 and SS-E39 indicated one single
copy of the cisgene in both lines and none in the non-modified control (Table 1).

Amplification specificity of Vst1

A primer pair was designed for the reverse transcription and specific
amplification of Vst mRNA. The cDNA obtained was of the expected size (163
bp) and was cloned and sequenced, confirming the identity of the gene.
Dissociation curve analysis done at the end of the RT-qPCR also demonstrated

that the primer pairs amplified a single PCR product (data not shown).

D N
A Q;o‘(\ @fb‘(\o@
attB2 attB1 | T/

LB nptll 1359 Vst1 p35S Egfp

nptll probe pSSS?obe

1 Kb
B

E38 E39

. Figure 3. Southern blot hybridisation for the

.. 611 Kb nptll_gene. (A) Map of the T-DNA of

' & 3Kb pKSTS7Q6_that includes the Vst7 cDNA with

' the restriction site for EcoRI used to digest

plant genomic DNA and the position of the

nptll and p35S probes. (B) SS-E38 and E-39

cisgenic plants genomic digested DNA
hybridised with the nptll probe
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Table 1. Estimation of cisgene copy number in Sugraone plants using
quantitative real-time PCR

Sample Average SD° Estimated copy no.
Cp?
SS-E38 26.02 0.29 1
SS-E39 25.51 0.42 1
SS-C2 31.61 0.47 0
Plasmid 1 copy 25.70 0.13 1
Plasmid 2 copies 24.80 0.40 2
Plasmid 3 copies 23.43 0.24 3
Plasmid 4 copies 23.19 0.44 4
Plasmid 5 copies 22.88 0.22 5

®Average values for p35S crossing points from three replicates in two
independent experiments. "Standard deviation for the crossing points

Relative expression of Vst1

Quantification of molecular targets using real-time RT-qgPCR requires a
linear relationship between the threshold PCR cycle (Ct) defined during the
exponential increase of the reporter’s fluorescence and the logarithm of the
initial target quantity in the corresponding sample. Serial dilutions in three
replicas of target Vst71 and the reference genes Actin and NADS5 cloned DNAs
were performed in order to obtain solutions containing from 10° to 10 copies of
the target and internal controls sequences, in 1 ul. When such samples were
tested by RT-qPCR assays, the standard curves showed a linear relationship
between the amount of input DNA and the Ct values for the three templates
over a range of six log units (Figure 4). Curves showed high correlation
coefficients and were linear within the range of the standard and experimental
DNA concentrations examined. Amplification efficiencies were calculated
resulting in 2.10 for Vst1, 1.97 for Actin and 1.89 for NADS.

The expression pattern of the Vst1 gene was examined in the control line
and in the two genetically-modified lines. Using two previously-described
reference genes, Actin and NAD5 (Gutha et al. 2010), Cq data from Vst1 real-
time PCR experiments were normalised and the relative expression levels are
shown in Figure 5. Vst1 gene expression was significantly higher in both
genetically-modified lines with respect to the non-modified control. When the
reference gene Actin was used, Vst1 expression was, on average, eight-fold
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higher for the SS-E38 than for the control. For the SS-E39, the fold increase
was five times with respect to the control. When the reference gene considered
is NAD5, Vst1 expression in SS-E38 was 15-times higher with respect to the
control while only 3.5-fold higher regarding SS-E39. In summary, Vst1
expression was significantly higher in the genetically-modified plants than in the

non-modified plants.
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Figure 4. Evaluation of amplification efficiency and dynamic range of amplification of
the target Vst1 (A) and references Actin (B) and NAD5 (C) specific DNA templates.
Mean Ct values were obtained from serial log 10 dilutions of cloned sequences
amplified by PCR. The figure inserts show the regression function and coefficient of
determination.
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Figure 5. Relative expression of the Vst1 gene in the control
and genetically-modified lines. The relative expression levels
for the Vst1 gene are shown for the leaves of the non-modified
control SS-C2 and the two genetically-modified lines studied,
SS-E38 and SS-E39. Columns represent mean values from
five Dbiological replicates. Fold increase values were
normalised to the reference genes Actin (black) or NAD5
(dashed). Bars represent the standard error of the means.
Significant differences in Vst1 gene expression between the
non-modified control and the genetically-modified lines were
determined by one-way ANOVA, using the SPSS software v.
13 (P < 0.05).

Resveratrol analyses

As resveratrol is induced by biotic and abiotic factors, production of
resveratrol was analysed by HPLC in two consecutive years, in five
independent genetically-modified lines (SS-E24, SS-E27, SS-E28, SS-E38, SS-
E39) and two control plants (SS-C1 and SS-C2). In the first year, sampling of
leaves was performed at 0, 15 and 30 d after transfer of plants to greenhouse
conditions, to analyse the effect of some stresses on the resveratrol production
(Figure 6A). The second one was performed with the same plants one year later

to test the production (Figure 6B).

The mean concentration of trans-resveratrol was higher in engineered
plants than in the controls. The different modified plants showed different
resveratrol production. At 15 days after transfer to the greenhouse (Figure 6A),
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the resveratrol production in modified plants was increased up to 7-fold (7 ug g
FW SS-E38) over the controls (up to 1 ug g' FW), and was stabilised. One year
later, the resveratrol was quantified again in the same plants but in June, when
plants are in a better physiological stage, and each modified plant maintained
the resveratrol levels (Figure 6B). In accordance with the usual tendency
throughout the grapevine life cycle, in November resveratrol levels fell
drastically, to below 0.5 ug g FW, and in December were hardly detected (data

not shown).

58



Chapter I: Genetic modification of V. vinifera

A
10
I 0d
[/ 15d
8 - I 30d
T
5 I (
©
S 6
>
3
o
; |
- 4
o
o
= T
) I
0 ID] i‘ﬁi T T T iT T
SS-C1  SS-C2 SS-E24 SS-E27 SS-E28 SS-E38 SS-E39
8
i I
6 T T
o
T
o
%
c
= 47
L
"_c»
o
=
2 _ .
=L T
0 T T T T T T T T
C-1 C-2 SS-E24 SS-E27 SS-E28 SS-E38 SS-E39 SS-E40

Figure 6. Trans-resveratrol content (ug g™') in fresh leaves of grapevine. (A) Production
of resveratrol at 0, 15 and 30 days after transfer of plants to greenhouse conditions.
Sampling of leaves was performed on 2008/09/19, 2008/10/04and 2008/10/19. (B)
Production of resveratrol at 15 days after transfer of plants to greenhouse conditions.
Sampling of leaves was performed on 2009/06/16.

59



Chapter I: Genetic modification of V. vinifera

DISCUSSION

In the present study, the over-production of resveratrol in genetically-
modified grapevines with the pKSTS706 plasmid, that express the Vsti1
cisgene, was achieved. The partial cisgenic Sugraone plants also contain viral
and bacterial genetic elements (used as promoters and terminators) along with
a reporter marker gene. According to Dhekney et al. (2011), this methodology
provides an avenue for the production of true cisgenic plants containing only
Vitis sequences.

Genetic modification. After co-culture of Sugraone embryogenic calli with
A. tumefaciens, many GFP spots were observed in the embryogenic calli during
the first 2 weeks of culture without selection. After selection with kanamycin the
GFP expression decreased significantly, as previously described by Lépez-
Pérez et al. (2008). Among 247 GFP-positive embryos recovered, 26
independent regenerated plants (10.5%) were obtained. Similar results were
described by Loépez-Pérez et al. (2008), where 15.5% of the Sugraone

germinated embryos regenerated plants.

PCR analysis, Southern blot, amplification specificity of Vsti. In
grapevine, the stilbene synthase is encoded by a multigene family, which
makes difficult to analyse by PCR or Southern blot the integration of any
grapevine STS genes. Different strategies have been adopted to analyse
grapevine plants engineered with grape genes. Coutos-Thévenot et al. (2001)
modified the 41B rootstock grapevine with the cDNA of the Vst7 gene under the
Pr10prom-Vst1 inducible-promoter and performed Southern blot with a probe of
the the nptll gene, as an indirect approach to test transformation by the
chimerical gene. Dhekney et al. (2011) used a specific forward primer at the
junction region between the core promoter (duplicated CaMV35S enhancer)
and the vvtl-1 cisgene (thaumatin-like protein gene) start codon, and a reverse
primer at the junction region between the stop codon of the cisgene and the
terminator sequence (35S-T). Fan et al. (2007) transformed V. vinifera cv.
Thompson Seedless with an STS gene from V. pseudoreticulata under the
control of an enhancer CaMV35S promoter and used specific STS primers, and
a DIG-labelled STS probe to analyse the transgenic plants by PCR and
Southern blot. In our study, the expression of cDNA of the Vst1 gene was
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controlled by the constitutive CaMV35S promoter, and the use of specific
primers for this promoter helped us to analyse, without any kind of doubts, the
integration of the Vst1 gene by PCR, Southern blot and RT-gPCR analyses.
Moreover, a primer pair was designed for the reverse transcription and
amplification of Vst1 mRNA, and the cDNA obtained was of the expected size
(163 bp) and was cloned and sequenced, confirming the identity of the gene.

Relative expression and copy number of Vst1. The cisgene copy number
was estimated by Southern blot but also by quantitative real-time PCR, as
described by Dutt et al. (2008) and Dhekney et al. (2009; 2011). The two
modified Sugraone plants analysed by Southern blot and quantitative real time-
PCR (SS-38 and SS-E39) showed only one copy of the cisgene. These plants
were two of the higher resveratrol producers. The grapevine transgenic line
tested by Fan et al. (2007) also carried a single copy of the STS gene.
However, Coutos-Thévenot et al. (2001) refer to the expression (by RNA blot
analysis) of the Vst1 gene in modified 41B plants, after UV-induction, but do not
refer to the copy number of the gene in the different grapevine modified lines
obtained. Single gene insertion in transgenic plants is much more useful for
eventual breeding purposes (Fan et al. 2007) although some studies showed no
definite relationship between copy number of inserted genes and level of
enzyme activity (Flavell 1994; Stam et al. 1997; Vaucheret et al. 1998; Zhu et
al. 2004).

By using gene-specific RT-gPCR, this study presents evidence that the
insertion of a cisgenic Vst1 gene under the control of a CaMV35S promoter
enhances the synthesis of specific mMRNA. The increased levels of Vstf
transcripts may explain the higher resveratrol production in the modified plants
compared with the non-modified control.

Resveratrol analysis. As resveratrol production depends on both biotic
and abiotic factors, including the physiological stage of the plant (Jeandet et al.
2002), leaves of partially-cisgenic plants were analysed from the day of transfer
to greenhouse conditions (day 0) until several months after, and also in
consecutive years. The production of resveratrol reached a maximum 15 days

after transfer to the greenhouse, stabilised during the summer months until
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October and then decreased dramatically from November, when the
temperature decreases and plants start to die off.

The levels of synthesised resveratrol in the best seasonal conditions
were from 2 to 7 pg g' FW (2 to 7-fold higher than the control) depending on
the plant, SS-38 and SS-E39 being two of the best. In in vitro conditions

resveratrol in leaves was undetectable.

The production of resveratrol in other modified grapevine plants has been
evaluated. Coutos-Thévenot et al. (2001) achieved resveratrol over-production
in eight of the 30 STS-modified plants of the 41B rootstock analysed, only after
induction of the Pr10prom inducible-promoter (that controls the expression of
the Vst1 gene) by Botrytis infection of leaves from in vitro plants: 40-2000 ug g
DW (2-100-fold increase over the control). They estimated that 2000 ug g DW
from in vitro leaves correspond approximately to 200 pug g’ FW. Without
induction, the levels of resveratrol were undetectable. Fan et al. (2007)
transformed the grapevine Thompson Seedless with an STS gene of V.
pseudoreticulata under the control of an enhancer CaMV35S promoter, and
leaves of in vitro modified plants were able to produce 2.5 ug g' FW resveratrol

(5-fold greater than the control).

In the current work, the resveratrol levels obtained (2-7 fold greater than
the control) were in the same range as these two other reports (2-100 fold
greater), although comparisons between these different modified grapevine
plants synthesising resveratrol are difficult because the promoters and genes
were different and different types of leaves were used (greenhouse plants in the

current work, in vitro plants in the other studies).

Using the Vst1 gene, leaves of neither Sugraone nor 41B in vitro modified
plants were able to synthesise resveratrol (this work and Coutos-Thévenot et al.
2001). But the expression of this gene was optimised by using the Pr10prom
inducible-promoter, and so, 41B in vitro plants were able to produce resveratrol
after induction by Boftrytis-infection (Coutos-Thévenot et al. 2001). In the
present work, the constitutive CaMV35S promoter was used, and only in growth
chamber (data not shown) or greenhouse conditions were the cisgenic
Sugraone plants able to produce resveratrol at a detectable level. Moreover, the
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levels found were higher in greenhouse-grown plants than in chamber-grown
plants (data not shown), and were higher in summer months than in cold
months, showing an effect of environmental (abiotic and biotic) factors and the
physiological state of the plant on resveratrol production.

The expression of STS genes in tobacco did not alter the normal growth
of modified plants (Hain et al. 1993), but in other caused male sterility (Fisher et
al. 1997; Ingrosso et al. 2011). In the current case, no morphological differences
with respect to the control plants have been observed, although it will be
necessary to wait for the first flowering period to test any putative abnormality in
modified Sugraone plants.

In conclusion, partially-cisgenic Sugraone plants have been obtained,
following the protocol established by Lépez-Perez et al. (2008). The leaves of
genetically-modified plants over-produced resveratrol at levels significantly

higher than the control plants.

The resveratrol content was only examined in leaves, so evaluations in
other parts of the plants should be done. Constitutive expression would be good
for the control of pathogens that attack multiple sites on the plant, such as
stems, leaves and berries of grapevine (Fan et al. 2007). In this sense, the
resistance of the partially-cisgenic Sugraone plants to fungal diseases is under

investigation.

As a future prospect, the establishment of cell suspensions obtained from
leaf-calli and subsequently elicitation could be a good alternative to increase
large-scale resveratrol production for commercial purposes.
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INTRODUCTION

Bituminaria bituminosa (L.) C.H. Stirton (syn. Psoralea bituminosa L.,
Fabaceae, Psoraleeae; Stirton 1981) is a perennial species that is widely
distributed in the Mediterranean Basin and Macaronesia. In the Canary Islands,
the plants are grazed by small herbivores, but are mainly used for hay to feed
milking goats (Méndez, 2000; Méndez and Fernandez 1990; Mufoz and
Correal 1998). Bituminaria plants are also a source of secondary metabolites of
pharmaceutical and medicinal interest, such as the furanocoumarins (Martinez
et al. 2010) and pterocarpans (Maurich et al. 2004; 2006).

In the Canary Islands three botanical varieties of B. bituminosa (L.) C.H.
Stirt. are found in habitats ranging from coastal semi-arid regions (var.
albomarginata, referred to as “Tedera”), to sub-humid mountainous areas (var.
crassiuscula). The third variety, bituminosa, is more widely adapted and is also
found throughout the Mediterranean Basin. The B. bituminosa variety
albomarginata, remains green with abundant vegetative growth and a high
protein content during the hot, dry Mediterranean Summer. The latter, may
therefore be considered as a good candidate for more extensive cultivation in
the low-rainfall areas of Spain and other regions with Mediterranean climates
such as Western Australia. In Australia, B. bituminosa is currently the subject of
a breeding programme to develop commercial cultivars to improve pasture
production during the dry Summer period (Real et al. 2008).

Among the many biological compounds that this species synthesises,
furanocoumarins such as psoralen and angelicin are of considerable
pharmaceutical interest. Psoralens are widely used both in cosmetics and
dermatology to treat human skin diseases such as psoriasis, mycosis
fungoides, vitiligo, photodermatitis, and eczema (Innocenti et al. 1991), while
angelicin has calmative, sedative, and anti-convulsant activities and is used for
the treatment of thalassemia [US Patent No: US2006/0111433(A1)]. B.
bituminosa also contains other secondary metabolites of interest such as
pterocarpans, which have anti-proliferative, estrogenic, hepatic-protective, anti-
allergy, anti-inflammatory, apoptotic, and anti-tumour activities (Maurich et al.
2004; 2006; Pistelli et al. 2003). In addition, this species has potential as an
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ornamental plant (especially var. albomarginata), and for the phyto-stabilisation

of former mining areas contaminated by heavy metals (Walker et al. 2007).

Several research teams from Spain, ltaly, Israel, Greece, and Australia
are co-operating on research into B. bituminosa as a potential Mediterranean
pasture species and in particular, the Spanish and Australian teams are
carrying out a breeding programme in which genetic variability in B. bituminosa
is being studied (Martinez et al. 2010). As a result of this breeding programme,
the Spanish team at Instituto Murciano de Investigacion y Desarrollo Agrario y
Alimentario (IMIDA) has selected hybrid and non-hybrid lines showing high
levels of expression of, or a combination of desirable traits such as high forage
quality, tolerance to biotic or abiotic stresses, or high contents of
furanocoumarins (FCs). Therefore, the establishment of an in vitro culture
system offers an attractive approach for the large-scale propagation and
conservation of germplasm resources of these plants, especially in relation to
their potential pharmaceutical use as sources of FCs and pterocarpans. Other
species such as Psoralea corylifolia and Ruta graveolens are currently being
used to obtain FCs and the FC contents of these micropropagated plants and
shoot cultures were higher in micropropagated ex vitro plants than in in vivo
plants (Ekiert et al. 2001; Baskaran and Jayabalan, 2008).

In this report, our aim was to develop an efficient, rapid, and reproducible
protocol for the in vitro establishment and micropropagation of two accessions
that synthesise more psoralen than angelicin [var. albomarginata (“albo-
tedera”) from accession ‘Famara-Lanzarote’ and hybrid var. bituminosa x var.
albomarginata (“bitu-hybrid”) from accession ‘Bullas-La Perdiz’] and two
accessions that have a high angelicin:psoralen ratio [var. bituminosa (“bitu-
Calnegre”) from accession ‘Calnegre-Murcia’ and hybrid var. albomarginata x
var. bituminosa (“albo-hybrid”) from accession ‘Purias-Famara’], using apical
and nodal explants cultured on a modified Murashige and Skoog (MS; 1962)
medium with organic additives and plant growth regulators (PGRs). FC
contents were later examined in micropropagated plants that had been
established in the field and in non-micropropagated mother plants (i. e., mother
plants). To our knowledge, this is the first report on a protocol for the
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micropropagation of B. bituminosa and on the FC contents of ex vitro

(micropropagated) plants.

MATERIALS AND METHODS

Plant material and establishment of aseptic shoot cultures

Four accessions of B. bituminosa (L.) C.H. Stirt. were used: var.
albomarginata (hereafter called “albo-tedera”) from  accession ‘Famara-
Lanzarote’; var. bituminosa (hereafter called “bitu-Calnegre”) from accession
‘Calnegre-Murcia’ and two hybrid lines, one from a cross between var.
albomarginata x var. bituminosa (hereafter called “albo-hybrid”) from a ‘Purias-
Famara’ accession, and another from var. bituminosa x var. albomarginata

(hereafter called “bitu-hybrid”) from a ‘Bullas-La Perdiz’ accession.

Stems 9 - 12 cm-long were collected from the IMIDA experimental field at
La Alberca, Murcia, Spain. The stems were washed in running tap water,
followed by treatment in 1% (v/v) commercial anionic detergent (Clen vajillas;
Reckit Benkiser S.L., Barcelona, Spain) for 30 min. To study the effect of
disinfectant concentration, apical and nodal explants of “albo-tedera” and “bitu-
Calnegre” were cut into 1.5 cm fragments and surface-sterilised in sodium
troclosene dehydrated (CTX-200/GR®; CTX S.A.U., Barcelona, Spain) at
various concentrations (1.0, 1.5, 2.0, 2.8 or 3.5 g I') each containing 0.1% (v/v)
Tween-20, with shaking for 2 h. The explants were then immediately
transferred to test-tubes containing 10 ml MS (Murashige and Skoog, 1962)
basal medium with 3% (w/v) sucrose and 0.8% (w/v) Noble agar (Difco™,;
Becton, Dickinson and Company, Sparks, MD 21152, USA). The experiments
were carried out in different seasons of the year: Spring (May), Summer (July),
Autumn (October), and Winter (January). Seven hundred explants were
cultured per treatment, and the experiments were repeated three-times. The

number of contaminated explants was scored after 20 d.
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Shoot multiplication

Healthy apical and nodal explants were used to study shoot multiplication
capacity. The effect of agar type was evaluated using 0.8% (w/v) American
bacteriological agar (Pronadisa; Laboratorios Conda, Madrid, Spain), European
bacteriological agar (Pronadisa), or Noble agar (Difco™) in T1 medium [MS
microelements and 0.5x MS macroelements, supplemented with 0.01 mg I’
biotin, 100 mg I'' casein hydrolysate, 100 mg "' L-glutamine, 2% (w/v) sucrose,
|-1

400 mg I' cefotaxime, and 35 mg gentamicin]. The frequency of

hyperhydrated explants was scored at 30 d.

For shoot multiplication, the effects of adding various plant growth
regulators (PGRs) or 2.5 g I activated charcoal (AC) to T1 medium were
studied: T2 medium [ T2 medium= T1 medium+ 10 uM indole acetic acid (IAA)
+ 1.0 uM qgibberellic acid (GAz)], T1+AC medium, or T2+AC medium (see
ANNEX I). Two explants were cultured per glass bottle, and a total of 100
explants were cultured per treatment. The experiments were repeated three-
times. After 4 weeks, explants were sub-cultured on the same fresh medium
(T1, T1+AC, T2, or T2+AC). The frequency of explants that exhibited shoot
multiplication and the average number of shoots > 5mm per explant were

evaluated after 8 weeks of culture.

Rooting of shoots

To test for rooting ability, elongated shoots (1.5 — 2.0 cm) were excised
and cultured on three different media: T1+AC, T2+AC, or T3 [T3 medium =
T1+AC supplemented with 10 uM indole butyric acid (IBA)] (see ANNEX I). At
least 30 shoots were cultured per treatment, and the experiment was repeated
three-times.

In all experiments, the pH of the various media was adjusted to 5.8 with
1.0 M KOH before autoclaving at 1.06 kg cm®?and 1212C for 15 min. For shoot
multiplication and rooting, explants were cultured in 300 ml glass bottles
containing 100 ml culture medium. All cultures were maintained in a culture
chamber at 25° + 2°C with a 16 h-photoperiod at a photosynthetic photon flux

density of 45 umol m?s™.
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Acclimatisation of micropropagated plantlets

Plantlets with well-developed roots were extracted from the various
culture media and their roots were gently washed with tap water to remove all
agar. The plantlets were transplanted into 250 ml plastic pots containing
autoclaved 3:1 (v/v) mix of Kekkila® substrate (Kekkild Iberia S.L., Valencia,
Spain, N-P-K 15-10-20 + micronutrients):perlite and covered with an inverted
glass bottle to maintain high humidity. All pots were placed in a cultured
chamber, at 27° + 2°C with a 16 h-photoperiod at a photosynthetic photon flux
density of 70.74 pmol m? s™. The glass bottles were raised-up for increasingly
long periods until the plants were completely acclimatised, at which point they
were transferred to a greenhouse (ex vitro plants). After 1 month, 30 ex vitro
plants of each accession were established in the experimental field at La
Alberca, Murcia, Spain (37°56°N, 1°08'W).

Furanocoumarin contents of micropropagated plants

After 18 months, selected micropropagated plants (15 plants of each
hybrid and no-hybrid accessions) from the experimental field were evaluated for
their FC content (i.e., psoralen and angelicin) by HPLC, and the values obtained
were compared with those obtained from the non-micropropagated mother
plants. The aerial parts (10 g FW of leaves and stems) of the different plants
described above were dried to constant weight at 50°C immediately after
collection. The aerial parts (0.8 g) were then ground and were shaken with 14
ml of a 1:1 (v/v) mix of 100% (v/v) methanol:water. Each extract was hydrolysed
with 1 ml 1.0 M HCI prior to quantification. The solutions were filtered through a
0.45 um nylon membrane before analysis. A Jasco liquid chromatograph fitted
with an analytical column (LiChroCARTR Cis; Agilent, Santa Clara, California,
USA), with an average particle size of 5 ym (250 mm x 4 mm i d) at 30°C was
used for HPLC. To separate the furanocoumarins, a 50:50 (v/v) mixture of
acetonitrile:water was used as solvent. The identities of psoralen and angelicin
were confirmed by HPLC-MS, using a HPLC Agilent 1100 with an Agilent model

VL ion trap mass spectrometer equipped with ESI interface.
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Statistical analysis

Each experiment was repeated three-times. Shoot multiplication and
hyperhydricity values were statistically compared for each accession using the
chi-square test (P < 0.05) and means separation was carried out by Duncan’s
multiple range test. To compare the average number of shoots > 5 mm per
explant, the F-test was used for one-factor ANOVA and means were compared
using Tukey’s test. For FC contents, data were analysed using ANOVA and
means were compared using Tukey’s test and LSD. The significant difference
level was set at P < 0.05.

RESULTS AND DISCUSSION

Establishment of aseptic shoot cultures

The effect of disinfectant concentration was similar in B. bituminosa “albo-
tedera” and “bitu-Calnegre”. No superficial disinfectant treatment was able to
completely eliminate fungi and bacterial contaminants, 25.6 and 34.0%
uncontaminated explants were obtained for each accession (Table 1).
Concentrations greater than 3.5 g I of sodium troclosene solution were
detrimental for explant viability (data not shown). A concentration of 3.5 g I
sodium troclosene was therefore adopted, as this was the most effective
concentration to reduce bacterial contamination, and was tested with the “albo-
hybrid” and “bitu-hybrid”, resulting in 25.8% and 19.2% uncontaminated
explants, respectively. Further experiments were carried out to study the effect
of collecting season. The best results were obtained in Spring and Summer (71
- 93% of uncontaminated explants for “albo-tedera”, and 65 - 87% for “bitu-
Calnegre”, respectively) while in Autumn and Winter the number of non-
contaminated explants fell significantly (32 - 5% for “albo-tedera” and 24 - 3%
for “bitu-Calnegre”, respectively). The effect of collecting season on surface-
sterilisation has been studied by Hohtola (1988), who reported that
contamination was significantly higher from December to April for tissue
cultures of Scots pine, likely due to better resistance of the tissue against
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microbes during the active period and/or resistance of microbes to the

disinfectants during the winter.

Table 1 Effect of treatment with sodium troclosene at 1.0, 1.5, 2.0, 2.8, 0or 3.5g I'", on
contamination of explants of Bituminaria bituminosa after 20 d in culture.

Disinfectant _ _
_ Contaminated explants (%) Uncontaminated
Plant accession treatment
explants (%)

(91 Fungi Bacteria
“Albo-tedera” 1.0 40.7 b’ 58.0 b 1.3¢c

1.5 448b 55.2b 0

2.0 42.7b 31.7c¢c 25.6 a

2.8 15.8 ¢ 723 a 11.9b

35 60.9 a 16.0d 23.1a
“Bitu-Calnegre” 1.0 65.4 a 34.6b 0

1.5 59.4 a 39.3b 1.3¢

2.0 40.8b 38.6b 20.6 b

2.8 13.3 ¢ 52.7 a 34.0a

35 51.5a 16.6 C 31.9a

For each plant accession and column mean values (n = 700) followed by a different lower-case letter
indicate significant differences at P < 0.05 by Duncan’s multiple range test.

Shoot multiplication

Table 2 shows the effect of three different types of agar on the frequency
of hyperhydricity in shoot explants. American bacteriological agar [0.8% (w/v);
Pronadisa] provided the best results (i.e., the lowest number of explants
exhibiting hyperhydricity). This effect could be due to differences among agars
in ash content [Noble (2%) < European (4.5%) < American (6.5%)] and gel
strength [Noble (700 g cm®) < American (600 — 750 g cm®) < European (800 —
1,100 g cm™®)], being American bacteriological agar the best gelling agent for B.
bituminosa. This agar was therefore adopted for further experiments. Other
reports have studied the effect of the type and concentration of gelling agent on
the proliferation frequency and quality of regenerated shoots. Ichi et al. (1986)
demonstrated that shoot propagation of in vitro cultures of tobacco, cabbage
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and cucumber was enhanced when gellan gum was used instead of agar.
Abdoli et al. (2007) reported that a lowest frequency of hyperhydrated explants

was achieved with 0.8% (w/v) agar-agar on in vitro sunflower cultures.

The results for shoot multiplication are shown in Table 3 and Figure 1.
Regardless of the accession, the frequency of shoot multiplication and the
average number of shoots per explant were highest with apical explants rather
than nodal explants; this may be due to apical explants having more than one
bud. These results are similar to those reported for in vitro Quercus robur L.
cultures by Puddephat et al. (1997), who observed that the explants from basal
and apical positions contained more than one bud. In contrast, Anis and Faisal
(2005) obtained higher number of regenerated shoots with nodal segments of
P. corylifolia. Shoot multiplication frequency of apical explants (Table 3) was
80.0 - 93.8% for “albo-tedera” (Figure 1A, B), 88.9 - 95.7% for “bitu-Calnegre”
(Figure 1G, H), 90.4 - 100% for “bitu-hybrid”, and 80.0 - 94.7% from “albo-
hybrid”. Although no differences were observed among the media, the addition
of AC increased the quality and development of regenerated shoots for all four
accessions, which appeared less hyperhydrated. This could be explained by the
beneficial effects of activated charcoal on plant tissue cultures reported by
Wang and Huang (1976), suggesting improved growth due to adsorption of
toxic compounds. Lépez-Pérez et al. (2005) reported that AC increased the

somatic embryo differentiation in different cultivars of Vitis vinifera.

The average number of shoots per explant for “albo-tedera” and “albo-
hybrid” were higher from apical explants cultured on T2 media (Table 3)
possibly due to these two accessions having shorter internodes than “bitu-
Calnegre” and “bitu-hybrid”, and so GAz; added to this medium could improve
shoot elongation, as Wochoka and Sluisa (1980) observed in in vitro shoot
cultures of Atriplex canescens. Although nodal explants developed lower
number of shoots per explant, the response on the culture media was similar to
that of apical explants. Moreover, as mentioned above, the addition of AC
increased the quality of regenerated shoots. So, the T2+AC medium was
adopted for “albo-tedera” and “albo-hybrid” micropropagation (7.8 - 7.6 shoots
per apical explants, and 4.0 - 4.6 shoots per nodal explants, respectively, Table
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3) and T1+AC for “bitu-Calnegre” and “bitu-hybrid” (5.9 - 5.3 shoots per apical
explants, and 2.4 - 2.3 shoots per nodal explants, respectively, Table 3).

Table 2. Effect of agar type on the incidence of
hyperhydricity in Bituminaria bituminosa shoots cultures.

Type of agar

Plant accession P Hyperhydricity (%)
8gl)

“Albo-tedera” Noble 85.0 a'
European 64.0b
American 40.0c

“Bitu-Calnegre”  Noble 88.0 a
European 60.0b
American 35.0c

“Albo-hybrid” Noble 879 a
European 61.3b
American 36.0c

“Bitu-hybrid” Noble 90.0 a

European 59.0 b

American 37.8¢c

For each plant accession mean values (n= 100) followed by a different
lower-case letter indicate significant differences at P < 0.05 by Duncan’s
multiple range test. Noble= Noble agar (DifcoTM), European= European
bacteriological agar (Pronadisa), and American=  American

bacteriological agar (Pronadisa).

Rooting of shoots

Rooting frequency depended on the plant material used and the three
treatments tested. For “albo-tedera” and “bitu-Calnegre” rooting of shoots was
100% in all treatments, although it occurred at different times. Shoots cultivated
on T2+AC medium developed roots significantly faster than in the other
treatments, and root induction was achieved within 4 weeks of culture (Figure

1C, I). Similar results were reported by Anis and Faisal (2005) for P. corylifolia,
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achieving up to 100% rooting with 0.5 uM IBA, and up to 90% with 0.5uM |AA,
after 4 weeks of culture. T3 medium induced rooting within 5 weeks, but also
induced calli (Figure 1D, J). With the T1+AC medium, rooting was achieved

within 6 - 7 weeks.

For hybrid plants, the rooting frequency was significantly lower. For “albo-
hybrid” 18.3% rooting was achieved with T3 medium, and 0 - 5.6% with T1+AC
and T2+AC, respectively. For “bitu-hybrid” the best rooting was achieved with
T1+AC medium (40.7%), while with T2+AC and T3 media, 5.1% and 14% were

achieved, respectively.
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Table 3. Effect of culture medium on the frequency of shoot multiplication and the
average number of shoots > 5 mm per apical and nodal explants of Bituminaria
bituminosa.

Plant accession g:lgﬂﬁ] gggr?tf Shoot multiplication (%) 'S;’fg%?az?' of shoots
“Albo-tedera” T1 Apical 90.1a' 350
Nodal 65.8 b,c 28b
T1+AC Apical 85.5a 3.1b
Nodal 489 c 22b
T2 Apical 93.8a 6.2 a
Nodal 34.7d 3.0b
T2+AC Apical 80.0 a,b 7.8a
Nodal 50.0 c 40b
“Bitu-Calnegre” T1 Apical 95.7 a 6.3a
Nodal 49.0b 39ab
T1+AC Apical 88.9a 59a
Nodal 53.0b 24b
T2 Apical 93.4a 5.8a
Nodal 40.2b 23b
T2+AC Apical 89.6a 51a
Nodal 38.5b 19b
“Albo-hybrid” T Apical 90.3a 20c
Nodal 50.7 b 15¢
T1+AC Apical 80.0a 21c
Nodal 48.9b 11c
T2 Apical 913a 6.5a
Nodal 64.6 b 3.3b
T2+AC Apical 94.7 a 7.6a
Nodal 64.7 b 46b
“Bitu-hybrid” T Apical 100.0 a 1.7c¢
Nodal 51.9b 0.7¢c
T1+AC Apical 98.1a 53a
Nodal 66.4 b 23b
T2 Apical 90.4 a 41a
Nodal 413b 2.0b
T2+AC Apical 93.1a 3.3b
Nodal 40.1b 0.3c

'For each plant accession mean values (n= 100) followed by a different lower-case letter indicate
significant differences at P < 0.05 by Duncan’s multiple range test. *For each plant accession mean
values (n= 100) followed by a different lower-case letter indicate significant differences at P < 0.05 by
Tukey’s test and LSD.
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Acclimatisation

Rooted plantlets were successfully acclimatised in a culture chamber,
obtaining 81.4% survival for “albo-tedera”, 84.8% for “bitu-Calnegre” (Figure 1E,
K), 70.0% for “albo-hybrid” and 79.9% for “bitu-hybrid”. After 6 weeks, 30 plants
were transferred to a greenhouse for further acclimatisation and a substantial
increase in plant height was observed (Figure 1F, L). After 1 month in the
greenhouse, micropropagated plants were established successfully in the
experimental field (Figure 1M), and 95% survival was achieved. There were no
significant morphological variations between regenerated and non-
micropropagated mother plants. Similar results were reported in P. corylifolia by
Anis and Faisal (2005) and Baskaran and Jayabalan (2007) reaching between
85 - 100% successful acclimatisation.

Furanocoumarin contents of micropropagated plants

Among the species reported as sources of FCs, B. bituminosa is a good
alternative, because the level of total FCs obtained in “bitu-Calnegre” non-
micropropagated mother plants was up to 19.07 mg g”' DW (Figure 2B), higher
than 10.00 mg g' DW reported for R. graveolens plants (Milesi et al. 2001) and
the 1.49 - 6.06 mg g’ DW reported for P. corylifolia (Baskaran and Jayabalan,
2008).

The FC contents of micropropagated plants of P. corylifolia have also
been studied by Baskaran and Jayabalan (2008). They reported levels of
psoralen slightly higher than those of non-micropropagated mother plants. In
our study, the results depended on the B. bituminosa accession tested. For
“albo-tedera” (Figure 2A), psoralen contents of micropropagated field-grown
plants were similar to that in non-micropropagated mother plants, but angelicin
was higher. In micropropagated plants of “bitu-Calnegre” (Figure 2B), large,
significant differences were observed; angelicin contents increased and
psoralen decreased compared to non-micropropagated mother plants. For the
two hybrid lines (Figure 2C, D), no significant differences were found between
the micropropagated and non-micropropagated mother plants. When the total
FC contents were studied, only micropropagated plants of “bitu-Calnegre”
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showed higher levels of FCs (22.24 mg g' DW) compared to the non-
micropropagated mother plants (19.07 mg g' DW), although no significant
differences were observed.
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Figure 1. Micropropagation of B. bituminosa accession “albo-tedera” (Panels A-F): Panel A,
shoot multiplication on T2 medium. Panel B, shoot multiplication on T2+AC medium. Panel C,
rooting of shoots on T2+AC medium. Panel D, rooting of shoots on T3 medium. Panel E, plants
acclimatised to growth chamber conditions. Panel F, plants acclimatised to greenhouse
conditions. Micropropagation of B. bituminosa accession “bitu-Calnegre” (Panels G-L): Panel G,
shoot multiplication on T1 medium. Panel H, shoot multiplication on T1+AC medium. Panel I,
rooting of shoots on T2+AC medium. Panel J, rooting of shoots on T3 medium. Panel K, plants
acclimatised to growth chamber conditions. Panel L, plants acclimatised to greenhouse
conditions. Panel M, “albo-tedera” and “bitu-Calnegre” plants established in an experimental
field. Scale bars = 5mm (Panels A, B, G, H); 20 mm (Panel C); 10 mm (Panels D, I, J); 40 mm
(Panel E); 70 mm (Panel K); 200 mm (Panels F, L, M).
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Figure 2. Total furanocoumarin (FC) contents in mg g DW and levels of psoralen and
angelicin in the aerial parts (i.e., leaves and stems) of the non-micropropagated mother
plants (“Mother plants”) and micropropagated plants established in the field
(“Micropropagated plants”) from “albo-tedera” (Panel A), “bitu-Calnegre” (Panel B),
“albo-hybrid” (Panel C), and “bitu-hybrid” (Panel D). Columns in each Panel with a
different lower-case letter indicate significant differences between means (n = 15) at P
< 0.05 compared by the LSD and the Tukey’s tests.

In conclusion, the present report describes a protocol for the large-scale
micropropagation of B. bituminosa using apical and nodal explants from four
plant accessions: B. bituminosa var. albomarginata (“albo-tedera”) and B.
bituminosa var. albomarginata x var. bituminosa (“albo-hybrid”) cultured on
T2+AC medium, and B. bituminosa var. bituminosa (“bitu-Calnegre”) and B.
bituminosa var. bituminosa x var. albomarginata (“bitu-hybrid”) cultured on
T1+AC medium. Micropropagated plants were established in the field and
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contained FC levels equal to or even higher than those in the non-
micropropagated mother plants. They also maintained the original plant
characteristics of the non-micropropagated mother plants, showing that
micropropagation of B. bituminosa offers a method to multiply plants selected
for their high FC content, because they maintained the genetic identity of the
non-micropropagated mother plants.
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2. PLANT REGENERATION FROM LEAF EXPLANTS OF

Bituminaria bituminosa. UV-ELICITATION OF CALLI AND IN

VITRO PLANTS FOR FURANOCOUMARIN OVER-PRODUCTION.
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INTRODUCTION

In recent years, there has been increasing interest in the production and
commercialisation of active biological molecules for use in human and animal
healthcare. About 250,000 living plant species contain a much greater diversity
of bioactive compounds than any chemical library made by humans (Raskin et
al. 2002). Among the bioactive molecules, the furanocoumarins are reported as
phytoalexins synthesised in the response to fungal infection (Tiejten et al. 1983)
and against insects (Berembaum 1983), present pharmaceutical interest, and
they are used in cosmetics, dermatology or haematology (Innocenti et al. 1991;
Lampronti et al. 2003).

Plant regeneration protocols have been developed for FC producers as
Ruta graveolens, Ammi majus, Psoralea corylifolia or Apium sp. (Ahmad et al.
2010; Baskaran and Jayabalan 2009a, b; Baskaran et al 2011; Pande et al.
2002). Baskaran et al. (2011) evaluated the FC content in regenerated plants
acclimatised in the field and in natural field-grown plants of P. corylifolia, and
reported that the accumulation of FCs was higher in natural field-grown plants
and was tissue dependent, being higher in seeds than in leaves and roots. The
FC content has also been reported from in vitro cultures (calli, cell-suspensions
and shoots) of R. graveolens by Diwan and Malpathak (2010), who observed an

increase in the FC synthesis as a function of the organization level in cultures.

These protocols would also allow the possibility of enhancing FC
production by selecting somaclonal variants, obtaining diplo-haploid plants

(Croser, personal communication), or elicitating in vitro cultures.

Several studies have demonstrated, under controlled conditions, the
influence of different factors on the synthesis and accumulation of FCs, for
instance ultraviolet (UV) radiation. Apium graveolens petioles, Glehnia littoralis
roots, Pastinaca sativa seedlings and R. graveolens leaves treated with UV light
showed an increase in linear FCs (Beier and Oertli 1983; Masuda et al. 1998;
Zangerl and Berenbaum 1987; Zobel and Brown 1993). However, no effects on
angular FCs of UV radiation or effects under in vitro conditions have been

reported.
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This work describes a high frequency of organogenesis and high in vitro
plant regeneration using leaf explants of B. bituminosa. The linear, angular and
total FC content (i.e., psoralen, angelicin and total content) was examined in
organogenic calli, in vitro regenerated plants and acclimatised regenerated
plants, and compared with plants grown under natural conditions. The induction
of FC production by UV elicitation was evaluated in organogenic calli and

regenerated in vitro plants.

MATERIALS AND METHODS

Plant material

Leaves and petioles of 30-day-old in vitro propagated plants of B.
bituminosa var. bituminosa (accession ‘Calnegre-Murcia’, interesting for its high
contents of FCs), monthly cultured in T1+AC (activated charcoal) propagation
medium, were used (Pazos-Navarro et al. 2012).

Calli induction and shoot development

Leaflets were excised from in vitro plants, cut transversely to produce
injury and placed with the abaxial side on the culture medium. Petioles were cut
into three pieces, and the intersection between petioles and leaflets (hereafter
called “cross explant”) was cultured horizontally (Figure 1a). The three explant
types were cultured on a modified Murashige and Skoog (1962) mineral solution
(half strength macroelements, 2MS), supplemented with 30 g I'' sucrose, 100
mg I'" hydrolysed casein, 0.01 mg I biotin, 100 mg I’ L-glutamine and
combinations of naphthalene acetic acid (NAA) or indole acetic acid (I1AA; 5.0 or
0.5 uM) with benzylaminopurine (BA; 5.0, 10.0 or 20.0 uM) for calli induction.

Calli were subcultured monthly to the same fresh medium.

Calli with buds and shoots were cultured on shoot development medium,
with the same composition as above but with reduced plant growth regulators
(PGRs; 5.0 uM BA and 0.5 uM NAA or IBA) for 30 days.
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Rooting of shoots

Regenerated shoots (> 5 mm long) were excised and cultured on rooting
medium containing 72MS supplemented with 20 g I'" sucrose, 100 mg I casein
hydrolysate, 0.01 mg I"' biotin, 100 mg I L-glutamine, 100 mg I"" myo-inositol,
2.5 g 1" AC, 1 uM gibberellic acid (GAs) and 10 uM of one auxin: NAA, IAA or
IBA (indole butyric acid). The non-rooted shoots were subcultured monthly on

the same medium, for 3 months.

Acclimatisation of plantlets

Rooted shoots were extracted from the culture medium and the roots
were gently washed with tap water to remove agar. The plantlets were
transplanted and acclimatised following the protocol described by Pazos-
Navarro et al. (2012). After 1 month, 30 plants were established in the
experimental field at La Alberca, Murcia, Spain (37256°N, 1208°W).

All the culture media were adjusted to pH 5.8 and solidified with 8 g I
American bacteriological agar (Pronadisa; Laboratorios Conda, Madrid, Spain)
before autoclaving at 121°C and 101 kPa for 15 min. For calli induction,
explants (petiole, cross and leaflet) were cultured in 9 cm Petri dishes with 25
ml of medium. For shoot development and rooting, calli and shoots were
cultured in 550 ml glass bottles with 100 ml of medium. Incubation was
performed in a tissue culture chamber at 26 + 1°C under 16 h photoperiod and

a photosynthetic photon radiation flux of 45 pmol m? s

provided by
fluorescent tubes (Philips). At least 60 explants for each explant type were
used per treatment and all experiments were repeated twice with similar
results. The frequency of calli with shoots > 5 mm and the number of shoots (>
5 mm) per explant were recorded after 4 months on calli induction media. The
number of shoots (> 5 mm) per calli was recorded after 30 days on shoot
development medium. The accumulative frequency of rooted plants was

recorded over 3 months of culture on rooting medium.
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Furanocoumarin content of different plant materials

Organogenic calli, in vitro regenerated plants, regenerated plants grown
under greenhouse conditions and regenerated plants grown for 1 and 4 months
under field conditions were evaluated for their FC content (i.e., psoralen and
angelicin) by HPLC-MS, using an Agilent 1100 HPLC with an Agilent model VL
ion trap mass spectrometer equipped with ESI interface, following the method
described by Pazos-Navarro et al. (2012).

UV-elicitation of in vitro cultures for furanocoumarin production

For this experiment organogenic calli and in vitro regenerated plants were
cultured in Steri vent containers (Duchefa Biochemie B. V., The Netherlands).
After 30 days of culture, when plants were rooted and calli well grown, the lids
were removed in a laminar flux cabin prior to irradiation. The UV radiation
source consisted of PHILIPS TUV30W/G30T8 tubes (8.6x10° W ¢cm™ UV-A and
18x10° W cm™ UV-B). Three different irradiation times (5, 30 and 60 min) were
tested on organogenic calli. Regenerated in vitro plants were exposed for 5 and
30 min. After UV irradiation, in vitro cultures were maintained in darkness for 2

hours before transferring to a growth chamber, as described above.

Samples from organogenic calli and regenerated in vitro plants were
collected at 24, 48 and 72 hours after UV irradiation and the FC content was
analysed following the methodology described above. Controls followed the
same treatment except for the UV irradiation. For each treatment (irradiation
time + collecting time after irradiation) two replicates of 12 calli or 12 in vitro
plants were used and the average FC content was calculated. The results were
represented as the FC increment between the UV irradiated material and its

controls.

Statistical analysis

Each experiment was repeated twice. The frequencies of calli induction,
calli with shoots (> 5 mm) and rooting of shoots were compared statistically in a
chi-square test and mean separation was carried out by Duncan’s multiple
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range test. To compare the average number of shoots per calli, the F-test was
used for a one-factor ANOVA and means were compared using Tukey’s test.
For the FC content, the data were analysed using ANOVA and means were
compared using Tukey’s test. The significant difference level was set at P <
0.05.

RESULTS AND DISCUSSION

Calli induction and shoot development

In order to evaluate the ability of different explant types (Figure 1a) to
induce calli, different combinations of PGRs at different concentrations were
evaluated. Friable, greenish calli were initiated from the cut ends of the different
explant types (Figure 1b) as Saxena et al. (1997) and Baskaran and Jayabalan
(2009a, b) reported for P. corylifolia. Ahmad et al. (2010) reported that cell
proliferation at the injured part of leaf explants of R. graveolens could be due to
the accumulation of auxins at the point of injury, which stimulated cell
proliferation in the presence of PGRs. After 4 weeks of culture, the aspect of
calli was more compact and green (Figure 1c, d), and 100% of calli showed
buds regardless of the PGR combination and explant type. Moreover, the
development of shoots in calli induction media was observed (Table 1). The
average number of shoots (> 5mm) per explant depended on auxin and explant
type, and was higher in medium with NAA than with IAA. The best explant type
was cross, reaching up to 8.8 shoots per callus in medium with 0.5 uM NAA and
5 uM BA. Saxena et al. (1997), Baskaran and Jayabalan (2009a,b) and Ahmad
et al. (2010) studied the effect of PGRs on plant regeneration in species such
as R. graveolens and Psoralea corylifolia, and also reported that NAA and BA
was the best combination for calli induction and shoot development from

different explant types such as leaves, stems and hypocotyls.

Calli with buds were cultured on shoot development media, where the
PGR concentrations were reduced (5 uM BA and 0.5 uM NAA or IAA). The
average number of shoots (> 5mm) per callus depended on the explant type
and the previous calli induction medium (Table 2); although, in general, shoot
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development media with NAA vyielded better results. For leaflet and cross
explants, plant regeneration was achieved by culturing them on 5 uM IAA + 10
uM BA (Figure 1e) followed by a second step on 0.5 uM IAA + 5 uM BA,
obtaining 40 and 26 shoots per callus, respectively. For petiole explants the
best combination was 0.5 uM NAA + 10 uM BA for calli induction and a second
step on 0.5 uM NAA + 5 uM BA for shoot development, obtaining 21 shoots per

callus.

Table 1. Effect of the plant growth regulator combination in the
calli induction medium on the shoot development from three
explant types of B. bituminosa. Average number of shoots > 5mm
per explant after 4 months of culture.

Calli induction medium: Average number of shoots per
Plant Growth Regulator (uM) explant

NAA IAA BA Petiole Cross Leaflet
0.5 - 5 1.7b 8.8a 0.8c¢c
0.5 - 10 1.8b 7.7 a 0.7c
0.5 - 20 24Db 7.8a 04c
5 - 5 1.5b 8.0a 05c
5 - 10 1.0c 0.0 0.0

5 - 20 22b 0.5c 0.0

- 0.5 5 0.0 20b 0.0

- 0.5 10 1.2¢ 0.5c 0.0

- 0.5 20 0.0 0.0 0.0

- 5 5 0.0 1.0c 0.0

- 5 10 0.3c 3.0b 0.7c

- 5 20 0.0 0.0 0.0

Data represent average of two experiments, each with 60 explants for the three
explant types. Means with the same letter were not significantly different according
to Tukey’s test (P < 0.05).

Shoot rooting and acclimatisation

In order to achieve rooting of shoots, three different auxins were evaluated
at 10uM: NAA, IAA or IBA. Independent of the explant type used, the best
results were achieved with NAA (Figure 1f and Figure 2), reaching up to 45%
rooting along the 3 months of culture. With 1AA, 25% rooting was achieved and
no rooting was observed with IBA. Ahmad et al. (2010) and Saxena et al. (1997)

92



Chapter lI: Plant Regeneration-UV-elicitation

reported the effectiveness of various auxins and found that IBA was the best
plant growth regulator for rooting R. graveolens and P. corylifolia shoots, in
contrast with the results obtained in this report. Although the frequency of
rooting was not very high, the acclimatisation was successful, achieving 96.4%

survival in the greenhouse and 100% in the field (Figure 1g).
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Table 2. Effect of auxin on shoot development of organogenic calli of B. bituminosa based on the calli induction
medium and explant type used. Average number of shoots (> 5mm) per calli and frequency of calli with shoots
(> 5mm).

Calli induction medium: Shoot development medium: Average number of shoots per calli
Plant growth regulators (uM) Plant growth regulators (uM) (Frequency of calli with shoots)
NAA IAA BA NAA IAA BA Petiole Cross Leaflet
0.5 - 5 0.5 - 5 16¢.8 b' (100%  29.3a(75.0%b) 23.0b (8.3% g)
a)
0.5 - 10 0.5 - 5 21.0b (100% a) 33.5a(100% a) 1.7d (100% a)
0.5 - 20 0.5 - 5 11.4 ¢ (80.0%b) 21.0b (100% a) 6.8 c (33.3% €)
5 - 5 0.5 - 5 75¢c(33.3%¢e) 33.5a(100%a) 4.7d(16.7%f)
5 - 10 0.5 - 5 18.5b (33.3% ¢e) 27.3a(100% a) 4.5d (11.1%)
5 - 20 0.5 - 5 15.0b (11.1%f) 24.0b (75.0% b) 18.0 b (16.7% f)
- 0.5 5 - 0.5 5 10.3¢ (100% a) 10.5¢ (100% a) 0.0
- 0.5 10 - 0.5 5 16.3¢(88.9%  8.8c,d(50.0% 0.0
a,b) d)
- 0.5 20 - 0.5 5 7.0d (100% a) 3.0e(50.0%d) 0.0
- 5 5 - 0.5 5 3.6d(62.5%¢c) 3.3e(66.7%c) 0.0
- 5 10 - 0.5 5 6.7d (100% a) 40.0a(100% a) 26.0 b (100% a)
- 5 20 - 0.5 5 3.1e(100%a) 9.0d(100%a) 1.2e (66.7%c)

Data represent average of two experiments, each with 40 calli for the three explant types. "Means with the same letter were not
significantly different according to Tukey’s test (P < 0.05). ¥ Frequencies with the same letter were not significantly different according to
Duncan’s multiple range test (P < 0.05).
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Figure 1. Different stages of the plant regeneration protocol in B. bituminosa (a-c and f,
bar = 15 mm; d-e, bar = 10 mm; g, bar = 35 cm). a Different explant types used 1=
petiole, 2= cross, 3= leaflet. b Calli formation at the cut injury of the petiole explants. ¢
Calli and bud formation from cross explants on 0.5 (/M NAA and 5 uM BA. d Calli and
bud formation from cross explants on 5 uM IAA and 10 uM BA. e Shoot development
on 0.5 uM IAA and 5 uM BA from cross calli obtained on 5 uM IAA and 10 uM BA. f
Shoot rooting on 10 uM NAA and 1 puM GA;. g Acclimatised, regenerated plants
growing in the field for 4 months.
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Figure 2. Effect of different auxins (10 uM NAA, IAA or IBA)
in combination with 1 uM GAj3; on rooting of B. bituminosa
shoots. Frequencies represent the accumulative rooting
within 3 months of culture. Frequencies with the same letter
were not significantly different according to Duncan’s
multiple-range test (P < 0.05).

Furanocoumarin content of different plant materials

Organogenic calli (i.e., “calli”), in vitro regenerated plants (i.e., “in vitro
‘plants”), regenerated plants grown under greenhouse conditions (i.e.,
“greenhouse plants”) and regenerated plants grown under field conditions for 1
month (i.e., “field plants 1”) or 4 months (i.e., “field plants 4”) after their
establishment were evaluated for their FC content (i.e., psoralen, angelicin and
total content). The lowest amounts of FCs (Figure 3) were observed in “calli” (50
ug g DW total FCs), and an increment in the FC production was observed in
“in vitro plants” and in regenerated plants (“greenhouse plants”, “field plants 1”
and “field plants 4”). Diwan and Malpathak (2010) reported that the increased
capacity for FC synthesis in organised cell cultures, in comparison with “calli”,
could be due to higher cellular differentiation and higher availability of sites for

accumulation, which the unorganised cultures lacked.

Figure 3 shows that “field plants 1” synthesised approximately double the
amount of FCs (7,810 ug g~ DW total FC) of the “greenhouse plants” (3,448 ug
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g’ DW total FC), while “field plants 4” (9,824 ug g' DW total FC) had even
higher levels. Baskaran et al. (2011) reported higher accumulation of psoralen
in plants grown under natural conditions than in regenerated plants. In our case,
the level of FCs found in plants of B. bituminosa grown under natural conditions
was also higher (14,417 ug g' DW total FC). Pazos-Navarro et al. (2012)
reported that micropropagated plants of B. bituminosa (accession “Calnegre”),
grown for 18 months in the field, had FC levels equal to or higher than those of
plants grown under natural conditions. This effect could be due to the fact that
field plants suffered longer periods of biotic (i.e., bacteria and fungi) and abiotic
(i.e., temperature, UV, water availability, etc) stresses and, like other
phytoalexins, FC production could be incremented when a plant is attacked by
herbivores (Reitz and Trumble 1997) or pathogens (Oginsky et al. 1959), or is
subjected to adverse environmental factors (Martinez-Fernandez et al. 2011).

Therefore, it is possible that “field plants” could increase their FC synthesis over

time.
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Figure 3. Furanocoumarin production in organogenic calli (“calli), in
vitro regenerated plants (“in vitro plants”), regenerated plants grown
under greenhouse conditions (“greenhouse plants”), regenerated
plants grown for 1 month under field conditions (“field plants 1”) and
regenerated plants grown for 4 months under field conditions (“field
plants 4”). For each bar type, means with the same letter were not
significantly different according to Tukey’s test (P < 0.05).
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UV-elicitation of in vitro cultures for furanocoumarin production

In general (Figure 4), the UV radiation produced a decrease in the FC
content at 24 h after treatment, at 48 h no differences were observed, and at 72

h treated material produced more FCs than the control.

In organogenic calli (Figure 4 a, b), the highest increments in psoralen
(linear), angelicin (angular) and total FC content were observed after 30 min of
UV irradiation, reaching an increment of total FC content up to 24.58 ug g' DW
at 72 h. A decrease in FC production was observed after 60 min of UV
irradiation (data not shown), due to a great detrimental effect of UV radiation on

the calli.

In in vitro plants (Figure 4 c), the best treatment was 5 min of UV
irradiation, giving an increment of total FC content up to 207.33 mg g™' DW over
the control at 72 h. UV-irradiated in vitro plants for 30 min showed defoliation

and a decrease of FC content (data not shown).

In other species the FC production in plants irradiated with UV was
studied. In A. graveolens seedlings, Beier and Oertli (1983) showed an increase
of 3-fold relative to the control, for linear FCs, after UV radiation. Zobel and
Brown (1993) reported the same effect on R. graveolens leaves, increasing the
linear FCs up to 20% over the control. In P. sativa seedlings grown in the field,
Zangerl and Brown (1987) obtained an increase in linear FCs of 1.46-fold
compared with the control. This increment of linear FCs may affect the parsnip
resistance to herbivores, due to the UV-phototoxic effect of FCs on many

organisms, including insects.
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To the best of our knowledgem this is the first report about plant
regeneration from leaf explants. For leaflet and cross explants, plant
regeneration was achieved on 5 uM IAA + 10 uM BA for calli induction and on
0.5 uM IAA + 5 uM BA for shoot development. For petiole explants, the best
combination was 0.5 uM NAA + 10 uM BA for calli induction followed by a
culture on 0.5 uM NAA + 5 uM BA for shoot development. Shoots rooted on 10
uM NAA + 1 uM GAgz. The accumulation of FCs depended on the plant material

evaluated, being higher in acclimatised, regenerated plants grown under field
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conditions. UV radiation enhanced the angular and linear FC production under

in vitro condition.
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3. ENDOPHYTIC BACTERIA IN Bituminaria bituminosa:

DETECTION AND CHARACTERISATION
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INTRODUCTION

Plant regeneration protocols have been developed (Pazos-Navarro et al.
2012) to produce a high number of cloned plants as a source of biomass of B.
bituminosa. During the establishment of ‘aseptic’ in vitro cultures, the presence of
endophytic bacteria was observed associated with the plant material after several
propagation cycles, even after several months of culture. Similar observations were
made by Lata et al. (2006) in in vitro shoot cultures of Echinacea, where
endophytic bacteria were noticed over a nine-month period. Hallmann et al. (1997)
defined endophytic bacteria as microorganisms that do not visibly harm the host,
live in the inner parts of the plants and can be isolated from tissues that have been
previously surface-disinfected. Sometimes these bacteria are not known as
pathogenic to plants growing in vivo, although they could act as vitropathogens in
in vitro plant cultures (Leifert et al. 1994). Therefore, it is important to detect,
identify and characterise plant-associated bacteria, to develop anti-bacterial
therapies for plant tissue cultures (Leifert et al. 1991) and to eliminate persistent
microbial contaminations (Reed et al. 1995; Tanprasert and Reed 1998).

On the other hand, endophytic bacteria may be beneficial, by improving plant
stress tolerance (Nowak et al. 1998), and may induce or produce plant growth
regulators that could modify the in vitro response of the tissue cultures (Holland
1997; Lata et al. 2006).

To the best of our knowledge, no search for endophytic bacteria has been
carried out in B. bituminosa. Therefore, the aim of this study was to isolate, identify
and characterise endophytic bacteria associated with B. bituminosa, and evaluate
the resistance to antibiotics of bacteria and plant material. The potential biological
characteristics are also presented.
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MATERIAL AND METHODS

Plant material and in vitro culture techniques

In vitro cultures were established from four accessions of B. bituminosa (L.)
C.H. Stirt.: var. albomarginata (hereafter called “albo-tedera”) accession ‘Famara-
Lanzarote’; var. bituminosa (hereafter called “bitu-Calnegre”) accession ‘Calnegre-
Murcia’ and two hybrid lines, one a cross between var. albomarginata x var.
bituminosa (hereafter called “albo-hybrid”) ‘Purias-Famara’ accession, and another
var. bituminosa x var. albomarginata (hereafter called “bitu-hybrid”) ‘Bullas-La
Perdiz’ accession, following the method described by Pazos-Navarro et al. (2012).
Briefly, the method involves surface disinfection of the stems (9 - 12 cm-long),
collected from the IMIDA experimental field at La Alberca, Murcia, (Spain) and,
transferred immediately to test-tubes containing 10 ml MS (Murashige and Skoog
1962) basal medium with 3% (w/v) sucrose and 0.8% (w/v) American
bacteriological agar (Pronadisa; Laboratorios Conda, Madrid, Spain). After 30 days
of culture in a growth chamber at 25 + 2°C, with a 16-h photoperiod at a
photosynthetic photon flux density of 45 pmol m? s, non-contaminated sprouting
buds were monthly sub-cultured on micropropagation medium (Pazos-Navarro et
al. 2012).

Detection and isolation of bacteria

Bacterial isolates were obtained from contaminated explants after 30 days of
culture on MS basal medium (Figure 1A). Bacteria were isolated and cultured in
Luria-Bertani medium (LB: 10 g I'' bacto-triptone, 5 g I'' yeast extract, 10 g I'' NaCl,
15 g I'' agar, pH 7) for 2 days at 28 °C darkness. Isolates were purified by
repetitive streaking and tentatively grouped according to their morphological and
culture characteristics, including gram staining, distinctive colony colour, presence
of diffusible pigments and morphology under phase contrast microscopy. Besides,
bacterial isolates were also recovered from in vitro shoot cultures of "albo-tedera”
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and “bitu-Calnegre” cultured for 6 months, and incubated on LB medium, following

the same method .

Effect of culture media on bacterial growth

PYGA (Cornu and Michel 1987), MS (Murashige and Skoog 1962), LB and
PDA media (Difco™; Becton, Dickinson and Co., Sparks, MD, USA) were used to
study the growth capacity of the different bacterial isolates. Additionally, the
following media were tested to further study two selected bacterial strains: Nutrient
agar (Kato et al. 2005; Knief et al. 2008), R2A (Gallego et al. 2005), LM medium
(Luedemann 1968), M72 medium (Sy et al. 2001), MMS medium (Guo and
Lidstrom 2006), YMG medium (Salazar et al. 2006) and TYG medium (Kang et al.
2007) (For composition media see Annex ll). In all cases, cultures were incubated
at 30 °C for 48 h darkness. Results were scored as percentage of bacterial growth

on the Petri dish surface.
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Figure 1. (A) Scheme of developed protocol to detect, characterise and eliminate possible
endophytic contamination. (B) Scheme of micropropagation protocol and detection of
endophytic bacteria. gent: gentamicin; cef: cefotaxime.
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Bacterial resistance to antibiotics (antibiogram)

In order to control and eventually eliminate endophytic bacteria, the activity of
13 broad spectrum antibiotics (see Table 3 and Figure 1A) was tested at two
different concentrations using a modified Kirby-Bauer disk diffusion method (Bauer
et al. 1966). Briefly, bacteria were grown on Nutrient broth for 24 h darkness (30°C
and 240 rpm) and 0.5 ml of bacterial culture was surface inoculated on Petri dishes
containing 25 ml of Nutrient agar. After the inoculum had dried, four cellulose discs
without impregnation were placed aseptically on the agar surface and pressed
down to ensure contact; afterwards 10 pul of antibiotics at two concentration (see
Table 3) were added onto each disk. Stock solutionsof each antibiotic were
previously prepared and filter-sterilised in the laboratory following the
manufacturer’s instructions. Plates were incubated for 48 h at 30 °C and zone
diameters (excluding the 6-mm disc, Figure 2) were measured. Bacterial response
to an antibiotic was defined as follows, according to the diameter of the inhibition

zone: resistant <4-6 mm; intermediate 6-12 mm; sensitive >12 mm.

Figure 2. Image of an
antibiogram plate with strain B
and two antibiotics at two
different concentrations. Zone
diameter was measured as the
diameter (green) minus the
white disk (6 mm)
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Effect of antibiotics on in vitro plant material (Indexing)

After 30 days of in vitro plant establishment, putative healthy explants were
cultured on MS basal medium with the most-active antibiotics, gentamicin and
cefotaxime, selected in the antibiogram (Figure 1A). Antibiotics were added
aseptically to the culture medium after autoclaving. Twenty-four explants of “bitu-
Calnegre” were cultured to test each treatment and the frequencies of
contaminated and dead explants were scored after 30 d.

In a first assay, 4 different concentrations of gentamicin (5, 10, 20 and 35 mg
Iy were evaluated. In the second experiment, an indexing method, developed by
Viss et al. (1991) and modified in our laboratory, was applied and each putative
healthy explant was cut into two pieces (Figure 1A):

1) The apical piece of the explant with sprouted shoots was sub-cultured for
30 days on MS basal medium with the best gentamicin concentration (35 mg )
and 400 mg I cefotaxime. The cefotaxime concentration was established following
the experience, in our laboratory, of using this antibiotic in genetic transformation
protocols for Agrobaterium tumefaciens elimination.

2) The basal piece of the explant (38 mm) was cultured on LB medium, to test
the growth of any possible endophytic bacteria, and incubated at 30 °C in

darkness. After 7 days, the contamination of basal segments was recorded.

After 30 days of culture of each apical piece of explant, the presence/absence
of bacteria in each explant was compared with results obtained at 7 days in LB
medium for the respective basal piece of the explant, to determine the
effectiveness of the antibiotics with regard to control of contamination and their
effect on the plant material.

The putative healthy explants were sub-cultured on micropropagation
medium (Pazos-Navarro et al. 2012) supplemented with 400 mg I cefotaxime and
35 mg I'" gentamicin (Figure 1B). The effect of the antibiotics on the average
number of contaminated shoots per explant was evaluated after 4 months of
culture.
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Molecular identification and phenotypic characterisation of bacteria

Only two different pink bacteria were able to grow on micropropagation
medium with 400 mg I cefotaxime and 35 mg I gentamicin (Figure 1B), from
which they were isolated and sent to Coleccién Espafola de Cultivos Tipo, (CECT;
Valencia, Spain) to be molecularly characterised by direct PCR amplification of the
16S rRNA gene, partial sequencing (both directions) and sequence BLAST
analyses (Arahal et al. 2008) on the NCBI database (see ANNEX Il for the
methodology used by CECT). The identification was based on the amplified
fragment, the percentage similarity being highest for the microorganism that
presents the highest level of sequence identity with the database sequences.

Subsequent studies were performed only with these two bacteria, which were
grown aerobically on Nutrient agar at 30 °C for 48 h darkness and were subjected

to different tests:
- Gram stain according to Hucker’s method, as described by Doetsch (1981).

- Carbon source assimilation: five organic compounds (maltose, glucose,
malic acid, mannitol and trisodium acetate) at 0.15% w/v were used. Each
compound was added to sterile basal saline medium (6 g I'" NaCl, 0.075 g I"" KCl,
0.1 gl" CaCly, 1.20 g I'' K.PO4, 0.62 g I KHoPO4, 2 g I'" MgSO4*7H,0 and 0.1 g
I NH4HCO3) to evaluate its assimilation as the sole carbon and energy source.

- Assimilation of methanol. One of the isolates was a Methylobacterium, one
of the pink-pigmented facultative methylotrophic bacteria (PPFMs) that assimilate
C1 compounds such as methanol (Omer et al. 2004b). The other isolate was also a
pink-pigmented strain. The ability to use methanol was tested by adding it at
different concentrations (0.25, 0.5 and 0.75% v/v) to the basal mineral solution of
MMS medium (Guo and Lidstrom 2006).

- API20NE test strips (bioMérieux, France), which allow testing of 9 enzymes
and assimilation of 12 carbon sources. The slow growth of the pink isolates meant

that the final reading had to be made after one week of incubation.

- Antibiogram. Specific antibiograms were carried out to determine the
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susceptibility or resistance of the pink bacteria, following the same methodology
described above for “Bacterial resistance to antibiotics”.

- Sensitivity to antibiotics. Because of the slow growth of the pink isolates,
and to avoid unclear results in the antibiogram, carbenicillin (500 mg I7),
tetracycline (100 mg I'"), ampicillin (100 mg I'"), penicillin (100 mg I'') or cefotaxime
(500 mg I'") were added to the Nutrient agar and broth, and results were scored at
7 days.

- Optical microscopy. A Nikon ECLIPSE 50i microscope equipped with phase
contrast optics was used to study the morphology of the isolates. Cells were grown
for 48 h darkness at 30 °C on Nutrient agar. Cell suspensions for microscopic

examination were prepared in sterile saline basal medium.

- Electron microscopy: the morphology and ultrastructure of the cells were
studied with a Plips Tecnai 12 transmission electron microscope and scanning
JEOL6.100 electron microscope. Cells were grown for 48 h at 30 °C darkness on
Nutrient broth. Cell fixation, block inclusion, ultrathin sectioning and post-staining
were done by the University of Murcia Microscopy Service (SACE) according to
their protocols used (see ANNEX II).

RESULTS AND DISCUSSION

Detection and isolation of bacteria

This is the first characterisation study of microorganisms associated with B.
bituminosa in vitro cultures. The methodology described in other species such as
Prunus, mint, hazelnut or strawberry has been used (Cornu and Michel 1987; Reed
et al. 1995; Reed et al. 1998; Tanprasert and Reed 1998). Contamination by
bacteria was observed in explants from four different plant accessions at 6 d of
culture (Figure 3A). The types of bacteria were recorded at 30 days based on
colour and colony morphology (white, yellow, pink and other; Table 1), white and
pink being the most abundant. At this stage, it was not possible to determine if the
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bacteria were endogenous or not (Figure 1A).

Figure 3. Bituminaria bituminosa in vitro plant material. A Contaminated
explant cultured on MS basal medium without antibiotics. B Contaminated
shoots on micropropagation medium 4 month after establishment. C Abnormal
rooting after the addition of antibiotics in the culture medium.

The isolation of pure cultures of bacteria was performed by repetitive
streaking in LB medium. Table 2 shows the characteristics of nine bacterial isolates
(named A to I) that differ in growth rate. Colonies of fast growers were visible at 24
h of incubation. Slow growers produced visible colonies after 48-72 h of plate
incubation. The colony colour and cell morphology of these strains are also shown
in Table 2.
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Table 1. Frequency of explants from four different
accessions of B. bituminosa contaminated by different
types of bacteria, based on colony colour, after 30 days of
culture on MS basal medium.

Frequency of explants contaminated

Plant material by bacteria coloured colonies (%)

White  Yellow  Pink Other

"Bitu-Calnegre" 7.8 3.6 78.6 10.0
"Bitu-hybrid" 81.0 10.0 9.0 -

"Albo-tedera” 23.7 13.4 45.4 17.6

"Albo-hybrid" 56.4 13.6 6.4 22.7

Effect of culture media on bacterial growth

In order to evaluate the effect of the culture media on bacterial growth, 4
media were tested (Table 2 and Figure 1A). Depending on the media used,
differences in bacterial growth were observed. Isolates A, B, C, D, F, G and H
showed 70-99% Petri dish surface growth on PYGA, LB and PDA, where the
carbon source is either glucose or the carbohydrates of yeast extract. Isolates E

and | showed 25-60% surface growth in all media.

Bacterial resistance to antibiotics (antibiogram)

Bacterial contamination is an important problem in plant tissue culture and it
has been a subject of study in several species such as mint or strawberry (Reed et
al. 1995; Tanprasert and Reed 1998). To eliminate bacteria from B. bituminosa in
vitro cultures, 13 antibiotics at two different concentrations were tested (Table 3
and Figure 1A). Isolates E, F, G, H and | were not included in the experiment
because it was not possible to obtain optimal liquid cultures from these isolates. No
antibiotic was active against all four bacteria (A, B, C and D) at the same time.
Bacterium A was sensitive to hygromycin and tetracycline. Bacterium B was
sensitive to ampicillin, carbenicillin, nalidixic acid, cefotaxime and rifampicin.

Bacteria C and D were not sensitive to any of the antibiotics at the concentration
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tested. Therefore, taking into account the observed bacterial-sensitivity (full
sensitivity or intermediate) towards the antibiotics ampicillin, carbenillicin,
gentamicin, hygromycin, cefotaxime and tetracycline, these antibiotics could be
good candidates for eliminating bacteria isolated from in vitro B. bituminosa
cultures. In plant in vitro cultures, it must be considerd the fact that combinations of
antibiotics at bactericidal concentrations are likely to be phytotoxic; and that the
repeated use of single antibiotics may lead to bacterial resistance (Leifert et al.
1994). So, for further experiments two of those antibiotics were chosen, gentamicin
and cefotaxime.
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Table 2. Characteristics of different bacterial isolates from B. bituminosa. Effect of different culture media on the bacterial growth and

cell morphology.

Isolates
A B C D E F G H |
Growth rate’ 24 h 24 h 24h 24 h 48h 48 h 48 h 48 h 48h
Colony characteristics® Yellow Yellow White Yellow Pink White White Orange Pink
Diffusible  Non-diffusible ~ Non-diffusible ~ Non-diffusible ~ Non-diffusible = Non-diffusible ~ Non-diffusible ~ Non-diffusible = Non-diffusible
pigment pigment pigment pigment pigment pigment pigment pigment pigment
Mucous Dry surface
Cell morphology® Motile rods  Motile rods Non-motile, Non-motile, Motile rod and Non-motile, Motile rod cells Motile, Motile rods
irregularly coccoid cells coccoid cells irregularly aggregates of
shaped rods shape rods and rod cells in
cocoids pairs
Culture PYGA
media (glucose) 95 99 90 99 25 80 80 70 30
(Growthat MS
48h)* (sucrose) 25 30 25 40 25 35 30 25 25
LB (yeast
extract) 99 95 95 99 60 80 80 65 55
PDA
(glucose) 85 80 85 90 50 25 30 80 60

'Bacterial growth on LB medium at 24 or 48 hours. 2Colony colour and type of pigment. >Cell morphology observed by phase contrast microscopy, 100x oil immersion objective.
“Percentage of Petri dish surface growth after 48 h of culture
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Table 3. Effect of different antibiotics on the growth of four bacterial isolates (A, B, C
and D) cultured on Nutrient agar.

Concentration ; A B C D
ANTIBIOTIC 1 + +
(mg ) D INT* ' D INT D INT D INT
B-Lactams Ampicillin 50 735 | 17.85 S 10.65 I 10.85 |
25 5.65 | 16.65 S 9.15 | 10.5 |
Carbenicillin 250 6.35 | 12.85 S 11.5 | 11.5 |
125 4.00 R 12.00 | 10.15 | 10.5 |
Penicillin-G 50 5.00 | 10.00 | 4.35 | 9.50 |
25 4.15 R 9.15 | 2.85 R 7.35 |
Aminoglycosides Gentamicin 125 10.65 | 9.00 | 10.25 | 9.00 |
62 9.35 | 7.35 | 9.35 | 8.10 |
Hygromycin 75 13.15 S 10.5 | 6.35 | 6.65 |
37 11.65 | 9.35 | 5.35 | 5.85 |
Paromomycin 50 6.65 | 4.00 R 6.35 I 5.00 |
25 8.15 | 5.15 | 8.00 I 6.65 |
Streptomycin 9.85 | 7.65 | 3.65 R 6.35 |
9.00 | 5.00 | 2.50 R 5.15 |
Macrolide Erythromycin 16 6.15 | 3.65 R 3.50 R 4.80 |
8 4.35 | 2.65 R 2.15 R 3.50 R
Glycopeptides Vancomicin 20 0.85 R 1.85 R 0.15 R 0.00 R
10 0.35 R 1.50 R 0.15 R 0.00 R
Quinolones Nalidixic acid 25 4.00 R 16.35 S 8.35 | 5.85 |
13 315 R 15.15 S 7.35 I 5.50 |
Cephalosporins  Cefotaxime 250 9.35 | 15.85 S 10.5 | 10.15 |
125 785 | 14.85 S 9.00 I 10.65 |
Poliketides Tetracycline- 50 16.85 S 6.65 | 11.15 | 11.85 |
HCI 25 1435 S 6.50 | 11.65 | 11.3 |
S'emisir']tetic Rifampicin 25 3.85 R 16.35 3.65 R 3.65 R
fitamyein 13 285 R 1535 S 285 R 235 R

D= Growth inhibition diameter (mm), *INT= Author's Interpretation; R= Resistant, S=Sensitive, |=

Intermediate
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Effect of antibiotics on in vitro plant material

Gentamicin at different concentrations (5, 10, 20 and 35 mg I) did not
affect the visual quality of explants and the higher the concentration of the
antibiotic, the lower the frequency of contaminated explants. At 35 mg I, 23%
of contaminated explants were still observed (data not shown).

After several subcultures of plant material with 35 mg I'' gentamicin,
bacterial contamination re-appeared (Figure 1A and 3B). So, cefotaxime at 400
mg I'" was also added to the culture medium. Moreover, in order to study the
effectiveness of antibiotics against contamination, and their effect on in vitro
plant material, each putative healthy explant was cut into two pieces and an
indexing test was carried out. The apical piece of the explant with sprouted
shoots was cultured on MS basal medium with antibiotics and the basal piece of
the explant was cultured on LB medium for bacterial growth (Figure 1A). Table
4 shows that the frequency of basal pieces of explants contaminated by
bacteria, after 7 d of culture on LB medium, reached 55.2% in “bitu-Calnegre”
explants. Pink bacteria were the most-abundant contaminant bacterial strain.
When apical pieces of the explants were cultured with the combination of both
antibiotics, no effect on the viability of explants was observed and the frequency
of contamination went down to 5% (data not shown). This decrease indicates
that antibiotics in the plant culture MS medium were effective in bacterial

contamination control.

Apparently-healthy plant material was cultured on micropropagation
medium without antibiotics (Figure 1B) but, at 4 months of culture, shoots
stopped elongating resulting in gradual browning and defoliation of leaves and
some signs of possible endophytic contamination were observed. Pink bacteria
were observed at the base of the explants. To eliminate this contamination, 35
mg I’ gentamicin and 400 mg I' cefotaxime were again added to the
micropropagation medium and their effect was also evaluated on the average
number of shoots per explant and on shoot rooting. In the presence of these
antibiotics, the average number of shoots per explant was 4-5, while without
antibiotics, the average number of shoots per explant was 37-40 (Pazos-
Navarro et al. 2012). With antibiotics, shoot rooting was abnormal and the roots

did not appear at the base of the shoot, but along the stem (Figure 3C).
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Keskitalo et al. (1998) observed the same effects on Tanacetum vulgare
cultures, where the number of shoots decreased linearly with increasing
concentrations of gentamicin with cefotaxime, and root initiation was delayed
with increasing concentrations of cefotaxime. These authors reported that
combinations of antibiotics involving aminoglucosides and B-lactams are
phytotoxic to plants at the concentrations that successfully eliminate bacterial
contaminants. Such antibiotic combinations should therefore be used only for
limited periods of time to eliminate known contaminants, whereas the
prophylactic and long-term use of these combinations of antibiotics should be
avoided (Leifert et al. 1992).

Combinations of aminoglucosides (gentamicin or streptomycin) with
cephalosporin, as cefotaxime, or other B-lactamase inhibitors such as timentin
have been reported in other species such as strawberry (Tanpraset and Reed
1998) or hazelnut (Reed et al. 1998), and they were effective at eliminating
bacterial contamination, but these authors did not report any effect on

micropropagation rate.

Cefotaxime is an antibiotic recommended for in vitro plant culture because
of its broad spectrum and low phytotoxicity. Moreover, cephalosporin is reported
to potentiate growth and morphogenesis and seems species-specific. Thus,
Mathias and Mukasa (1987) showed that cefotaxime enhanced the frequency of
embryogenic callus formation from immature embryos and activated tissue
growth in wheat and regeneration of callus in Hordeum vulgare. In cultured
sorghum tissues, cefotaxime prolonged the period of tissue capability for plant
regeneration (Rao et al. 1995), whereas in maize culture, it accelerated callus
differentiation (Danilova et al. 2004). In tobacco, cefotaxime weakly inhibited
shoot formation from cotyledonary explants and rooting of regenerants from leaf
discs (Nauerby et al. 1997).

In contrast, gentamicin is reported as an inhibitor of cotyledon
differentiation and callus formation in artichoke (Dodds and Roberts 1981); thus
several authors have examined its phytotoxic effect on plant tissue and cell
cultures. Phytotoxicity of streptomycin and gentamicin (inhibition of growth,
callus formation and cell division) has also been shown in Cordyline, Datura,
Delphinium, Ficus, Helianthus, Hemerocallis, Lactuca, Nicotiana, Philodendron
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and Syngonium (Dodds and Roberts 1981; Phillips et al. 1981; Bastiaens et al.
1983; Horsch and King 1983; Pollock et al. 1983; Fisse et al. 1987; Leifert et al.
1991). In our case, the combination of cefotaxime and gentamicine produced
some phytotoxicity which led to a decrease in the micropropagation rate.

Tabla 4. Frequency of bacterial contamination of basal pieces of
putative healthy explants of four different accessions of B.
bituminosa, based on colony colour after 7 d of culture on LB

medium.

Frequency of explants contaminated by

Plant material bacteria (%)
White Yellow Pink  Other Healthy

"Bitu-Calnegre" - - 55.2 - 44.8
"Bitu-hybrid" - - 13.6 - 86.4
"Albo-tedera" 5.9 - 20.6 - 79.4
"Albo-hybrid" - - 7.5 - 92.5

Molecular identification and phenotypic characterisation of endophytic
bacteria

Pink bacteria isolated from 4-month-old in vitro cultures were considered
as endophytes and “vitropathogens” (Leifert et al. 1995). The two bacteria differ
in forming either mucous or dry pink colonies, and were sent to the Coleccion
Espafola de Cultivos Tipo (CECT, Valencia, Spain) in order to identify them.
The result of the CECT taxonomical analysis was:

- Blastococcus sp (Isolate E: pink mucous colony, see Table 2):
presents a similarity of 873/904pb (96.6%) with the DQ200983 sequence
(Blastococcus jejuensis strain KST3-10). Because strains with similarity
values between 16S rRNA sequences lower than 97% are considered
different species, this isolate might be provisionally considered as a new
species within the genus Blastococcus, (hereafter Blastococcus strain E).

- Methylobacterium extorquens (Isolate I: pink dry colony, see Table
2): presents a similarity of 928/932pb (99.6%) with the AB175632
sequence (strain |IAM 12631). Since strains with similarity values
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between 16S rRNA sequences higher than 97% are considered
members of the same species, this isolate may be considered a member
of the mentioned taxon, (hereafter M. extorquens strain 1).

Table 5.1 and Table 5.2 show the results of the phenotypic
characterisation of Blastococcus sp. and M. extorquens. Although both bacteria
are pink pigmented and present a slow growth rate, Blastococcus strain E is a
Gram-positive motile rod with coccoid cells and the colonies are mucous while
M. extorquens strain | is a Gram-negative motile rod and its colonies show a dry
surface. As the growth on PYGA, MS, LB and PDA was similar and slow for
both bacteria (Table 2, isolates E and 1), seven more media were tested in order
to find a better growth medium for each one (Table 5.1). Nutrient agar (NUT)
gave a 95% Petri dish surface growth surface for both bacteria and LM medium
90-95% for M. extorquens strain | and Blastococcus strain E, respectively. R2A
medium was good for M. extorquens strain | but not for Blastococcus strain E;
this may be due to the fact that Blastococcus sp. is reported to be negative for
starch hydrolysis and for D-glucose assimilation (Normand 2006) and these
compounds are the main carbon sources in R2A medium. In order to evaluate
the methanol assimilation capacity, three different concentrations of methanol
(0.25, 0.5 and 0.75% v/v) were tested onbasal mineral solution of MMS medium
(Table 5.1). Only M. extorquens strain | was able to growth at 0.5% (v/v)
methanol while Blastococcus strain E did not grow with methanol as carbon

source.

The assimilation of other different carbon sources (maltose, glucose, malic
acid, mannitol and trisodium acetate at 0.15% w/v) added to saline basal
medium (Table 5.1) was also evaluated. No growth of either bacterium was
observed in media supplemented with maltose, glucose or mannitol.
Methylobacterium grew on media supplemented with trisodium acetate better
than Blastococcus and both bacteria grew with malic acid.
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Table 5.1. Differentiation of the two isolates Blastococcus strain E and
Methylobacterium extorquens strain |, according to their growth characteristics.

Blastococcus M. extorquens
strain E' strain '
Gram test + )
Culture media
(Main carbon and NUT (yeast extract) 95 95
energy source)
R2A (D-glucose and starch) 25 80
LM (D-glucose and malt extract) 95 90
M72 (Tri-sodium citrate) 60 60
YMG (D-Glucose and malt extract) 50 70
TYG (D-Glucose) 40 40
Effect of methanol (5 o5 0 0
concentration (%
v/v) in MMS 0.5 0 50
medium 0.75 0 0
Carbon source Maltose 0 0
15%
(0.15% whv) Glucose 0 0
Malic acid 60 60
Mannitol 0 0
Trisodium acetate 10 30
Control without Carbon source 0 0

! Percentage of Petri dish surface growth after 48 h of culture

API20NE tests (Table 5.2) revealed other differences between the two
bacteria. M. extorquens strain | was positive for glucose assimilation and capric
acid assimilation while Blastococcus strain E was negative. The rest of the tests

did not show any differences.

As these two bacteria were possible endophytes and both damaged in
vitro cultures dramatically, new antibiograms tests were carried out, adding to
Nutrient broth the same antibiotics and concentrations as in Table 3. Both
bacteria were sensitive to ampicillin, carbenicillin, cefotaxime and penicillin and
resistant to erythromicin, streptomicin, gentamicin, hygromycin, nalidixic acid,
paromomycin, rifampicin and vancomicin at the concentration tested (data not

shown). Among the antibiotics tested, tetracycline (50 and 25 mg I') was the
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only one able to differentiate between Blastococcus strain E (resistant) and M.

extorquens strain | (sensitive).

Table 5.2. Phenotypic characterisation of the two isolates Blastococcus strain E and
Methylobacterium extorquens strain |.

Blastococcus strain E - M. extorquens strain

API20NE Reduction of nitrates to nitrites + +
Reduction of nitrates to nitrogen - -
Indol production - -
Glucose fermentation - -
Arginine hydrolase + +
Urease + +
Esculin hydrolysis (B-
glucosidase) - -
Gelatin hydrolysis (protease) - -
B-galactosidase +
Glucose assimilation -
Arabinose assimilation - -
Manose assimilation - -
Mannitol assimilation - -

N-acetyl-glucosamine
assimilation - -

Maltose assimilation - -
Potassium gluconate
assimilation - -

Capric acid assimilation - +
Adipic acid assimilation - -
Malate assimilation + +
Trisodium citrate assimilation - -
Phenylacetic acid assimilation - -
Cytochrome oxidase + +

-= negative test and + = positive test after a week of incubation at 30 °C

To test the sensitivity to antibiotics at those concentrations used in in vitro
plant culture, carbenicillin (500 mg I'"), tetracycline (100 mg I'"), ampicillin (100
mg I"), penicillin (100 mg I'") or cefotaxime (500 mg I'') were added to Nutrient
agar and broth media. No differences were found on liquid and solid media.
Carbenicillin, ampicillin, penicillin and cefotaxime were effective against both

bacteria and no growth was observed. Tetracycline was only effective against
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M. extorquens strain |. The last result is very interesting because tetracycline
added to Nutrient culture medium could be used to select between the two
bacteria.

Morphology of the strains

- M. extorquens strain | is a Gram-negative rod measuring 0.75-1.0 um x
2.0-2.5 um, occurring singly or in pairs (Figure 4A, B, Figure 5A and Figure 6).
Cells are motile and non-spore-forming, with a possible micro-capsule formation.
Colonies are smooth, dry and pink-pigmented. Figure 5A shows cell morphology
by scanning electron microscopy. Transmission electron microscopy (Figure 6)
shows that the bacteria present a thin exo-polysaccharide layer and granules of
poly-B-hydroxybutyrate (PHB), or some other hydroxyl-alkanoate, and dark

granules with another type of reserve substance, possibly poly-phosphate.

- Blastococcus strain E is Gram-positive, with cocci and rods measuring
0.5-1.0 um x 0.8-1.0 um (Figure 4C, D; Figure 5B and Figure 7). Cells are
motile and non-spore-forming. Colonies are mucous and pink-pigmented.
Figure 5B shows the cell morphology by scanning electron microscopy.
Transmission electron microscopy (Figure 7) shows ultra-thin sections of this
bacterium with granules of reserve substances, probably poly-phosphates and
poly-hydroxy-alkanoates.
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Figure 4. Cell morphology under contrast phase (A and C) and Gram stain (B
and D) under bright field microscopy. A y B M. extorquens strain |I; C y D:
Blastococcus strain E.

Figure 5. Scanning electron microscopy images of M. extorquens strain | (A) and
Blastococcus strain E (B).
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Figure 6. Transmission electron microscopy images of ultra-thin sections of M.
extorquens strain |. General view of the rod morphology, G= small black granules,
possibly poly-phosphate; NUC= nucleoid; PHB= poly-B-hydroxybutyrate granule; EXO=
exo-cellular polymeric substance, possibly a microcapsule; CW: cell wall (Gram-
negative type).
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Figure 7. Transmission electron microscopy images of ultra-thin sections of
Blastococcus strain E. A: rod and coccus morphology; G= granule; CW:
cell wall (Gram-positive type).

In conclusion, this is the first study about the microorganisms associated
with in vitro cultures of B. bituminosa. Of the nine different bacteria isolated,
based on colony colours, the pink bacteria (Blastococcus strain E and M.
extorquens strain ) were the most noteworthy, due to their persistence in in

vitro tissue cultures and their possible endophytic character.

The elimination of bacteria can be achieved by addition of gentamicin (35
mg I'") and cefotaxime (400 mg I'") to the plant in vitro culture media, although
at these concentrations the effect of the antibiotic cocktail was bacteriostatic
and not bactericidal.
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M. extorquens strain | isolated from B. bituminosa in vitro cultures is a rod-
shaped bacterium, strictly aerobic, oxidase-positive, urease-positive, able to
reduce nitrate to nitrite, arginine-hydrolase positive and B-galactosidase positive.
Methanol and acetate are utilised as sole carbon source. It does not grow in the
presence of maltose, mannitol or glucose at 0.15% (w/v). It oxidises malate,
capric acid and D-glucose as sole carbon and energy sources in the API20NE
test strips, and synthesises poly-hydroxyl-alkanoates, probably poly-B-
hydroxybutyrate granules and accumulates small granules of poly-phosphates
(Tables 5.1 and 5.2 and Figures 4, 5 and 6). It is sensitive to tetracycline at

concentrations tested.

Blastococcus strain E isolated from B. bituminosa cultures is a strictly-
aerobic, Gram-positive, coccus-shaped bacterium, oxidase-positive, urease-
positive, able to reduce nitrate to nitrite, arginine-hydrolase positive, and B-
galactosidase positive. Acetate is utilised as sole carbon source. It does not
grow in the presence of methanol nor maltose, mannitol or glucose at 0.15%
(w/v). It oxidises malate as sole carbon and energy sources (Tables 5.1 and 5.2
and Figures 4, 5 and 7). It is resistant to tetracycline.

What could be the role of these bacteria in plant physiology?

M. extorquens, which belongs to the a-Proteobacteria, is described as a
pink-pigmented, facultatively-methylotrophic bacterium (PPFMs) whose strains
are epiphytes on the leaf surface of plants; however, there is evidence that
methylobacteria can also penetrate into the intercellular space through the
stomata, attracted by the methanol emitted by sunflower (Kutchera 2007). It is
known that certain isolates of PPFMs produce phyto-hormones (auxins and
cytokinins) and vitamin B1, (Basile et al. 1985) and interact with plant nitrogen
metabolism via their bacterial urease or through the induction of nitrogen-fixing
root nodules, but the molecular basis for the growth-promoting activity is
unknown (Jourand et al. 2004, Omer et al. 2004a; Lee 2006). As a
consequence, several hypotheses have been postulated to explain the possible
implication of this genus in promotion of plant growth. Another remarkable
Methylobacterium characteristic is its capability for reducing metal uptake in
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roots and shoots of tomato, and so these bacteria might prevent the biosorption
and transport of such metals by the plant (Madhaiyan et al. 2007).

Blastococcus are actinobacteria that belong to the family
Geodermatophilaceae (Lee 2006). As reviewed by Qin et al. (2009), in general,
these endophytic organisms seem to have important roles in plant development
and health, such as improving and promoting the growth of host plants as well
as reducing disease symptoms caused by plant pathogens through various
mechanisms, including the production of secondary metabolites, changes in
host physiology or the induction of systemic acquired resistance in plants. In
addition, they can act as antagonists against phyto-pathogens through the
production of antibiotics, nutrient competition and induction of systemic disease
resistance (Kunoh 2002; Hasegawa et al. 2006; Meguro et al. 2006; Conn 2008;
Qin et al. 2009). Qin et al. (2009) reported the isolation of Blastococcus sp. from
the interior of tropical medicinal plants, and suggested that these strains might
represent a valuable source of new species and biologically-active compounds
with antimicrobial activity and genes for their biosynthesis.

Taking into account these plant-bacteria interactions referred to by other
authors, it is possible that these endophytes found in B. bituminosa have an
effect on the FC synthesis by some type of plant-bacteria interaction. It would
be interesting to carry out further research in this field. Moreover, in 2007,
Walker et al. reported that B. bituminosa possesses a degree of (constitutive)
resistance to heavy metals, manifested as restricted Zn transport to the shoot.
Could it be possible that Methylobacterium is involved in this effect?
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INTRODUCTION

Bituminaria bituminosa (L.) C.H. Stirt., commonly known as Tedera in the
Canary lIslands, is a perennial legume species widely distributed in the
Mediterranean Basin and Macaronesia. It is a self-pollinated diploid species
(2n=20) with DNA content estimated to be between 0.998 and 1.094 pg DNA
per diploid nucleus (Juan et al. 2004; Stirton 1981; Walker et al. 2006). B.
bituminosa shows patrticularly high diversity in the Canary Islands, with three
recognised botanical varieties: (i) var. albomarginata: native to semi-arid
habitats in coastal areas of Lanzarote island and a few other niches in
Fuerteventura, Tenerife and Gran Canaria, with an annual rainfall of 150 mm to
300 mm; (ii) var. crassiuscula: native to high altitude sub-humid areas in
Tenerife island with up to 500 mm rainfall per year; and (iii) var. bituminosa
widely distributed in all islands across varying altitudes and rainfall levels
(Méndez and Fernandez 1990; Méndez et al. 1990). In the Mediterranean
basin, only var. bituminosa is found (Mufioz and Correal 1998). These botanical
varieties were identified using morphological characteristics and were largely
supported by preliminary molecular analyses using arbitrary DNA markers
(Juan et al. 2005; Mufoz et al. 2000). However, Juan et al. (2005) found that
accessions of var. bituminosa from the Mediterranean region formed a cluster
distinct from a Canary Islands cluster that contained all three botanic varieties.
Therefore, there is some ambiguity in botanical variety definitions that warrants

further investigation.

In recent years, there has been growing international interest in B.
bituminosa as a potential source of pharmaceutical compounds and also as a
drought tolerant pasture species. The plant contains secondary compounds
such as pterocarpans with antitumor activity against leukaemia and colon
cancer (Maurich et al. 2006; 2004; Pistelli et al. 2003), antioxidants (Rosa et al.
2005) and furanocoumarins such as psoralen and angelicin, which are used in
the treatment of skin diseases (psoriasis, vitiligo, melanoma) (Innocenti et al.
1991; 1997; Martinez et al. 2010). As a forage crop it is well adapted to high
temperature and low rainfall. An important attribute of this species is that, unlike
lucerne (Medicago sativa L.), it has a high retention of leaves when moisture
stressed, therefore providing valuable feed over summer (Real et al. 2011; Real
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and Verbyla 2010). Traditionally, the profitability and sustainability of livestock
industries in southern Australia and in other regions with Mediterranean-like
climates is severely constrained by the quantity and quality of forage available
over summer and autumn. Therefore, there is strong demand for breeding
drought-tolerant and productive forage legumes as well as improved
understanding of the genetic basis of key agronomic traits.

Molecular markers contribute valuable support to breeding programmes
(Collard and Mackill 2008). Markers provide the means to characterise genetic
diversity within breeding programmes and help identify new genetic diversity in
the wild or in germplasm collections. Markers are valuable in determining or
confirming pedigrees and for marker-assisted selection of traits that are difficult
and/or expensive to measure. However, B. bituminosa can be considered a true
‘genomic orphan’ (Varshney et al. 2009) in that there are almost no genomic
resources or high-quality codominant markers available for genetic analysis.
The few genomic resources readily available for molecular marker development
for B. bituminosa consist largely of chloroplast gene sequences developed for
phylogenetic studies within the tribe Psoraleeae and more broadly among
phaseoloid legumes (Egan and Crandall 2008; Stefanovi¢ et al. 2009).
However, B. bituminosa has a rich cousin in the genomic resources sense:
soybean (Glycine max (L.) Merr.) that belongs to the neighbouring subtribe
Glycininae (Stefanovi¢ et al. 2009). The complete genome sequence of
soybean was recently determined (Schmutz et al. 2010), which could act as a
useful reference genome for B. bituminosa. However, the taxonomic divide
between these species is sufficiently wide to make marker transfer between
soybean and B. bituminosa rather inefficient. Fortunately, the advent of new
high-throughput genome sequencing technologies provides a relatively low cost
opportunity for rapid development of locus-specific markers for a species like B.
bituminosa that has little available genomic resources.

This study reports the generation of a cDNA library developed from leaf
MRNA from a single B. bituminosa plant and sampling of the leaf transcriptome
using 454 GS-FLX pyrosequencing technology. Simple sequence repeat (SSR)
motifs were identified, primers designed and a subset of these markers were
used to characterise a broad set of B. bituminosa accessions to assist in the
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correct choice of parents in breeding programmes, and which could be used to
provide guidance in managing and conserving germplasm collections. These
SSR markers along with the first catalogue of expressed genes provide
valuable resources for B. bituminosa genetic analysis and breeding.

MATERIAL AND METHODS

Selection of a B. bituminosa accession for transcriptome sequencing

In June 2008, one plant from each of 22 accessions was analyzed for
psoralen and angelicin content (Ewald Sweeny, Chem Centre, Western
Australia; unpublished data). The plant A13.1 (from accession A13) had the
highest total content of furanocoumarins (highest in angelicin and third highest
in psoralen) out of the 22 plants evaluated. This accession is from an original
population collected from the Teno region of the Canary Islands. Plant A13.1
was cloned by propagating cuttings which were then kept at the Department of
Agriculture and Food Western Australia (DAFWA) in a naturally lit glasshouse at
a constant temperature of 25°C. One such clone was used for transcriptome

sampling.

mRNA extraction and cDNA preparation

Young leaves were harvested from A13.1 and immediately frozen in liquid
nitrogen. Leaves were ground to a fine powder in liquid nitrogen using a mortar
and pestle. Total RNA was extracted using RNeasy kit (Qiagen) and mRNA
isolated using Oligotex mRNA kit (Qiagen). mRNA was purified using RNeasy
Minelute kit (Qiagen) and quality checked at the Australian Genome Research
Facility (AGRF; Brisbane, Australia) using an RNA6000 Pico chip (Agilent) run
on a BioAnalyzer 2100 (Agilent). A cDNA library was constructed by AGRF
following the standard Roche Diagnostics protocol (“cDNA Rapid Library
Preparation Method Manual - GS FLX Titanium Series”, October 2009 (Rev.
Jan 2010)).
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Sampling the B. bituminosa transcriptome by Roche 454 sequencing

Sequencing of the cDNA library was carried out at AGRF using the GS-
FLX System (Roche Diagnostics) with Titanium sequencing chemistry on one
half of a two-region gasket PicoTitre Plate; for full details, consult the Roche
Diagnostics “Sequencing Method Manual - GS FLX Titanium Series”, October
2009 (Rev. Jan 2010). The GS De Novo Assembler software (Roche
Diagnostics) was used to assemble the sequencing output into contigs, using
default parameters.

De novo assembly of B. bituminosa leaf transcriptome

The GS De Novo Assembler (version 2.3, Roche Diagnostics) software
programs “newAssembly” (with “cdna” parameter) and “runProject” were used
to align and assemble the sequencing output from Standard Flowgram Format
into contigs and isotigs, using default parameters as described by the

manufacturer.

Functional analysis

Gene ontology (GO) classification was conducted with the aid of Blast2GO
software (Gétz et al. 2008) using GenBank database version 173. Isotig and
remaining singleton contigs > 100 bp were included in the analysis. Matches
with significance values <1e-6 were allocated to three GO categories (Biological
Process, Molecular Function, and Cellular Component) in 1 to 11 levels of
hierarchical structure. For ease of visualisation, results are presented at levels 2
or 3 (Figure 1).

SSR detection and primer design

The raw GS-FLX sequencing output in FASTA format was submitted as
input to the QDD program (Meglécz et al. 2010) for detection of SSR markers
and primer design. The QDD program was run from the command line on a
Linux system using the default parameters as described in the QDD user

manual. For comparison, a manual search for repeat motifs among the
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isotig/contig sequences was performed and primers flanking a subset of repeats
were designed with the aid of Geneious 5.3 (Biomatters Ltd).

SSR marker amplification and fragment analysis

Genomic DNA was extracted from 50 B. bituminosa accessions provided
by the Future Farm Industries Cooperative Research Centre (FFI CRC) at the
Department of Agriculture and Food Western Australia (South Perth, Australia)
and 29 B. bituminosa accessions provided by the Spanish Breeding programme at
Instituto Murciano de Investigacion y Desarrollo Agrario y Alimentario (Murcia,
Spain) (Table 2), using lllustra Nucleon Phytopure Genomic DNA Extraction Kits
(GE Healthcare). PCR reactions were carried out in a MasterCycler
programmable thermal cycler (Eppendorf) in 20 uL volumes containing the
following components: 2.5 ng/uL genomic DNA, 1x PCR buffer (comprising 50
mM KCI, 10 mM Tris HCI (pH 9.0) and 0.1% Triton-X), 2 mM MgCl,, 200 pM
dNTPs, 0.04 U/uL Tag DNA polymerase and 0.2 uM each of forward and
reverse primers. Amplification conditions consisted of denaturation at 94°C for 5
min followed by 35 cycles of denaturation at 94°C for 45 sec, primer annealing
at 55°C for 45 sec and extension at 72°C for 90 sec, followed by a final

extension step of 72°C for 7 min.

Initial screening of 96 SSR primer pairs for amplification efficiency was
carried out using genomic DNA from plant A13.1 that had been used for
transcriptome sequencing. Primer pairs that successfully amplified fragments in
A13.1 (assessed using conventional TBE agarose electrophoresis) were then
used to screen eight diverse B. bituminosa accessions (individual plants: A13.1,
A27.2, A37.2, A42.3, A43.2, A48.2, A51.2 and S2b) for polymorphism. For
those markers identified as polymorphic on 2% TBE agarose gels,
fluorescently-labelled forward primers were synthesised and used to amplify
fluorescently labelled amplicons in 79 lines. Fragment size analysis was
performed relative to a Genescan LIZ500 internal size standard (Applied
Biosystems) using an AB3730xI capillary DNA sequencer (Applied Biosystems)
with the resulting electropherograms analysed using GeneMarker software
(SoftGenetics) as described in detail by Nelson et al. 2009. Each marker allele
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was recorded as estimated base pair length. For genetic distance estimates,
alleles were scored as present (1), absent (0) or unknown (999).

Genetic diversity analyses

Pairwise Euclidean distances among 79 B. bituminosa accessions (Table
2) were calculated using NTSYSpc 2.21i (Applied Biostatistics Inc.). Pairwise
distances were subjected to hierarchical cluster analysis using group averages
and multidimensional scaling (MDS) using Kruskal fit scheme 1 with 100
restarts in Primer 6.1.6 software (Primer-E Ltd). Analysis of Molecular Variance
(AMOVA) of variation within and among original populations (n=26, excluding
var. crassiuscula as there was only one accession represented) and allele
frequencies (n=27) were calculated using GenAlEx 6.4 (Peakall et al. 2006).
Polymorphism information content (PIC) was calculated using the formula
described by Pradhan et al. (2011).

RESULTS

Sampling the B. bituminosa leaf transcriptome by Roche 454 sequencing

Sequencing of the B. bituminosa leaf-derived cDNA library on the GS-FLX
System resulted in 432,306 sequence reads with an average length of 345 bp
(149.1 Mbp).

These sequence reads can be found in the Sequence Read Archive (SRA)
public database of NCBI (accession number SRP006905). GS De Novo
Assembler software assembled 266,461 (61.6%) of the reads into 4,542 contigs
that were 2100 bp in length. It then grouped contigs into 2,929 “isogroups”
(analogous to genes) and 3,798 “isotigs” (analogous to transcripts) with an
average isotig length of 707 base pairs. 3657 isotigs and remaining singleton
contig sequences that were 2200 bp in length are available at NCBI
Transcriptome Shotgun Assembly (TSA) database under accessions: JL856153
- JL859809.
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Functional characterisation of expressed gene sequences

3,838 isotigs and remaining singleton contig sequences =100 bp were
subjected to in silico functional characterisation using Blast2GO software. Gene
ontology (GO) terms were identified for 3,419 sequences (89.1%; see CD
ANNEX III: Additional file 1). Figure 1 provides a summary of the main GO
terms defined according to the cellular component, biological process and
molecular function associated with these 3,419 sequences. The species that
received the greatest proportion of BLAST hits was Glycine max (3,013 hits, or
88.1%), and G. max was also the species that was most frequently the top hit
(for 1,454 sequences; 42.5%). The other main model legume species only
rarely provided the most significant matches: Medicago truncatula was the top
hit for 185 sequences (5.4%) and Lotus japonicus was the top hit for 14
sequences (0.4%). Together, these results indicate that G. max will serve as the

most representative reference genome for B. bituminosa.

SSR primer design and testing

With the aid of QDD software, primer pairs for 186 ‘perfect’ SSRs and 54
‘compound’” SSRs were designed (see CD ANNEX Ill: Additional file 2). Of
these, 49 primer pairs for perfect SSRs and 38 primers pairs for compound
SSRs were selected in descending order of SSR motif length along with a
further 7 primer pairs were designed manually with the aid of Geneious software
using contigs containing SSR motifs (see CD ANNEX III: Additional file 3). In
total, 94 primer pairs were synthesised and screened for amplification efficiency
using genomic DNA from B. bituminosa plant A13.1 as template. Without any
specific optimisation, 82 out of 94 primer pairs (87.2%) amplified one or more
bands (visualised on low-resolution 1% agarose gels), with one band being
more common (78 primer pairs, 83.0%) than 22 bands (4 primer pairs, 4.3%)
(see CD ANNEX IlI: Additional file 3).

The 82 primer pairs that gave amplification products were screened for
gross-level polymorphism in eight diverse B. bituminosa accessions (one plant
per accession) by electrophoresis using 2% agarose gels. Of the 82 primer

pairs tested in this way, 21 showed clear band size polymorphism and were
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selected for synthesis of fluorescently labelled forward primers (Table 1). These
21 fluorescently labelled primer pairs were used to genotype 79 B. bituminosa
accessions (one plant per accession). These accessions were classed as
‘original populations’ (collected from wild or from traditional pasture lands; n=27)
or ‘breeding lines’ (having undergone selection and possible uncontrolled cross-
pollination within the Spanish breeding programme; n=52) (Table 2).

Fragment analysis using GeneMarker software revealed that 20 primer
pairs gave clear peaks; the remaining primer pair gave variable amplification
strength and was consequently omitted from subsequent analysis. Of the 20
high-quality SSR primer pairs, 19 appeared to detect single loci (1 to 2 alleles
per primer pair) while one primer pair appeared to detect two loci (2 to 4 alleles
for primer pair ‘Bbit-SSR079’). In total, 130 alleles were detected at 21 high-
quality marker loci, an average of 6.19 alleles per locus indicating that these
markers were generally highly polymorphic. The 19 single locus SSR markers
detected between 3 to 11 alleles per marker, with polymorphic index content
(PIC) values ranging from 0.13 to 0.76 (average = 0.407) (see CD ANNEX IlI:
Additional file 4).
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Table 1. Bituminaria bituminosa simple sequence repeat (Bbit-SSR) primer pairs
selected for characterisation of B. bituminosa germplasm.

Marker E . .

name orward primer sequence Reverse primer sequence
Bbit-SSR004 ACCACCCGCAGTTACTTTCACCT | CCTTGTGCTGGTTTCACGCAACG
Bbit-SSR005 ACCAAGTCAGGCTGGAACCCCA GTCCTGGCCCACTGAACGCC
Bbit-SSR008 CATTGACATCCCTAAGCATAATGT | TCGTTAATAGCGGTCTTGGG
Bbit-SSR010 GCAGGCTTTCCTGAACTGAC GTCTCCACCAGCAATACCGT
Bbit-SSR012 TCATCCCTTCTCTTCCTACTCG CGGTTTCTTCGAATACACAGTA
Bbit-SSR013 GAAGGCAAGTGAAAAGCCAG TCAGACACCAGTGGCTCAAC
Bbit-SSR015 GACTGCACGGTCTTCTCGAC ATGTGCAGAGGCATTTGTTG
Bbit-SSR034 CAATCCCATTTTCCGCTTTA TGCCCTCTTCCTTCATAGGTT
Bbit-SSR035 ATATCCACCACCTTCCGTGA GTAGGATAGGGTCCGGTGGT
Bbit-SSR040 TAACCACTTGGAACTGGGGT AATTGCAACAGCAGCAACAG
Bbit-SSR055 AGCATCACTACGACCATCCC GGTGACAACAGAGTGGTCTGA
Bbit-SSR056 TCATCCCTTCTCTTCCTACTCG CGGTTTCTTCGAATACACAGTA
Bbit-SSR059 CATTGACATCCCTAAGCATAATGT | TCGTTAATAGCGGTCTTGGG
Bbit-SSR064 TTGCTTCTGCGTAACTGTGG AAAAGTCCACGTCAGCATCC
Bbit-SSR066 GGTCGTCCCATTTATCGAAG GGAAGAACGGTCAATGGAGA
BbittSSR067 | TCACCTTCCTCACAAACTACCA TGAAATGCCTCAATGAGCTAAA
Bbit-SSR070 TGTCGAACTGTTGGATTGTGA AATTGCAACAGCAGCAACAG
Bbit-SSR073 TTTGCTTGTGTCCTGTCCAA CCTTCCCTTACCCACCAAGT
Bbit-SSR076 AGAAGGCAAGTGAAAAGCCA TCAGACACCAGTGGCTCAAC
Bbit-SSR079 GAGCTTCGGAGGGAGTTCTT CCAAAATCCATCACCTTCCA
Bbit-SSR090 CCCTAACATTGGTAACAGCCA GAGGCTGGCATCAAGTCAAC

Validating SSR markers by genetic diversity analysis in 27 original
populations

To determine if the SSR markers were suitable for inferring genetic
relationships among breeding lines, a pairwise Euclidean distance matrix for 27
accessions collected from the wild or from traditional pasture-lands (termed
‘original populations’; Table 2) was analysed by hierarchical clustering and MDS
analysis (Figure 2). In both analyses, accessions grouped together according to
botanical variety indicating that allelic variation at these markers reflected well-
established botanical varieties. Interestingly, var. bituminosa accessions were
sub-divided into two clear groups according to geographical origin (Canary
Islands and Mediterranean region). Cluster analysis revealed that some
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accessions were genetically so similar that they could not be distinguished
using allele information at 21 SSR loci (Figure 2a). Heterozygosity of the
original populations ranged from 0 - 62% (mean = 16.4%; Table 2). An analysis
of molecular variance (AMOVA) confirmed that there was significant
differentiation between populations accounting for 35% of the total allelic

variance observed (Table 3).
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Table 2. Bituminaria bituminosa plants used in this study. Single plants were taken
from 79 accessions from original populations (n=27) or breeding lines (n=52).
Accession names prefixed by ‘A’ were provided by the Australian breeding programme,
while accession names prefixed by ‘S’ were provided by the Spanish breeding
programme. The botanical variety of each accession, the original geographical origins
and the level of marker-defined heterozygosity are shown. H.= Heterozigosity

Acggzsélon Botanical variety Geographical origin Population type He
A1.1 . Canary Islands (Famara, Breeding line 24%
albomarginata Lanzarote)
A2.1 . Canary Islands Breeding line 24%
albomarginata
A3.2 . Canary Islands Breeding line 25%
albomarginata
A4.2 . Canary Islands Breeding line 5%
albomarginata
A5.1 . Canary Islands (Famara, Breeding line 10%
albomarginata Lanzarote)
AB.2 L Canary Islands (Teno, Tenerife) Breeding line 33%
bituminosa
A7.2 L Canary Islands (Teno, Tenerife) Breeding line 24%
bituminosa
A8.1 . Canary Islands Breeding line 15%
albomarginata
A9 ' Canary Islands (Famara, Breeding line 5%
albomarginata Lanzarote)
A10.2 . Canary Islands Breeding line 0%
albomarginata
A11.17 . Canary Islands (Famara, Breeding line 14%
albomarginata Lanzarote)
A12.3 L Canary Islands (Teno, Tenerife) Orlglnal_ 0%
bituminosa population
A13.1 L Canary Islands (Teno, Tenerife) Breeding line 29%
bituminosa
Canary Islands (Malpaso, Original o
Al4-1 albomarginata Lanzarote) population 19%
Canary Islands (Famara, Original o
A15.4 albomarginata Lanzarote) population 10%
A16.2 . Canary Islands (Vilaflor, Tenerife) Breeding line 10%
crassiuscula
A17.2 . Canar'y Islands (Canadas del Teide, Breeding line 19%
crassiuscula Tenerife)
Canary Islands (Vinamar, Original o
A18.8 . ) 0%
albomarginata Fuerteventura) population
A19.3 . Canary Islands (Tenerife) Breeding line 24%
crassiuscula
A20.1 . Canary Islands (Famara, Breeding line 19%
albomarginata Lanzarote)
A21.1 . Canary Islands (Famara, Breeding line 38%
albomarginata Lanzarote)
A22 2 ' Canary Islands (Famara, Orlglna[ 0%
albomarginata Lanzarote) population
A23.2 L Canary Islands (Teno, Tenerife) Orlglna[ 28%
bituminosa population
A24.3 L Canary Islands (Teno, Tenerife) Orlglna[ 0%
bituminosa population
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A26.1 L Canary Islands (Tenerife) Orlglna[ 25%
bituminosa population
A27.2 . Canary Islands (Teide, Tenerife) Orlglna[ 33%
crassiuscula population
A29 2 ' Canary Islands (Famara, Orlglna[ 6%
albomarginata Lanzarote) population
A36.1 ' Canary Islands (Famara, Origina[ 279,
albomarginata Lanzarote) population
A37.2 ' Canary Islands (Malpaso, Origina[ 279,
albomarginata Lanzarote) population
A38.3 o Canary Islands (Tefia, Orlglna[ 14%
bituminosa Fuerteventura) population
A39 2 ' Canary Islands (Vinamar, Origina[ 0%
albomarginata Fuerteventura) population
A40 1 o Canary Islands (Bentacuria, Origina[ 219
bituminosa Fuerteventura) population
A41.2 L Canary Islands (Guimar, Tenerife) Orlglna[ 5%
bituminosa population
A43.2 L Canary Islands (Tenerife) Breeding line 38%
bituminosa
Ad44 A . Canary Islands Breeding line 10%
albomarginata
A46.1 . Canary Islands Breeding line 10%
albomarginata
A48.2 . Canary Islands (Famara, Breeding line 52%
albomarginata Lanzarote)
A49.3 . Canary Islands Breeding line 52%
crassiuscula
Canary Islands (Famara, S o
A50.1 albomarginata Lanzarote) Breeding line 15%
A51.2 . Canary Islands Breeding line 19%
crassiuscula
A52.1 . Canary Islands Breeding line 20%
albomarginata
A53.2 . Canary Islands Breeding line 38%
albomarginata
A54 .1 . Canary Islands Breeding line 29%
albomarginata
A55.2 . Canary Islands Breeding line 35%
albomarginata
A56.2 _ Canary Islands (Teno, Tenerife) Breeding line 37%
bituminosa
Canary Islands (Famara, S o
A58.2 albomarginata Lanzarote) Breeding line 52%
AB62.1 . Canary Islands Breeding line 43%
albomarginata
AB3.1 . Canary Islands (Vilaflor, Tenerife) Breeding line 10%
crassiuscula
A64.2 o Canary Islands Breeding line 43%
bituminosa
AG5.1 o Medl'gerranegn region (Calnegre, Breeding line 0%
bituminosa Murcia, Spain)
Mediterranean region (Llano del S o
S1b bituminosa Beal, Murcia, Spain) Breeding line 95%
S3c L Canary Islands (Tahonilla, Tenerife) Orlglna[ 29%
bituminosa population
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S4a Canary Islands (Tahonilla, Tenerife) Orlglna[ 42%
bituminosa population
Mediterranean region (La Perdiz, - o
Séc bituminosa Murcia, Spain) Breeding line 48%
Canary Islands (Famara, Original o
S8a albomarginata Lanzarote) population 62%
Mediterranean region (Calnegre, - o
S9a bituminosa Murcia, Spain) Breeding line 68%
Mediterranean region (Sardinia, Original
1 ! 24%
S10b bituminosa Italy) population "
Mediterranean region (La Unién, - o
S11b bituminosa Murcia, Spain) Breeding line 62%
Mediterranean region (Calnegre, - o
S13c bituminosa Murcia, Spain) Breeding line 30%
S14b L Mediterranean region (Israel) Orlglna[ 33%
bituminosa population
Mediterranean region (La Unién, Original o
S17b L : ; . 0%
bituminosa Murcia, Spain) population
Mediterranean region (La Unién, Original o
S18b L : ; . 5%
bituminosa Murcia, Spain) population
Mediterranean region (La Union, Original
S19b _ : ; . 5%
bituminosa Murcia, Spain) population
S20b o Medi'gerranegn region (La Perdiz, Breeding line 48%
bituminosa Murcia, Spain)
S21c . Canary Islands (Famara, Breeding line 67%
albomarginata Lanzarote)
S23b o Medl'gerranegn region (La Perdiz, Breeding line 95%
bituminosa Murcia, Spain)
S29b L Canary Islands (Tenerife) Breeding line 15%
bituminosa
S30b L Canary Islands (Tenerife) Breeding line 0%
bituminosa
S31b bituminosa Mediterranean region (Spain) Breeding line 50%
S32¢ L Canary Islands (Tenerife) Breeding line 29%
bituminosa
S33b . Canary Islands Breeding line 24%
albomarginata
S34c o Medl'gerrane.an region (La Perdiz, Breeding line 38%
bituminosa Murcia, Spain)
335¢ o Medl'gerrane.an region (La Perdiz, Breeding line 63%
bituminosa Murcia, Spain)
3362 o Medl'gerrane.an region (La Perdiz, Breeding line 359,
bituminosa Murcia, Spain)
Mediterranean region (La Perdiz, - o
S37c bituminosa Murcia, Spain) Breeding line 55%
. . Original o
S38d bituminosa Mediterranean region (Greece) population 11%
. . Original o
S39c bituminosa Mediterranean region (Greece) population 5%
. . Original o
S40d bituminosa Mediterranean region (Greece) population 11%
S41c L Canary Islands (La Palma) Breeding line 28%
bituminosa
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Table 3. Analysis of molecular variance (AMOVA) in
single plants sampled from 26 original populations of
Bituminaria bituminosa. Three populations were defined
as var. albomarginata (n=9), var. bituminosa from the
Canary Islands (n=9) and var. bituminosa from the
Mediterranean  region  (n=8). Botanical variety
crassiuscula was not included because there was only
one accession used in this study.

Source df |SS MS Est. Var.| %

Between Pops (2 [180.425|90.213|8.549* |35%
Within Pops |23|373.306(16.231]16.231* |65%

Total 25553.731 24.780 [100%

*Significant at P<0.001

Using markers to characterise B. bituminosa breeding lines

Having established that the usefulness of the new SSR markers, genotype
information from an additional 52 B. bituminosa breeding lines was subjected to
pairwise distance analysis, along with plants from the 27 original populations
(see CD ANNEX IlI: Additional file 5). This distance matrix was analysed by
MDS and hierarchical clustering techniques (Figure 3 and see CD ANNEX llI:
Additional file 6). Adding these lines to the analyses resulted in an increased
complexity of inter-relationships as evidenced by an increase in the two-
dimensional MDS stress from 0.16 (27 original populations) to 0.23 (all 79
accessions). However, a similar pattern of groupings among the original

populations was observed (compare Figure 2b and Figure 3).

Figure 3 a-d shows the placement of breeding lines of three botanical
varieties from the Canary Islands and Mediterranean region relative to the
original populations. In general, breeding lines described as var. albomarginata
and var. bituminosa (from the Canary Islands) were placed within or near their
respective clusters of original populations with one notable exception: breeding
line S41c (Figure 3b) was described as Canary Island bituminosa but had much
greater affinity to Mediterranean bituminosa according to SSR marker
genotyping. Breeding lines described as Mediterranean bituminosa and var.
crassiuscula had very wide distribution in the MDS plots (Figure 3 ¢ and d). The

average heterozygosity of breeding lines was substantially higher (32.0%) than
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for original populations (16.4%), and had a greater range of values (0-95%;
Table 2).

a)

Bcellpart

B membrane-bounded organelle
DOorganelle part

B non-membrane-bounded organelle
B protein complex

Ovesicle

Bapoplast

O protein-DNA complex

Bvirion part

Dextracellularregion part

B metabolic process

B cellularprocess

Olocalization

Ebiological regulation
Eresponse to stimulus

Ocellular component organization
HEcellularcomponent biogenesis
Osignaling

B developmental process

O multicellularorganismal process
Ereproduction

B cellwall organization orbiogenesis

@ multi-organism process

B binding

B catalytic activity

Ostructural molecule activity
Btransporteractivity

B electron carrier activity
DOtranscription regulator activity
B antioxidant activity

O moleculartransducer activity
B enzyme regulatoractivity

O nutrientreservoiractivity

Figure 1. Gene ontology (GO) terms for 3,419 expressed gene sequences obtained by
Roche 454 sequencing of leaf mRNA of Bituminaria bituminosa plant 13.1. GO
descriptors are categorised according to: a) cellular components (level 3 terms); b)
biological process (level 2 terms with >10 sequences); and ¢c) molecular function (level
2 terms).
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b)

& A27.2
| M A37.2

| m A36.1
mA14.1

W A22.2

W A29.2

W A15.4
W S8a

| W A39.2

'mA18.8
A40.1

A41.2

A23.2

A12.3

A26.1

S4a
S3c

A38.3

A24.3

A S40d
L A s3sd
-

A S39c
A S18b
A S17b
A S19b
A S10b

Distance

IA S14b

0

A27.2

A26.1

A41.2 A12.3

A38.3 A24.3
AY3.2

A40.1
S3c

S4a
A39.2

A3B.2.

ms.s

A22.2 .A29.2
u ]

A14.1

A15.4 S8a

S39¢
A3sd

A
S$40d

si;/@b

S19b
A

B albomarginata

Canary bituminosa
A Mediterranean bituminosa

& crassiuscula

S14b

S10b

Figure 2. Genetic relationships among 27 Bituminaria bituminosa accessions from
three botanical varieties collected from the Canary Islands and the Mediterranean
region. One plant from each accession was assessed using 21 simple sequence repeat
loci with the resulting 130 alleles used to calculate Euclidean pairwise distances. These
distances are presented in: a) Dendrogram produced by hierarchical clustering
analysis; b) Multi-dimensional scaling (MDS) plot (2D stress = 0.16).
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Figure 3. Multidimensional scaling (MDS) plots of 79 Bituminaria bituminosa
accessions from three botanical varieties from the Canary Islands and the
Mediterranean region. Each MDS plot was generated from pairwise Euclidean
distances of all 79 accessions (2D stress = 0.23) with each plot showing the position of
additional breeding lines (denoted by “+” signs) from botanical varieties: a) var.
albomarginata; b) var. bituminosa (Canary Islands); c) var. bituminosa (Mediterranean
region); and d) var. crassiuscula
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DISCUSSION

New high-throughput DNA sequencing technologies offer many research
opportunities for both model and crop species alike (Martinez et al. 2010).
Arguably, minor grain and pasture crop species (also known as “orphan” crop
species, Varshney et al. 2009) stand to gain the most since they are starting
from a very low baseline of genomic resources. This paper describes a method
for developing codominant and polymorphic genic SSR markers from a modest
sampling of the leaf transcriptome derived from a single plant of B. bituminosa
by Roche 454 pyrosequencing. This method was highly effective with 75 out of
87 (86.2%) automatically designed primer pairs successfully amplifying PCR
products (see CD ANNEX llI: Additional file 3). Of the 21 markers selected for
high- resolution fragment analysis in plants from 79 B. bituminosa accessions,
20 gave consistently strong amplification products and were highly polymorphic
(6.19 alleles per marker locus). The methods presented in this study could be
used by researchers for other genomic orphan species for rapid development of
high-quality codominant markers, although the extent of marker polymorphism
will vary between species and between populations within species.

The usefulness of the SSR markers was demonstrated by a clear
delineation of groups according to botanical variety and geographical location in
plants sampled from 27 original populations. These markers advanced our
understanding of genetic diversity in B. bituminosa in that we could clearly
distinguish var. bituminosa types according to their geographical origin (Canary
Islands and the Mediterranean region; Figure 2). This differentiation was of
similar magnitude to that which distinguished botanical varieties and extends
the observation by Juan et al. (2004) who found that Mediterranean var.
bituminosa formed its own grouping while all botanical varieties from the Canary
Islands formed another group. Therefore, there is a prima facie case for dividing
var. bituminosa into two botanical varieties according to geographic origin
(Canary Island or Mediterranean region), each distinct from var. albomarginata
and var. crassiuscula. There are some differences in trait characteristics that
support this division. For example, Mediterranean var. bituminosa are usually

biennial whereas Canary Island var. bituminosa are perennial.
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These SSR markers provided some useful insights into B. bituminosa
breeding lines. Historically, the B. bituminosa breeding programme has
practiced uncontrolled open pollination. While most pollination in B. bituminosa
is considered to be by self-pollination, a certain proportion of out-crossing does
occur (Stefanovi¢ et al. 2009) but until now there has been little direct evidence
to support this assumption. In this study, two lines of evidence were found to
support the occurrence of out-crossing in the B. bituminosa breeding
programme. First, the average level of heterozygosity increased approximately
two-fold in breeding lines (32.0%) versus original populations (16.4%) (Table 2).
Second, cross-pollination between B. bituminosa plants from different botanical
varieties and geographical locations is the most likely explanation of the wider
distribution of breeding lines compared to original populations in MDS plots
(Figure 3). Interestingly, this increased distribution was most pronounced in
Mediterranean var. bituminosa. This may in part be explained by breeder
observations in Murcia (Spain) that populations of var. bituminosa presented a
higher percentage of fruit set compared to populations of var. albomarginata,
which was taken to be indirect evidence of higher cross-pollination frequencies
in var. bituminosa (Schmutz et al. 2010). The same observation was made for
var. crassiuscula, though analysis of additional accessions is necessary to

confirm this preliminary conclusion.

An advantage of using the transcriptome sequencing approach compared
to more conventional genomic SSR approaches is that markers should be more
transferable across species since they are based on gene sequences that are
relatively well conserved in evolution compared to non-genic regions (Hecht et
al. 2005). For example, these genetic markers may prove useful in other
Psoraleeae species that remain genomic orphans, such as Cullen
australasicum, an Australian native perennial legume species that shows

promise as a drought-tolerant pasture species (Larbat et al. 2007).

In addition to generating useful SSR markers, this study provides a
repertoire of many thousands of expressed gene sequences for potential follow-
up experiments. Gene ontology analysis using Blast2GO was highly effective in
identifying putative cellular location, biological process and molecular function in
3,419 out of 3,838 (89.1%) assembled mRNA sequences. Examples of follow-
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up experiments may include investigating genes associated with flowering time
regulation [e.g. CONSTANS-like a (Hecht et al. 2005); isotig02726, see CD
ANNEX IlI: Additional file 1] or furanocoumarin biosynthesis genes [e.g.
cytochrome p450 monooxygenases (Larbat et al. 2007; 2009); e.g. isotig00288,
see CD ANNEX llI: Additional file 1]. The species showing closest homology to
B. bituminosa in 3,013 out of 3,419 (88.1%) mRNA sequences with significant
hits was G.max, indicating that G. max will serve as a useful reference genome

for future gene discovery and characterisation in B. bituminosa.

This work describes an efficient method for developing valuable SSR
markers for B. bituminosa, a species that could previously be described as a
genomic orphan. These markers gave new insight into genetic variation in B.
bituminosa, providing evidence that a division of the botanical variety
bituminosa may be appropriate. Evidence of cross pollination was found
between botanical varieties in the B. bituminosa breeding programme. The
expressed gene repertoire discovered in this experiment may be useful for
follow-up experiments targeting biochemical pathways and/or important

agronomic traits.

ADDITIONAL INFORMATION (see ANNEX lll, CD)

Additional file 1: Gene ontology (GO) terms for 3,419 B. bituminosa mRNA sequences. GO

terms with associated descriptions generated using Blast2GO software.

Additional file 2: 240 primer pairs targeting simple sequence repeat motifs. Primer pairs
designed using Primer3 based on Roche 454 sequences identified as containing simple

sequence repeats using QDD software.

Additional file 3: Primer pairs selected for testing. Details of 94 primer pairs targeting simple
sequence repeat (SSR) motifs in transcribed genes of B. bituminosa leaves sampled by Roche

454 transcriptome sequencing.

Additional file 4: Allele frequencies in B. bituminosa plants. A total of 118 simple sequence
repeat (SSR) marker alleles were detected using 19 single-locus markers. Marker Bbit-SSR079
detected two loci and so was not included here. Polymorphic information content (PIC) and

allele frequencies were calculated based on the whole population of 79 B. bituminosa plants.
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Allele frequencies are also presented for four original populations of botanical varieties
albomarginata, bituminosa (from the Canary Islands and Mediterranean region) and

crassiuscula that together comprised 27 plants.

Additional file 5: Euclidean distance matrix. 79 B. bituminosa plants were genotyped at 21
simple sequence repeat loci. The resulting 130 alleles were used to calculate pairwise

Euclidean distances.

Additional file 6: Cluster tree of 79 B. bituminosa plants. Based on Euclidean distances
estimated using 130 simple sequence repeat marker alleles. Symbols indicate botanical variety

and type of line (original collection or breeding line).
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CONCLUSIONS

CHAPTERI:

|.Partial cisgenic grapevines have been obtained with the Vst1 gene from
Vitis vinifera. The genetically-modified plants over-produce resveratrol and
the levels were 2-7 fold greater than in the control plants.

[I.This system of genetic modification is a good alternative to obtain true
cisgenic plants for producing secondary metabolites, and avoids the
problem of the negative public opinion concerning genetically-modified

plants.

CHAPTER II:

[.This is the first time that in vitro plant tissue culture techniques for B.
bituminosa have been developed. Micropropagation protocols using apical
and nodal explants have been established from four plant accessions. The
addition of activated charcoal improves the quality and development of
regenerated shoots. GA; added to the culture medium improves shoot
elongation in variety albomarginata because of having shorter internodes

than var. bituminosa.

[I.Micropropagated plants established in the field contained FC levels equal to
or even higher than those in the non-micropropagated mother plants,
showing that this protocol offers a good method to multiply plants selected
for their high FC content.

III.A plant regeneration protocol from different leaf explants (leaflet, petiole and
the intersection between petioles and leaflets) of B. bituminosa has been
developed. An interaction between explant type and plant growth regulators
used in the culture medium was observed. The best explant type was the
intersection between petioles and leaflets (cross).
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IV.The production of FCs has been evaluated in different plant material:
organogenic calli, in vitro plants, ex vitro greenhouse-plants and ex vitro
field-plants. The accumulation of FCs depended on the level of cell
organization, plant development and environmental stress, being higher in

ex vitro field-plants.

V.It has been demonstrated, for the first time, that elicitation of in vitro cultures
(organogenic calli and in vitro plants) by ultraviolet radiation enhances the

linear and angular FC production.

VI.In vitro cultures of B. bituminosa show contamination by two pink
endophytic bacteria identified as Blastococcus sp (Blastococcus strain E)
and Methylobacterium extorquens (M. extorquens strain ). Blastococcus
strain E presents resistance to tetracycline and is not able to assimilate
methanol, while M. extorquens strain | is sensitive to tetracycline and

assimilates methanol as an energy and carbon source.

VI.The elimination of endophytic bacteria is achieved by the addition of
gentamicin (35 mg I"') and cefotaxime (400 mg I"') to the plant in vitro
culture media, although at these concentrations the effect of the antibiotic
combination is bacteriostatic and not bactericidal.

VIIl.An efficient method for developing valuable SSR markers for B. bituminosa
has been developed. These markers have given new insights into the
genetic variation in B. bituminosa, providing evidence that a division of the
botanical variety bituminosa from the Canary Islands and from the

Mediterranean region may be appropriate.

IX.Evidence of cross pollination was found between botanical varieties
(albomarginata, bituminosa and crassiuscula) in the B. bituminosa breeding

programme.
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FUTURE PROSPECTS

[.The establishment of cell suspensions obtained from calli of leaves of
Vst1-cisgenic grapevine plants and subsequent elicitation could be a good
approach to increase large-scale resveratrol production for commercial

purposes.

[l.Plant regeneration from leaf explants of B. bituminosa is a useful tool for
developing a genetic modification protocol that allows control of the

synthesis pathway of linear or angular FCs.

[II.The FC biosynthesis could be increased by using elicitors or precursors

involved in the biosynthetic pathway.

IV.To develop a linkage map of the B. bituminosa genome and quantitative

trait locus (QTL) mapping of genes controlling FC biosynthesis.
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Table 1. Media used for genetic modification and plant regeneration
of Vitis vinifera L. cv. Superior Seedless.

Iz 2 Germination Plant
MEDIA MSAC MSAC media development
MACRONUTRIENTS 2MS 12MS 2 MS 2 MS
MICRONUTRIENTS MS MS MS MS
VITAMINS (mg/l)
Myo-Inositol| 100 100 100 100
Nicotinic Acid - - 0.5 0.5
Pyridoxine-HCI - - 0.5 0.5
Thiamine-HCI - - 0.1 0.1
Biotin - - 0.01 0.01
PLANT GROWTH
REGULATORS (uM)
IAA - - 10 -
GA3 - - 1 -
AMINOACIDS (mg/l)
L-Glycine - - 2 2
Casein Hydrolysate - - 100 100
L-Glutamine - - 100 100
OTHERS (mg/l)
Activated Charcoal | 2500 2500 2500 -
Sucrose | 20000 20000 20000 20000
Noble Agar (Difco)| 8000 8000 8000 8000
Cefotaxime | 300 300 300 300
Kanamicin - 50 - -

MS: Murashige and Skoog (1962)
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Table 2. Media used for Bituminaria bituminosa in vitro culture:

Micropropagation

MEDIA T1 T1+AC T2 T2+AC T3
MACRONUTRIENTS “MS '2MS %MS '>-MS '2MS
MICRONUTRIENTS MS MS MS MS MS
VITAMINS (mg/l)
Myo-Inositol | 100 100 100 100 100
Nicotinic Acid| 0.5 0.5 0.5 0.5 0.5
Pyridoxine-HCI| 0.5 0.5 0.5 0.5 0.5
Thiamine-HCI| 0.1 0.1 0.1 0.1 0.1
Biotin| 0.01 0.01 0.01 0.01 0.01
AMINOACIDS (mg/l)
L-Glycine 2 2 2 2 2
Casein Hydrolysate | 100 100 100 100 100
L-Glutamine| 100 100 100 100 100
PLANT GROWTH REGULATORS (uM)
IAA - - 10 10 -
GA3 - - 1 1 -
IBA - - - - 10
OTHERS (mg/l)
Activated Charcoal - 2500 - 2500 2500
Sucrose | 20000 20000 20000 20000 20000
American Bacteriological Agar| 8000 8000 8000 8000 8000
Cefotaxime | 400 400 400 400 400
Gentamicin| 35 35 35 35 35

MS: Murashige and Skoog (1962)

Organogenesis:

For calli induction and shoot development, the medium used was T1

without antibiotics and supplemented with plant growth regulators: NAA or |IAA
(0.5 and 5 uM) and BA (5.0, 10.0 or 30 uM).

For rooting of shoots, the medium used was T1+AC without antibiotics and

supplemented with plant growth regulators: NAA, IAA or IBA (10 uM) and 1 uM

GAs.
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BACTERIAL COMPOSITION MEDIA

Composition Media (g I")' [LM R2A M72 TYG MMS  Nutrient YMG
Yeastextract| 5 05 - 25 - 2 4
Malt extract| 15 - - - - - 10
Starch| 10 0.5 - - - - -
Sucrose | 10 - - - - - -
CaCO3| 2 - - - - - -
Peptone| - 05 - - - 5 -
Casein hydrolysed| - 05 - - - - -
D-Glucose| - 0.5 - 1 - - 4
Sodium citrate | - - 3 - - - -
Soduim piruvate| - 0.3 - - - - -
Triptone | - - - 5 - - -
Beef extract| - - - - - 1 -
NaCl| - - 064 - 0.1 5 -
KH,PO | - - 03 - 0.62 - -
K;HPO4| - 0.3 0.7 - 1.20 - -
(NH,)2SO, | - 26 - 0.005 - -
MgSO, *7H.,O| - 0.05 0.2 - 0.2 - -
CaCl, *2H20 | - - - - 0.03 - -
FeCl; * 6H.O| - - - - 0.001 - -
MnSO, * 1H,O | - - - - 0.007 - -
Na,MoO,*2H,0O | - - - - 0.0129 - -
Hs:BO;| - - - - 0.01 - -
ZnSO, * 7THO| - - - - 0.07 - -
CuSO, *5H,0 | - - - - 0.005 - -
CoCl, *6H,O | - - - - 0.005 - -
pyridoxal hydrochloride | - - - - 0.002 - -
Folic acid | - - - - 0.00001 - -
Rivoflavine | - - - - 0.005 - -
Biotine | - - - - 0.000001 - -
Pantotenate calcic| - - - - 0.005 - -
Nicotinic acid | - - - - 0.005 - -
Tiamine | - - - - 0.005 - -
Methanol (%v/v) | - - - - 0.5 - -
American Bacteriological Agar| 15 15 15 15 15 15 15

'Nutrient agar (Kato et al. 2005; Knief et al. 2008), R2A (Gallego et al. 2005), LM medium
(Luedemann 1968), M72 medium (Sy ef al. 2001), MMS medium (Guo and Lidstrom 2006), YMG
medium (Salazar et al. 2006) and TYG medium (Kang et al. 2007)
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COLECCION ESPANOLA DE CULTIVOS TIPO (CECT) METHODOLOGY

16S rRNA gene partial sequencing

J DNA was extracted using a microbial DNA isolation kit (Ultra Clean,
MoBioLaboratories, Inc.). The DNA was checked for purity, using standard
methods (Sambrook et al.1989).

o DNA templates were amplified by the polymerase chain reaction (PCR)
on a Genius thermocycler (Techne), using universal primers amplifying a 1,000
bp region of the 16S rRNA gene, 616V:5- AGA GTT TGATYM TGG CTC AG -
37, 699R: 5°- RGG GTT GCG CTC GTT -3, obtained from Invitrogen (Life
Technologies). The amplification mixture (100 pl) comprised 2 pl (50 pmol/ul)
each of 616V and 699R primers, 0.5 pl (2U pl'") of Tag DNA Polymerase
(Finnzymes), 10 yl of 10x reaction buffer (Finnzymes), 10 pl of dNTP mixture
(containing 1 mM each of dATP, dGTP, dCTP and dTTP, Roche), 70 pl of
sterile filtered water (Milli-Q purification system, Millipore) and 5,5 ul of DNA
template. The DNA templates were amplified by initial denaturation at 94¢ C for
10 min, followed by 40 cycles of denaturation at 94° C for 1 min, annealing at
552 C for 1 min, extension at 72° C for 1 min, and a final extension at 72° C for
10 min. Controls, devoid of DNA, were simultaneously included in the
amplification process. The integrity of PCR products was assayed by the
development of single bands following electrophoresis for 1 h at 100 V in 2%
(w/v) agarose gels in tris-borate EDTA buffer.

Sequencing of PCR products:

J Amplicons were purified using an UltraClean PCR clean-up kit (MoBio
Laboratories, Inc.), and subsequent sequencing reactions were performed on
an Abi Prism 3730 automated sequencer using the Big Dye Terminator v3.1
cycle sequencing kit, premixed format. Sequencing primers were the same
ones used in the amplification reaction but diluted ten times (5 pmol).
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o The resulting sequences were automatically aligned and then inspected
by eye. The resulting 16S rRNA gene sequences were compared in a BLAST
search with those in the National Library of Medicine (Bethesda, MD, USA)
database (Altschul et al. 1997).
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EPON TECHNIQUE: TRANSMISSION ELECTRON MICROSCOPY

1. Fix in 0.1 M cacodylate buffer + 3% glutaraldehyde at4 °C.................. 3-5h
2. 0.1 cacodylate buffer + sucrose (washing liquid)...........c.cccovenenene. overnight
3. It post-fix in 1% osmic acid at 4 °C........coiiiiiiiiiiii e 2 h 30 min
4. Washed in cacodylate buffer + sucrose (washing liquid)........................ 12 h
5. Stained in uranyl acetate veronal at 4 °C..........coooiiiiiiiiii 2h

6. Alcohol at room temperature: 30, 50, 70, 90 % 10 min in each one

7. Absolute alcohol + copper sulphate. ... 10 min
8. Absolute alcohol + copper sulphate.........cooeveiiiiiii, 10 min
9. Propylene OXIde. ... uuiniieii e 15 min
10. Propylene oXide. .. ... 15 min
11. Epon + propylene oxide ratio 1 2. 45 min
12. Epon + propylene oxide ratio 1 1. ... 2h
13. Epon + propylene oxide ratio 2 1. 2h
T4, PUIE EPON. ..o overnight
15. Capsules are made and leftinthe oven at 70 °C.........coviiiiiiinne . 48 h

The sections are cut in the ultramicrotome Leica UC6, contrasted with uranyl
acetate and plumb citrate (Reynolds 1961) and observed in the microscope
Plips Tecnai 12 with an acceleration of 80 kV. The imaging was performed with

a digital camera Megawiev |Il.
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SCANNING ELECTRON MICROSCOPY TECHNIQUE

8.
9.

. Wash the material before fixing

Fix in 3% glutaraldehyde + 0.1 M cacodyalte buffer........................... 3-5h
Wash in 0.1 M cacodylate buffer + sucrose...........cccocveviiiiieinnn, overnight
POSt-fiX iN 1% OSMIUM . ..o 1-2h
Wash in 0.1 M cacodylate buffer + sucrose............cccocvviiiiiinnen overnight

Dehydration in acetone 30%, 50%, 70%, 90%, 100% 10 min in each one
Critical point with 100% acetone and liquid CO,
Gold coating with BIO-RAD metallizer POLARON DIVISION CP 0500

Observation with JEAOL6.100 Scanning Eletron Microscope with a system

of Oxford Instrument INCA
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