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GENERAL SUMMARY

Arbutus unedogrows spontaneously around the Mediterranean bddie species is
drought tolerant and able to regenerate followmrgstry fires making it quite interesting for
forestation programs in Mediterranean regions.t&rare used to make jellies and a spirit
which represents the main income for owners. Ceansig the sparse information about the
potential of this fruit tree to be propagaiadvitro, a project to clone selected trees based on
their fruit production was initiated. The role afveral factors on propagation was evaluated
and studies concerning the mycorrhization and @endiversity analysis were also
performed.

Shoot apices from epicormic shoots showed hightesrafin vitro establishment. Of the
three basal media tested, the Fossard medium hgtmicronutrients of the Murashige and
Skoog medium gave the highest rates of multiplacatiKinetin (8.9 pM) gave the best
results although not different (P>5%) from thosdaoted with other cytokinins such as
benzyladenine or zeatin. Thidiazuron or 1-naphtiedeetic acid promoted callus growth and
had a deleterious effect on the multiplication rdiiee genotype was also a factor affeciimg
vitro multiplication and the conditions used for shoafitiplication greatly influenced further
behaviour of shoots during the rooting phase. lis tthase, the inclusion of an auxin
significantly increased rooting yields. Anatomicdldies data indicated that adventitious
roots had a deep origin in the shoot stem, probfbiy the cambial zone. From the five
substrates tested during acclimatization, perlighout fertilizer gave the best survival rate
(98.0+1.23%) after 4 months. Mycorrhization wastddsin vitro and under nursery
conditions. Arbutoid mycorrhizae were observeditro 1 month after inoculation indicating
compatibility betweenA. unedo and Pisolithus tinctorius Both mycorrhizae inocula
treatments tested in nursery (vegetative inocuthdy sporocarps) improved plant growth
compared to control plants and seedlings after 86ths in a field trial (P>5%). The genetic
diversity in 27 Arbutus unedagenotypes was assessed by molecular markers (RaieD
SSR). The RAPD primers generated 124 bands fromchwts7.3% showed to be
polymorphic. Eleven SSR primers first testedviaccinium(an Ericaceae) were previously
selected. Five SSRci were polymorphic displaying a 75% mean expectadrboeygosity
which is a higher value than that observed with RAR27%). Thus, the Lynch (1990)
similarity coefficient revealed a similarity amongees higher for RAPD than SSR,
respectively of 83% and 21% (Mantel test: r= 0B40.001; r=0.75; P<0.001, respectively).
No genotypes could be grouped according to theggohical origin for both markers.
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Some of the produced plants are now in the fietdddher studies. The data presented in
this thesis have provided protocols concerning ithevitro propagation of adult plants,
mycorrhizal synthesis and allowed the identificataf five polymorphic molecular markers
(SSR), used on genetic diversity analysis of 27oggres. The results are discussed and

further research envisaged.

RESUMO GERAL

A espécieArbutus unedacresce espontaneamente em areas Mediterranicas-ser de
uma arvore tolerante a secura e com forte capazidagenerativa apdés a ocorréncia de
incéndios florestais, o que a torna interessanta peogramas de florestacdo na regido
Mediterranica. Os frutos sdo usados na producamisigota e aguardente. Esta corresponde
a principal fonte de rendimento para os proprietariConsiderando a escassa informacéo
acerca do potencial desta espécie fruticola papgopagacaan vitro, foi iniciado um
projecto para a propagacdo de arvores selecciomigdasordo com a sua producao de fruto.
O efeito de diversos factores na propagacdao fdieame estudos relativos a micorrizacéo e
a diversidade genética foram efectuados.

Os apices meristematicos de rebentos epicormicossataram as melhores taxas no
estabelecimentan vitro. De trés meios de cultura base testados, o meid-a¥sard
adicionado de micronutrientes de Murashige e Skapresentou as maiores taxas de
multiplicacdo. A citocinina cinetina (8.9 uM) petmi obter as melhores taxas de
multiplicacdo mas sem diferencas significativastreghmente a benziladenina ou zeatina.
Tidiazurdo ou o &cido 1l-naftaleno acético induzirarformacdo de calos tendo um efeito
nefasto na multiplicacdo. O gendtipo foi também dos factores que interferiu na
multiplicacdo, tendo-se igualmente verificado qecandi¢cdes testadas na multiplicacdo
influenciaram o comportamento dos rebentos duraritese de enraizamento. A inclusédo de
uma auxina aumentou significativamente o enraizéon&studos anatémicos mostraram que
as raizes adventicias tém uma origem profunda ue,garovavelmente na zona cambial. De
cinco substratos testados na aclimatizacao, agedm fertilizantes foi a que permitiu obter
uma maior taxa de sobrevivéncia apos 4 meses (B28%). A micorrizacdo foi testadia
vitro e no viveiro. Micorrizas arbutéides foram obsensid vitro 1 més apos a inoculagéo,
mostrando a compatibilidade enthe unedoe Pisolithus tinctorius Ambos os tratamentos
com inéculo testados no viveiro (indculo vegetativocaldo esporal) melhoraram o

crescimento das plantas relativamente ao contrgitamtas de semente, 20 meses apos a
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instalacdo do ensaio de campo (P>5%). A diversigadética entre 27 genoétiposAlidoutus
unedofoi avaliada com recurso a marcadores moleculdRdsPD e SSR). No caso dos
RAPDs os primers utilizados geraram 124 bandas, b@8% de polimorfismo. Onze
primers SSR dé&/accinium(uma Ericaceae) foram previamente seleccionadim&£oCSSR
loci mostraram polimorfismo, com uma heterozigocidagfgeerda média de 75%, um valor
superior ao obtido com RAPDs (27%). Assim, o coefite de similaridade de Lynch (1990)
mostrou uma similaridade entre as arvores maior gemarcadores RAPD do que com 0s
marcadores SSR, respectivamente de 83% e 21% (Master= 0.64; P<0.001; r=0.75;
P<0.001, respectivamente). Nenhum genotipo podagsepado de acordo com a sua origem
geografica, para ambos os marcadores.

Algumas das plantas produzidas foram instaladaseasaios de campo. Os dados
apresentados nesta tese permitiram estabelecearcpiat para a propagacéo vitro de
plantas adultas, para o estabelecimento de miasraza identificacdo de cinco marcadores
moleculares (SSR) polimorficos, utilizados na agldo da diversidade genética entre 27
gendtipos. Os resultados obtidos sdo discutidosadisados em termos de perspectivas

futuras.
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1 INTRODUCTION

1.1 ARBUTUS UNEDQ., A BRIEF DESCRIPTION

The genusArbutusis included in the Ericaceae, a family of smales@r shrubs, usually
evergreen, with actinomorphic flowers, superiorrgvand the fruit being a capsule, berry or
drupe (Tutinet al, 1972).Arbutus unedas an evergreen species usually a bushy shrub or a
small tree up to 12 m (Pedro, 1994). The barkssufied and it is peeling off in small flakes,
mostly dull brown. The leaves are oblong-lanceoglaseially 2-3 times as long as wide, and
serrate to subentire, glabrous with a petiole 10 onrtess (Fig. 1A). The inflorescence is a
drooping panicle which appears in autumn (Fig. T®)e fruit, a round berry (c. 20 mm
diameter) is covered with conical papillae, with eéblor changing from yellow and scarlet to
deep crimson (Fig. 1B) as ripening occurs (Tetil, 1972).

Figure 1 — Two aspects of strawberry tree. A - Leaves aplamceolate, serrate to subentire, glabrous with a
petiole 10 mm or less. The inflorescence is a dr@gppanicle. B - The fruit, a berry with its colohanging
from yellow to deep crimson.

Arbutus together with other five generdrgtostaphylos Arctous Comarostaphylis
Ornithostaphylos and Xylococcu$ is included in the Arbutoideae sub-family. The
Arbutoideae is a distinct and natural group witthe Ericaceae, based on fruit and flower
morphology, as well as in anatomical and phytockemifeatures (Hilemaet al, 2001).
Arbutus comprises about 11 to 20 species (depending omutier) distributed from West
coast of north America through Mexico and Centrahekica, Western Europe, the
Mediterranean region, northern Africa and partdhef Middle East (Hilemarmt al, 2001,
Kron et al, 2002b; Torrest al, 2002). Three species #fbutusare distributed around the
Mediterranean basirA. unedg A. andrachneandA. x andrachnoidesa hybrid betweer.

5 Introduction



unedo and A. andrachne A. canariensisspecies is endemic of the Macaronesia region,
namely to the Canary lIslands (Hilemat al, 2001). Torreset al (2002) refer other
Mediterranean species suchfagavariiand another hybrid. x androsterilis(A. unedax A.
canariensis in the Canary Islands). The remaining specieArbfitusoccur in the Western
Hemisphere. Of thes@, xalapensisA. texanaA. peninsularisA. tessellataA. arizonica A.
occidentalis andA. madrensisave a Neotropical distribution with. xalapensigeing the
most widespread and variabk. menziesiextends along the West Coast of North America
(Hileman et al, 2001; Kronet al, 2002b). According to Hilemaret al. (2001) the
Arbutoideae are dry-adapted and sclerophyllous éaxbmost of the diversity in the group is
in regions of Mediterranean climate and in westBlorth America. Exceptions to this
distribution include the circumarcti&rctous alpina circumborealArctostaphylos uva-ursi
and four species drbutusthat occur in Mediterranean regions of Europe tiNéifrica, and
the Middle East, comprisind. unedo Beyond the Arbutoideae sub-family, other 6 sub-
families have been described, namely the Ericoidgaassiopoideae, Vaccinioideae,
Styphelioideae, Monotropoideae and Enkanthoideater(tdn et al, 2001; Kronet al,
2002a). Considering the phylogenetic relationshepsong the Ericaceae the subfamily
Arbutoidea is closer to the Vaccinioideae whichludes the important economic genus
Vacciniumand is widespread in temperate and tropical zaaes the Ericoideae comprising
Rhododendroralso an economically important taxa used mostlpraamental (Hilemaret

al., 2001; Kronet al, 2002b).VacciniumandRhododendroiave been the subject of intense
breeding programs in which micropropagation andetiendiversity studies have been
applied (Debnath, 2007; Kosokt al, 2007; Hancocket al, 2008; Bassilet al, 2010;
Eeckautet al, 2010; Hiraiet al, 2010; Wanget al, 2010).

Arbutus unedocommonly known as strawberry tree, is found in texes central and
southern Europe, north-eastern Africa and the Garslands and western Asia. Its
progression in the temperate area of Europe odooms the north of the Iberian Peninsula
(Fig. 2), along the west coast, reaching its meptentrional limit in the northwest of Ireland
Island (Tutinet al, 1972; Torreset al, 2002).A. unedodistribution is mostly typical of
Mediterranean sclerophyllous and laurel-like vei@ta mainly in coastal and inland areas
with benign climates, where either frost or sumadrgness are not very intense (Torezsl,
2002; Godinho-Ferreirat al, 2005).
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Figure 2 — Arbutus uneddlistribution in the Iberian Peninsula (Source:réeet al, 2002).

In Europe, it grows mainly in the Mediterraneaniba®ortugal, Spain, France, lItaly,
Albania, Croatia, Bosnia, Montenegro, Greece, Tyiked the Mediterranean islands (Torres
et al, 2002).A. unedodistribution ranges from an altitude of 20 to 10@0(Torreset al,
2002; Celikelet al, 2008). As far as the soil is concerned, it pefgliceous or decarbonated
substrata (Torrest al, 2002; Godinho-Ferreirat al, 2005). The tree can grow on alkaline
and relatively acidic (pH 5-7.2) soils (Celiket al, 2008). In Portugal it is found in wide
range of soil types according to their lithologygor (Ricardo and Veloso, 1987; Godinho-
Ferreiraet al, 2005).A. unedas broadly distributed, from Atlantic climate asda the North
to dry and arid areas in the South, occupying abh6l800 ha (Godinho-Ferreie al, 2005).
According to Pedro (1994Arbutus unedaarely constitutes dominant stands being more
common in patchy bush-like communities or in ndtigtands dominated by oaks. The
species appears naturally in different phytosogiola alliances, the cork-oak woodlands
(Sanguisorbo-Quercetum subgrighe strawberry-tree dominated scrubrbuto-Cistetum
populifolii) in the South, the pedunculaiek-woodlandsRusceto-Quercetum roboyis the
North, including the oak-woodland#risaro-Quercetum broteroand Arbuto-Quercetum
pyrenaicag and strawberry dominated scri®h(llyreo-Arbutetum unedonjisn the Centre of
the country. Extensively populated areasAofunedo tough patchy, occur mainly in the
Southern mountainous regions (Serra de Monchiquk @aldeirdo). A fragmented-like
distribution is common in the central and northeegions due to intensive forestation
programs withPinus pinasterand Eucalyptus globulushat form closed canopy stande
recent years, the area @& unedohas increased as a consequence of recurrent fires,
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ecosystem degradation and abandoned farmland,aagel patches of shrub-like formations
can be found in different areas (Meiretsal, 2005).

1.2 ARBUTUS UNEDOECONOMIC AND BIOLOGICAL RELEVANCE

According to the International Centre for Underaét Crops \Www.icuc-iwmi.org) and
the Global Facilitation Unit for Underutilized Spes (vww.underutilized-species.orghis

species falls into the category of neglected orenmilized crops (NUC). Therefore, it is an
underestimated fruit tree, with different possibbenmercial usages from processed and fresh
fruit production to ornamental, pharmaceutical @hémical industrial applications (Pedro,
1994; Ayazet al, 2000; Meretiet al, 2002; Celikekt al, 2008; Zizzoet al, 2010).

Strawberry tree is a valuable ornamental planttdués attractive red fruits appearing in
fall and winter (Fig. 3), and the pinkish-white Wlers occurring in the autumn, often
simultaneously (Celikett al, 2008).

This species is characterized by an extreme rtystemd a wide morphological and
phenological variability, which can facilitate ttselection of accessions to develop new
ornamental products particularly for gardening, ienmental restoration and providing a
good alternative for floriculture in the temperateas (Zizzet al, 2010).

A. uneddflowers are a significant source of nectar andepolor bees (Dalla Serret al,
1999; Neppi, 2001; Celikett al, 2008; Pajuelo, 2008) and different methods hasenb
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developed for the identification of homogentisiada¢HA) in honey which is used as a
marker for the origin of strawberry tree honey (8cat al, 2005; Spanet al, 2006).

Fruits of this species are processed into tradatipnoducts such as jam, marmalade, wine,
alcohol and liqueur (Martinst al, 1999; Galegeet al, 2001; Galego, 2006; Martins, 2006;
Celikel et al, 2008). In Portugal a considerable part of thé fstoduction is used to make a
type of very alcoholic spirit called medronheira igfh represents the main income for
forestry owners (Galeget al, 2001; Galego, 2006). When eaten, fresh fruitseaagood
source of antioxidants (flavonoids, anthocyaniiages acid and its diglucoside derivative)
as well as of vitamins C and E and carotenoids [Baska et al, 2006; Demirsoyet al,
2007; Pallaukt al, 2008; Oliveiraet al, 2010a; Yavsger et al, 2010). MaturéA. uneddtruits
are still characterized by the high ratio of sufanisls and the high content of phenolic acids,
terpenoids compounds, mineral elements, and tagAyaz et al, 2000; Ozcan and
Haclseferogullarl, 2007; Pallaet al, 2008).

The leaves ofA. unedohave been used in folk medicine because of thaiseptic,
diuretic and astringent properties (Kivgatkal, 2001), and in the chemical industry due to its
high tannin content (Celikedt al, 2008). Some authors have also pointed out thatkalso
have a strong antioxidant activity (Kivcak and M@&@01; Pabuccuoglet al, 2003; Oliveira
et al, 2009; Saet al, 2010). A. unedotogether withHypericum empetrifoliumPistacia
terebinthus and Cistus parviflorusin a total of 42 species were indicated as thetmos
promising plant species having antibacterial an#isi (Kacar, 2008). According to El
Haouariet al. (2007)A. unedoextracts show antiaggregant action and might lee @sr the

treatment and/or prevention of cardiovascular diesea

The interest oArbutus unedas not purely economic. In cultural terms there mumerous
references to this tree in books, songs, poputairestand romances and Anunedoatree is
even present in the symbol of the city of Madrid.

From an ecological perspective since it is fireistast (Fig. 4) and, due to its pioneer
status, strawberry tree is very interesting fordlarcovery and desertification avoidance
(Pedro, 1994; Piottet al, 2001). Besides, it contributes to maintain biedsity, helps to
stabilize soils and survives well in marginal lafBgttoet al, 2001; Godinho-Ferreirat al,
2005). The strawberry tree is also important besatusan contribute to COstorage and to
the biomaterials production (Fenning and Gartla@807). Moreover,A. unedo may
contribute to the discontinuity of the forest bi@sadue to monocultures of pines and

eucalypts, particularly in the centre and northaeg of Portugal, a situation responsible for
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the high number of fires and high fire intensitattlall summers occur in these areas of the

country (S. Silva and Harrison, 2010).

%

Figure 4 — Arbutus unedaegeneration following a forest fire (Piédao, 2005

As previously statedA. unedois an under-exploited species in Portugal and other
Mediterranean countries (Greece, Italy and Turk&ylits, leaves and shoots have been
collected from spontaneous field-growing individuaithout particular concerns about the
quality of the plant material used (Pedro, 1994agt al, 2000; Meretiet al, 2002; Celikel
et al, 2008; Zizzoet al, 2010). However, in the last years, the situatias changed and
forest owners and forest associations are becomurgasingly interested iA. unedoas a
fruit or ornamental species, with the consequemhatel of high-quality plant material
(Celikel et al, 2008; Gomes and Canhoto, 2009; Zietal, 2010). Unfortunately, they are
unable to find this kind of trees since breedinggoams have never been applied to
strawberry tree. As a consequence, farmers polignirerested inA. unedo drive their
attention towards other species that can assure there interesting profits. Whether they
are really interested in strawberry tree, the adjution is to start from uncertified plant
material, generally propagated from wild-growingets of unknown genotype and quality.
This last situation could be extremely disappomtiar farmers since its expectations may
not be achieved due to the poor quality of thetisgarmaterial. The main purpose of this
study is to develop a consistent breeding progitree species, with their long-life cycles,
heterozygosity and difficulties to be vegetativedgenerated are not easy to breed. In spite of
this, interesting results have been obtained inrttprovement of other fruit producing plants

suggesting that the same might occurs with stramyliere.
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1.3 MICROPROPAGATION OF WOODY PLANTS

Plant propagation is a key factor for tree breediige method of propagation applied to a
given species must reflect the purposes of the ipfightion process. Through sexual
propagation and seed production genetic diversigromoted and new genetic combinations
can be selected. On the other hand, asexual metsfodsopagation are useful when the
genetic characteristics of a particular genotypendividual elite tree must be maintained.
Hybrids and sterile genotypes are also usually ggaeped through this process. Several
examples of the application of asexual propagati@thods to tree breeding have been
described in the literature such as Hocalyptus Populus and some softwood trees as
Pseudotsuga menziesindPicea abiegMyburg et al, 2007; Raeet al, 2007; Whiteet al,
2007; George and Debergh, 2008; Canhoto, 2010)JdsSpessess several advantages as a
method of propagation: (a) they are often producetirge numbers thus reducing costs
when compared to vegetative propagation on nurgByyn many species in which orthodox
seeds are produced they can be easily storedrfye [zeriods without any loss of viability;
(c) they possess dispersal mechanisms that faeitit@ colonization of habitats; (d) virus and
microorganisms causing diseases are not usuatgrtrited to the progeny through seeds
(George and Debergh, 2008).

Many important crop plants are vegetatively propedsand grown as clones. Suitable
methods for vegetative propagation have been dpedlcCuttings and grafting are the most
traditional ‘macropropagation’ techniques usedarestry treesln vitro techniques have the
following advantages over traditional methods:dajures are started with very small pieces
of plants (explants); (b) only a small amount cd@pis required to maintain cultures or to
greatly increase their number; (c) production carubiform all the year round and is more
independent of seasonal changes; (d) vegetatiepiyoduced material can be often stored
over long periods; (e) propagation is ideally aarout in aseptic conditions; (f) methods are
available to eliminate virus from contaminated pdaand (g) a more flexible adjustment of
factors influencing vegetative regeneration is gmessuch as nutrient and growth regulator
levels, light and temperature, hence increasingptiopagation rate (George and Debergh,
2008; Canhoto, 2010). The chief disadvantagesinofvitro methods for large-scale
multiplication include: (a) the need of advancedlskfor their implementation; (b) a
specialised and expensive production facility arjdtie present methods are labor intensive,
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thus the cost of propagules is usually relativéghh(George and Debergh, 2008; Chawla,
2009; Canhoto, 2010).

The methods available fan vitro micropropagation are the development of axillary
shoots, the formation of adventitious shoots oramrembryo development. Axillary shoot
proliferation exploits the formation of new phytarmehrough the development of axillary
meristems that can be further used to initiate ageles of propagation through the culture of
nodal segments or shoot tips (Chawla, 2009). Axillahoot proliferation is a type of
organized growth that can be stimulatedsitro, and hence used for plant cloning (George,
2008).In vitro shoot development may arise through the culturghobt tips or shoot apical
meristems (SAM) surrounded by a few leaf primondiavhich the shoot apical meristem
continues its normal development, or by the develem of the often dormant axillary
meristems (Chawla, 2009). The production of pldmsn axillary shoot proliferation has
proved to be the most generally applicable andabdi method of true-to-typan vitro
propagation (George and Debergh, 2008; CanhotoQ)20f contrast, to axillary shoot
proliferation, organogenesis induction occurs wB&Ms are inducedle novofrom organs
or tissues cultureth vitro (Chawla, 2009; Canhoto, 2010). The formation ofesditious
shoots occurs either directly on pieces of tissusrgans (explants) removed from the mother
plant, known as direct organogenesis, or indireéthm unorganised cells in callus or
suspension cultures, known as indirect organogeri€sorge and Debergh, 2008). In certain
species, direct organogenesis can provide a reliabéthod for micropropagation, by
increasing the final number of plantlets (Chawl@p®). Several ornamental plants are at
present propagatedh vitro by direct organogenesis, such Ashimenes Euphorbia
pulcherrimg Saintpaulia Sinningia and Streptocarps (George and Debergh, 2008;
Castellanoset al, 2010). Through indirect organogenesis other oerdal plants are
propagatedn vitro, such asAnthuriumandreanum Freesiaand Pelargonium(George and
Debergh, 2008; Mairat al, 2010). However, this technique is more proneiétdyoff-types
than axillary shoot proliferation (George and Deher2008; Chawla, 2009). Propagation by
all methods of indirect culture (organogenesisamnatic embryogenesis) carries a risk that
the regenerated plants will differ genetically framach other and from the mother plant
(Canhoto, 2010). On the other hand, in some craptg] the genetic differences between
plants derived from callus and suspension cultaney be interesting as a new source of
selectable variability for plant breeding (Ptak1@0Winkelmann, 2010). Somatic embryos
are often initiated directly upon explanted tissu@irect somatic embryogenesis).

Embryogenesis has a great potential for mass patipaag However, due to the lack of clonal
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stability the commercial application of this teclogy remains limited (Canhoto, 2010).
Although plants can be regenerated from embryosctyr initiatedin vitro, and may be
present in sufficient numbers for limited plant gweation in breeding programmes, the
number of primary embryos per explant will usudlly inadequate for large scale cloning
(George and Debergh, 2008; Chawla, 2009). Otheblgmes related with somatic
embryogenesis are the asynchronous growth and igte rumber the abnormal somatic
embryos usually formed (Canhoto, 2010). Somaticrgogenesis probably provides the way
for tissue culture methods of plant propagatioméoeconomically deployed on extensively
planted field crops and forest trees. Thus, thishow of propagation offers advantages
suggesting that it will be increasingly used foargl cloning in the future (George and
Debergh, 2008; Canhoto, 2010).

1.3.1 Factors affectingn vitro micropropagation

An analysis of the literature shows that severakdia can affect micropropagation.
Among them the genotype of the donor plants, tipe 9nd concentrations of plant growth
regulators (PGRs) and the culture media seem tbéenost relevant (George and Debergh,
2008; Machakovaet al, 2008; Chawla, 2009; Canhoto, 2010). Quite a few
nutrients/substances are required for growth. Theskide inorganic nutrients, a carbon
source, plant growth regulators (PGRs), and organidents (George and De Klerk, 2008;
Canhoto, 2010). Carbohydrates play an importaetirotissue culture, both as an energy and
carbon source and as osmotic agent. Sucrose istimwersally used for micropropagation
purposes since it is a sugar usually metabolizplplant tissues botim vitro and in natural
conditions (George and De Klerk, 2008; Thogieal, 2008). Several authors have pointed
out that sugars are not only important as carboarces, but they may also affect
morphogenic processes (Machakataal, 2008). The inorganic nutrients are added to the
culture media as salts. In weak aqueous solutiaits dissociate into cations and anions
which are then absorbed by plant tissues Part ef nitrients, and especially the
oligoelements, may also be added via impuritiesgarein other components of the media as
is the case of agar (George and De Klerk, 2008)eMinying to find media formulations
suitable for different plant species, two importdattors must be considered: the total
amount of nitrogen in the medium and the ratio ifate to ammonium ions (Canhoto,

2010). Small amounts of several organic compouadsmprove growth and morphogenesis
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of plant tissue cultures. These are mainly somamiits and amino acids. The particular
concentration of these compounds changes withpbeies and the purposes of thevitro
culture method, and probably reflects the synthetipacity of the explant (Thorpst al,
2008). Vitamins are compounds required by animalsary small amounts. Many of the
same substances are also needed by plant cellssastial intermediates or metabolic
catalysts. However intact plants, unlike animats, able to produce their own requirements.
Cultured plant cells and tissues can, however, hecdeficient in some factors; growth and
survival is then improved by their addition to thdture medium (Thorpet al, 2008). The
success of plant tissue culture as a means of plapagation is deeply influenced by the
nature of the culture medium used (George and ekkKP008; Chawla, 2009). The most
commonly formulation used for plant tissue cultigeghat of Murashige and Skoog (1962)
initially developed to optimize growth of tobaccallas (George and De Klerk, 2008).
Several culture media have been testednfeitro propagation of Ericaceae species, such as:
(1) Anderson (Anderson, 1984) foArbutus unedo(Mendes, 1997),Rhododendron
(Anderson, 1984; Almeidat al, 2005; Eeckaugt al, 2010) andvacciniumsp. (GajdoSova
et al, 2007; Ostroluckat al, 2007); (2) Woody Plant Medium (LIoyd and McCowlr§380)
for Arbutus andrachn€Bertsouklis and Papafotiou, 200Arbutus unedqGoncalves and
Roseiro, 1994; Meretet al, 2002), Arbutus xalapensigMackay, 1996)Kalmia latifolia
(Lloyd and McCown, 1980)Rhododendron(Eeckautet al, 2010) andVaccinium sp.
(Gonzalezet al, 2000); (3) Murashige and Skoog (Murashige ando§kda962) forArbutus
unedo(Goncalves and Roseiro, 199Rhododendror{Eeckautet al, 2010) andvaccinium
sp. (Debnath and McRae, 2001; Debnath, 2003); (@dn&mou and Read medium
(Economou and Read, 1984) féralea (Eeckautet al, 2010) and (5) Zimmerman and
Broome, Z2-medium (Zimmerman and Broome, 1980Macciniumcylindraceum(Pereira,
2009).

PGRs included in the culture media are particularigortant for plant micropropagation
(George and Debergh, 2008; Machaketal, 2008; Chawla, 2009; Canhoto, 2010). There
are several recognized classes of PGRs. Until tigcenly five groups were recognized:
auxins, cytokinins, gibberellins, ethylene and &is@cid. In the last decade it became clear
that other compounds can influence plant developmémong these compounds,
brassinosteroids, jasmonic acid, oligosaccharirgs fystemin have been matter of intense
research (Machakovet al, 2008). To promote axillary shoot formation, aeduce apical
dominance in shoot cultures, one or more cytokirdres generally added to the medium

during the multiplication phase (Chawla, 2009; G#oh 2010). The compounds that are

14 Introduction



most frequently used are: kinetin, benzyladeniné\)(Bzeatin, and N6-(2-isopentenyl)
adenine (2-iP) (Chawla, 2009). More recently, thrdiron (TDZ), a cytokinin-like compound
has been intensively tested and has been usedefonitropropagation of some woody plants
(Van Staderet al, 2008). This substituted phenylurea has been stiovatimulate axillary
shoot growth on species where BA and 2-iP showebletaneffective, as, for example, in
Acer saccharinunfPreeceet al, 1991). In some species, the presence of an dagether
with cytokinin promotes axillary shoot proliferatioby stimulating cell division, bud
initiation and growth (Machakovat al, 2008; Van Stadert al, 2008; Chawla, 2009;
Canhoto, 2010). The auxin/cytokinin ratio in cuétunedia has an important role on several
aspects ofin vitro morphogenesis (Machakow al, 2008; Canhoto, 2010). The role of
cytokinin and auxin has been found to be effectiveshoot multiplication ofEucalyptus
nitens(Gomes and Canhoto, 2008)jcus anastasigAl Malki and Elmeer, 2010) andlilia
platyphyllos(Chalupa, 2003) among other species. The requordentration of each type of
PGR differs according to the species, the culte@iditions and the compounds used.
Interactions between the two PGR (auxin/cytokirarg often complex, and more than one
combination of PGR is likely to produce optimumuies (Van Stadeet al, 2008).

Cytokinins appear to be necessary for plant ceilsiin. Subculture of the tissue onto a
medium containing a cytokinin may induce the callslivide synchronously (Van Stadeh
al., 2008). The inclusion of cytokinins in the meditornpromote shoot proliferation has been
commonly used for several members of the Ericadaadly, such asArbutus andrachne
(Bertsouklis and Papafotiou, 200Arbutus unedqGoncalves and Roseiro, 1994; Mendes,
1997; Meretiet al, 2002),Arbutus xalapensigMackay, 1996)Rhododendrorsp. (Almeida
et al, 2005; Eeckauét al, 2010) andvacciniumsp. (Debnath and McRae, 2001; GajdoSova
et al, 2007; Ostroluckét al, 2007). These studies will be discussed on chaptee. As
would be expected the specific cytokinin and iteaamtration varies considerably within
species and genotypes that have been tested. ddlisré is also reported for Ericaceae
species,e.g for Vaccinium. vitis-idaea(GajdoSovaet al, 2007) and forVaccinium
corymbosun{Ostroluckéet al, 2007). In members of the Ericaceae, isopentepyiae (2iP)
is often used in micropropagation assays (Mend887)L However, generally the most
commonly used cytokinin for axillary shoot prolidgion is benzyladenine (BA). Most
species respond well to BA and when the concentras suitable, many axillary shoots will
proliferate and elongate, without any adventitishsot formation (Preece, 2008). Levels of
cytokinins too high may induce adventitious shamtrfation (Chawla, 2009) with a high

number of small shoots difficult to elongate (Vatadgnet al, 2008). Other negative
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consequence of an excess of cytokinins is the fibomaof vitrified shoots with impaired
growth (Kotsias and Roussos, 2001). These negasipects of cytokinin action have been
reported by several authors in different specreduding the Ericaceagaccinium myrtillus
andV. vitis-idaea(Jaakola, 2001) andaccinium macrocarpofDebnath and McRae, 2001).
High cytokinin concentrations on the multiplicationedium may decrease further root
primordia induction and development. More than saleculture on a cytokinin-free medium
may be required until the level of cytokinin withime tissues has been sufficiently reduced to
permit an effective rooting (Torneed al, 2009).

Auxins control many physiological and developmeptalcesses in plants. Just to mention
a few, it is well known the role of auxins on stiating differentiation of vascular tissues, in
controlling the differentiation of buds and rootand in the induction of somatic
embryogenesis (Machakoea al, 2008; Canhoto, 2010). At the cellular level, asxcontrol
basic processes such as cell division and cellgaliion. Thus, they are involved both in the
formation of unorganised cell proliferations (calluand meristems which develop into
defined organs as adventitious roots or shoots [sleava et al, 2008; Chawla, 2009).
Therefore, they are linked to root induction pra@cebhe induction of rhizogenesis usually
requires a treatment with auxin. For each specregenotype is relevant to choose the
appropriate auxin, its concentration and inducpeniod to promote growth without inducing
callus formation (Meiner®t al, 2007). However, root development does not neednau
stimulation, on the contrary auxins inhibit rootvdepment (Kotsias and Roussos, 2001).
Thus, depending on other PGRs present in the medinamges in auxin concentrations may
modify the type of growthe.g, stimulation of root formation may switch to ealinduction
(Torneroet al, 2009). As a result, each tissue culture systemmigue, and the effects of
different concentrations of PGR must be testedetwh case individually and only to some
extent can the results be reasonable extrapolatethér culture systems (Machakosftal,
2008; Canhoto, 2010).

The success of ang vitro propagation method is highly dependent of an gffeqhase
of acclimatization in order to ensure that a coaatlle number of plants can survive when
transferred to soil and natural conditions (Ziv8&p Several strategies have been developed
to enhance the survival rates followimgvitro propagation (Hazarika, 2003). These include
the stimula6tion of autotrophic cultures; the usglant growth retardants; the reduction of
the humidity levels; application of antitranspimm@nd promotion of a simultaneous rooting

and acclimatization (Preece and Sutter, 1991). fimuate autotrophic cultures two
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strategies have been used. In some cases the nere$saxygen is reduced, hence reducing
the photorespiration rate (Sharmea al, 1999). In other situations the amount of sugars
present in the medium is reduced or completelyialted, while the photosynthetic photon
flux and the carbon dioxide pressure are increadéalzarika, 2003). Several growth
retardants can be used in micropropagation to eedimmage due to wilting without
displaying deleterious side effects. Paclobutragzactive as a growth retardant (inhibiting
shoot growth) in a broad spectrum of species, aag also regulates various metabolic
processes such as gibberellins biosynthesis (Hazatial, 2000). Plant growth retardants
generally induce a shortening of the internodes etk some additional effects, such as a
reduction in leaf size, stimulation of chlorophgynthesis, and thickening of roots (Al-
Bahrany, 2002). According to Hazarika (2003) the ofantitranspirants to reduce water loss
during acclimatization has produced mixed resultsese have not proved to be useful in
promoting ex vitro survival probably due to phytotoxicity and intediece with
photosynthesis. The low deposition of surface veéomata abnormalities and an interrupted
cuticle are typical anatomical features of herbaseplants growing under conditions of
abundant moisture. This typical vitro anatomy can be prevented by increasing the vapor-
pressure gradient between the leaf and the atmoslsaitsaet al, 1994). Lowering of the
relative humidityin vitro has been done experimentally in several ways, aadhrough the
application of desiccants, by coating the mediurthwils or oil-derived compounds, (c) by
opening culture containers, adjusting culture aleswr using special closures that facilitate
water loss, or by cooling container bottoms. Insieg the sugar or agar concentration, or
adding osmotic agents such as polyethylene glyctiié medium will also lower the relative
humidity and, in some cases, serve the same pugsodesiccants (Hazarika, 2003). Sharma
et al. (1999) reported that acclimatization and hardgnmtea micropropagation could be
optimized using C@ enrichment and light conditions in specially desid hardening

chambers.

1.4 MYCORRHIZAL SYNTHESIS

Mycorrhizal fungi are symbionts in roots of mostady plants. These associations vary in
structure and functions, but the most widespreaeraction is the arbuscular mycorrhizal
(AM) symbiosis. It has been estimated that more t8@% of all terrestrial plants form this
type of association (Goltapeht al, 2008). These fungi are a critical component in

agricultural systems because they promote plantttycearlier flowering and fruiting, plant
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water stress tolerance, and plant health througgiganistic and competitive effects on pests
and pathogens (Smith and Read, 1997; Peterson asdiddtte, 2004; Fortiet al, 2008;
Gobert and Plassard, 2008; Goltahal, 2008; Oliveiraet al, 2010b). This colonization
may also enhance resistance to biotic and abitgsses promoting plant growth in harsh
conditions, hence facilitating ecological restarati\Wu et al, 2004; Fortinet al, 2008;
Goltapehet al, 2008; Oliveiraet al, 2010b).

According to the work of Goltapeat al(2008) hyphae and arbuscules were found in
fossils of the early Devonian and the use of mdiamarkers indicated that Glomales were
detected in the fossil record so early as 350-46liom years ago suggesting that
mycorrhizae could have contributed to the succéss@lonization of land by plants
(Honrubia, 2009a). Almost all green land plante lim symbiosis with mycorrhizal fungi and
the data available show that only in a few spea&<Cruciferae and Chenopodiaceae
mycorrhizae seem not to be present (Read, 200%inFet al, 2008; Honrubia, 2009a).
However, it should be noted that if the associati@iween the host and the collective
mycorrhizae fungi community is not compatible, @ncaffect plant development and crop
yield (Goltapetet al, 2008).

1.4.1 Different types of mycorrhiza

Several authors have classified the mycorrhizadifiierent types as a function of the
morphological aspect of the association and thejifimvolved (Smith and Read, 1997).
Thus, the following types have been considered. (B)g (1) arbuscular (bryophytes and
vascular plants, about 70% of the species), (2pnegtorrhizae (gymnosperms and
angiosperms woody plants, circa 5% of the specf8sgctendomycorrhizae (rare, Rinug,

(4) arbutoid mycorrhizae (in three genus of Erieade (5) ericoid mycorrhizae (found
mainly in Ericaceae), (6) orchid mycorrhizae (Oddueae), and (7) monotropoid
mycorrhizae (found in three Ericaceae genM®notropa PterosporaandSarcodé.

Species from the gendgbutus asA. unedoestablish arbutoid mycorrhizae resulting from
the association with some species of basidiomycdkstin et al, 2008). Ericoid
mycorrhizae (ERM) are formed by ascomycete fungl accur only in the two closely
related orders of Ericales and Diapensiales. Infdhmer they are found in major genera of
the family Ericaceae, such &allung Erica, Gaultherig Kalmia (sheep laurels)l.edum

(Labrador tea)RhododendronVaccinium as well as in the genismpetrum(Empetraceae)
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and in the generBracophyllum Epacris Richeaand Stypheliaof the Epacridaceae. In the
Diapensiales ERM have been detected in the spebDiepensia lapponicaof the
Diapensiaceae family (Read, 2001).

Orchid mycorrhizae (OM) are formed exclusively bywshliomycetes. The genus
Rhizoctonia which also includes a number of economically intgat plant pathogens, was
considered to contain all the major OM forming fufigead, 2001). Both autotrophic and
myco-heterotrophic species occur in the Orchidadaaely. Roots of autotrophic orchids
become colonized by fungi, and these mainly sugipdyhost with mineral nutrients. Myco-
heterotrophic species are associated with fungi pinavide hyphal links to neighboring
autotrophic plants, through which they obtain pbkgtahates (Peterson and Massicotte,
2004). A wider range of fungi, including some tHatm ectomycorrhizae with trees
(members of Russulaceae and Thelephoraceae) andrtihent tree pathogedrmillaria

melleg are now known also to produce OM (Read, 2001).
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A very large number (c. 6000 species) of fungihdmisidiomycetes and ascomycetes, can
form ectomycorrhizae (ECM) with woody plants (Forgt al, 2008). Important edible
mushrooms including truffles T(Uber spp., ascomycete), cépesBoletus edulis
basidiomycete) and chanterelléantharellusspp., basidiomycete) are all formed by ECM
fungi. The importance of this symbiosis lies in tfect that the species involved are
preponderant in some of the world’s most imporfargéstry systems. Thus, members of the
Pinaceae such abies Larix, Picea andPinus are dominant in boreal forests while the
flowering plant families Betulaceae (eRptula Corylug, Fagaceae (e.§agus Nothofagus
Quercu3, and Myrtaceae (e.gzucalyptu$, which occupy wide areas of temperate and
subtropical forests, all form ECM (Read, 2001). Toeninant family of tropical rainforests
of southeast Asia, the Dipterocarpaceae, alsosscated to ECM species. In addition to
their global importance as dominants of forest gstesns, these families include most of the
world’s most valuable timber species (Read, 200he reproductive structures of ECM
fungi are normally large and occur either aboveugth(epigeous), e.g. mushrooms, or below
ground (hypogeous, including truffleBuberspp.). These are connected to the roots of their
tree associates by extensive networks of hyphamee sid which form long linear aggregates
called rhizomorphs. At the root surface these hgplmam compact sheathing mantles that
completely envelop the root surface, covering isxaand enclosing that part which would
otherwise produce root hairs (Read, 2001; Faetial, 2008). The fitness of ECM fungi is
hence intrinsically linked to the symbiosis and féwany of them, have the ability to live in
the solil free of their symbionts. Given the appraggr sugars, however, most ECM can be
isolated and growrn vitro. ECM plants become dominant in environments wleaieic
organic residues accumulate at the soil surface.flihgi facilitate mobilization of nitrogen,
which is often the major growth-limiting nutriem ECM forests and, at the same time,
contribute to the decomposition processes (Reddll )20 he ectomycorrhiza (ECM) show a
mantle (sheathing mycorrhiza) and an intercellatgcelium called Hartig net (Read, 2001,
Fortin et al, 2008).

The ectendomycorrhiza, according to Peterson anskidatte (2004) should be placed in
a separate category, or considered as a modifiedhgcorrhiza. The fungi involved in these
associations are only a few species of ascomyhatecblonize mostlyinus spp. and_arix
spp. roots. They show a mantle, Hartig net andaatiular hyphal complexes which develop
within epidermal and cortical cells (Peterson arasbicotte, 2004).

The endomycorrhizae (ENDO) include the arbuscutavl)( ericoid (ERM) and orchid

mycorrhizae (OM). All of them show intracellulargtyae, arbuscules or vesicula.
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Arbuscular mycorrhizae (AM), synonymous of vesicudabuscular mycorrhizae (VA or
VAM) are formed by zygomycete fungi of the Glomatesler. Dispersal of these species is
achieved by single spores or by spores producddctwkly in sporocarps. This kind of
mycorrhizal colonization is considered to be thk rim most plants (Corkidet al, 2008;
Fortin et al, 2008; Honrubia, 2009a). Some plants with fibroost systems, e.g. grasses,
establish AM colonization. Beyond the nutritionale;, other main advantage of this kind of
mycorrhizae may result from a better tolerance tdwapathogenic fungi. In fact,
experiments performed with plants possessing AMelshown a better survival rate over the
control when they were infected by root pathogenshsas Fusarium Pythium and
PhytophthoraRead, 2001).

Arbuscular mycorrhizae were the first type to besalibed, as early as 1842 (Nagel,
1842). Frank (1885) gave the name “mycorrhiza’ e tveird (at that time) association
between temperate forest tree roots and ectomyezatrifungi. Janse (1897) called the
intramatrical spores “vesicles” and, a few yeangrlaGallaud (1905) named the other
commonly observed intracellular structures “arblestu The name “vesicular arbuscular
mycorrhizae” became then established and persistedrecently. These structures are now
known as arbuscular mycorrhizae (AM). Gallaud ()90@&de very precise observations of
the arbuscules, and concluded, that it is entislyrounded by a host membrane, an

observation later confirmed by electron microscapglysis.

1.4.2 Function and potential applications of mycorrhiza

Nitrogen is a very abundant element in earth atinesgp However it exists in a chemical
form which is not readily available for plants. lealing C, O and H, nitrogen is the most
abundant element in plants, being present in maalexules as nucleic acids and proteins.
Nitrogen is also a component of alkaloids and ofetwles like chlorophyll (Gobert and
Plassard, 2008). In soil, from which plants usualtyain nitrogen as nitrate (usually) a strong
competition between microorganisms and plants @cdar N acquisition (Gobert and
Plassard, 2008; Goltapedt al, 2008). To overcome limitations of nitrogen uptagkants
have developed specific strategies for N acquisitibhese include several types of traps
developed by carnivorous plants; associations hattteria in the roots of leguminous plants
(Rhizobiuny, associations between other plants and microesges; such as bacteria

(Burkholderia, Azospirillury) actinomycetes of the genbsankia and mycorrhizae (Fortiat
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al.,, 2008; Gobert and Plassard, 2008; Wong-Villarreaatl Caballero-Mellado, 2009).
Mycorrhizal symbiosis may also play a crucial raofe barren lands such as primary
succession sites, where the availability of nutsaa scarce (Wet al, 2004). According to
Wu et al.(2004) a model of primary succession suggestsniitor facultative mycotrophic
are the first colonizing plants, followed by obligey mycotrophic plants, which colonize the
habitats only after arbuscular mycorrhizal (AM) ptgiions have been established. However,
post-eruption, the re-establishment of AM seemsciur quickly and, as a consequence, all
plants of successional vegetation are mycotropfittus, the authors suggest that the
mycorrhizal status and the progress of vegetativecesssion would vary with different

environmental conditions in terms of water and ieatrrestrictions.

All mineral and nutrient exchanges between the keBt(carbohydrate production) and
the fungal cells (water, phosphorus and nitrogetakeg) are thought to take place in the
fungal—-plant interface (Smith and Read, 1997).hie tase of the arbutoid mycorrhizae of
Arbutus unedpthere are three possible sites for nutrient exgbgPeterson and Massicotte,
2004): at the interface between the inner mantlphbg and the tangential cell wall of
epidermal cells, at the interface between Hartighyphae end epidermal cells, and at the
interface between hyphal complexes and epidernihlcg®mplasm. In addition, Smith and
Read (1997) pointed out that, as in ectomycorrhitlae sheath on the roots of arbutoid
mycorrhizae may have not only a storage functiat,rbay also act as a boundary between

the plant and the soil.

Underutilized plants, aArbutus unedpusually grow in marginal lands or impoverished
habitats where they are subjected to various st@sgitions including drought, salinity, low
levels of nutrients and extreme pH values. Fordh#ants, the establishment of mycorrhizae
could be an important advantage to compete andiveurwm these hard environments
(Goltapehet al, 2008). Forest owners can also benefit from threugh the recovery of
marginal lands and by increasing revenues.

Different inoculation methods have been applieditro or directly under greenhouse or
nursery conditions to achieve mycorrhization. Myh@al synthesis experimenis vitro are
particularly useful to determine fungus-plant hostpatibility and to elucidate the cellular,
physiological and biochemical aspects of plant fuimgeractions (Aguedaet al, 2008).
Several reports have pointed out that mycorrhipationproved the survival and

acclimatization of woody micropropagated plantsi@ta et al, 2003; Martins, 2010).
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Other studies focused on the management of nurpemgtices for mycorrhizal fungi
application concerning to the reduction in fertlibn, biocide treatments, irrigation and type
of substrate (Parladét al, 2004; Rincoret al, 2005; Corkidiet al, 2008; Oliveiraet al,
2010b). Many different methods have been used ¢tpggate AM fungi, but all of them
involve growing the fungi in association with aitig root system. AM fungi are obligate
symbionts and cannot complete their life cycle witha host plant. The procedures for AM
fungi propagation have progressed from the relbtigsample pot culture technique to more
complex hydroponic, aeroponic, aimdvitro propagation systems on root cultures (Corkidi
al., 2008; Oliveiraet al, 2010b). Mycorrhizal inoculum can be propagateddoors or
indoors in greenhouse conditions with high lighemsity and soil temperatures ranging from
15 to 30 °C (Corkidet al, 2008; Oliveiraet al, 2010b). Nutrients can be incorporated in the
growing medium or applied periodically as dilutedtrient solutions. At the nursery, for
large-scale plant inoculation with AM fungi, Corkidt al. (2008) used a dry pot culture
material with spores, hyphae, and root fragment®ntmed by an isolate ofSlomus
intraradices The AM fungi present in commercial inoculants ac¢ always specified, but
most of them contained different isolates@bmus intraradicesa highly infective species
of woody and herbaceous plants growing in a widgezof conditions (Corkidet al, 2008).
Soilless media have lower bulk density, providetdyeaeration, and allow control over the
substrate chemical composition (Parladél, 2004). The most appropriate combination of
substrate and ECM fungus f@. ilex growth and nutrition was peat-based compost and
inoculatedHebeloma mesophaeui@liveira et al, 2010b). Materials that have been used for
mycorrhizal AM inoculum propagation include expaddeclay, turface (calcined
montmorillonite clay), charcoal; rockwool, glassalls, sand of different particle sizes, clay
brick granules, perlite, and different combinatioos bark, peat, pumice, perlite, and
vermiculite (Corkidiet al, 2008). The impact on plant performance and ectamiizal
community after aforestation of abandoned farmhaattl conifer seedlings ECM inoculated
in nursery conditions showed, one year after, tlagtiral mycorrhizal infections prevailed in
the inoculated root systems, and introduced mycaaehwere seldom found (Menket al,
2007). The propagation of native fungi is relevantd development program for screening
and selecting effective mycorrhizae fungi isolatéesl using them in production of plant
species is a must for the establishment of mycomehiand further impact on plant
performance (Rai, 2001; Parlaéal, 2004; Corkidiet al, 2008).

Several studies have been reported the mycorrbizain Ericaceae species, such as

inoculation of Rhododendron cultivars in vitro with different strains of ericoid

23 Introduction



endomycorrhizae (Eccher and Martinelli, 2010); uefice of ericoid endomycorrhizae
inoculatedin vitro on rooting ofVacciniumcorymbosun{Eccher and Noé€, 2002); influence
of ericoid mycorrhizal fungi V. macrocarponin hydroponics conditions (Kosolet al,
2007) and influence of selected mycorrhizal fungpculated on different varieties of.
corymbosumpropagatedin vitro (Noé et al, 2002). Species from the genésbutus,
Arcostaphylos and Pyrolastablish arbutoid mycorrhizae (Forth al, 2008). Molina and
Trappe (1982) found a lack of specificity in hostsming arbutoid mycorrhizae. Other
experiments showed that ectomycorrhizal fungi famomutoid mycorrhizae and consequently
arbutoid mycorrhizae are most closely related toragcorrhizae than to ericoid mycorrhizae
(Molina and Trappe, 1982; Smith and Read, 1997)s&hstudies will be discussed on
chapter four. To our knowledge, there are no pre/morks showing arbutoid mycorrhizae
betweenA. unedoandPisolithus tinctoriusynthesizedn vitro.

1.5 GENETIC DIVERSITY STUDIES USING DNA MARKERS

Response to selection depends ultimately on theghod genetic diversity available to the
breeder. Without a genetic diversified pool thesgbn ofPlustrees tends to be difficult. To
evaluate genetic diversity, molecular markers #iectve tools (Bellet al, 2008). Classical
approaches, such as comparative anatomy, physi@ondyembryology, were employed in
genetic analysis to determine inter and intra ggecariability. However, molecular markers
have rapidly overtaken these classical stratedieshiet al, 2009).

According to (Chawla, 2009) the polymorphism carcawer among individuals and
populations differentiation at three different lbsve(1) the phenotype, such as visible
characters (morphological markers); (2) the segmerigoroteins or secondary compounds,
such as terpenes and flavonoids, (biochemical msrkend (3) the DNA nucleotide
sequence — directly or indirectly - (molecular meady. Morphological markers correspond,
in general, to visually score qualitative traitsher dominant or recessive. The markers used
in the first genetic map (irosophila 1988), were phenotypic traits scored by visual
observation of the flies morphological charactersstin plants these markers have been
associated to morphological characters, includieigeg for dwarfism, albinism and leaf and
fruit morphology (Chawla, 2009). Biochemical maskare proteins or secondary compounds
produced by gene expression. Monoterpenes werkrshdiochemical markers in trees and
were used for taxonomic studies in pines. The smathber of monoterpene markers and

their dominant expression limited their utility (\téhet al, 2007). The groups of biochemical
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markers that have most frequently been used arestzgmes (multiple molecular forms of

an enzyme exhibiting similar or identical catalypcoperties), frequently referred to as
allozymes. A pair of isozymes may differ in onegdnamino acid, which often leads to a
difference in their electric charge. Consequenityjs possible to separate them after
migration on a gel with an applied voltage (Eriksset al, 2006). These markers are

generally codominant, which means that the diffeferms of a marker should be detectable
in diploid organisms to allow discrimination of homand heterozygotes. The polymorphism
of isozymes is rather poor within cultivated spsci€hawla, 2009).

DNA markers correspond to a DNA sequence that adilg detected and whose
inheritance can be easily monitored (Chawla, 20@)\NA markers are mainly DNA
segments that can be distinguished by gel eleabre@gis following amplification. DNA can
be originated from the cell nucleus (nuclear DN#)mM mitochondria (mtDNA) or plastids
(cpDNA) (Eriksson et al, 2006). DNA sequence information is transmitted oag
generations. Therefore, DNA is potentially the masturate source of genetic information,
compared to biochemical markers (isozymes), whiehpaoducts of gene expression, thus an
indirect and insensitive method of detecting vasiatin DNA (Wang and Szmidt, 2001,
Schlétterer, 2004).

According to Whiteet al. (2007) the following characteristics are desirdiolean ideal
DNA marker: 1) to be highly polymorphic; (2) displ@o-dominance; (3) show an high
frequency through the genome; (4) to have a nehgehaviour (to environmental conditions
or management practices); (5) the costs must sonaale; (6) the assays must be easy and
fast to perform; (7) the data must be reproducanid (8) the marker must allow for an easy
exchange of data between laboratories. It is diffito find a molecular marker that meets all
these criteria. Depending on the type of the stwdye undertaken, a marker system can be
identified that fulfil at least a few of the aboeéateria (Chawla, 2009). In the following
paragraphs a general description of the two markszd in this work is given.

Random amplified polymorphic DNA (RAPD) markers baween the most widely used
molecular marker type in forest trees to date. RA®D marker system is easy to apply as no
prior DNA sequence information is needed for dasigrPCR primers (Whitet al, 2007).
Primers are usually just 10 base pairs long (1Gsjnand are of random sequence. The
reactions products are submitted to electrophom@sisthe bands are visualized by staining
agarose gel with ethidium bromide, and seen undérlight (Chawla, 2009). There are

several thousands of primers commercially availabllewith a different 10-base sequence,
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which in theory will all amplify different regionsf the target genome, which means that a
large number of amplified sequences might be ifledtiby this technique. Therefore, the
RAPD marker system has the potential to randomiyesua large portion of the genome for
the presence of polymorphisms (Whee al, 2007). RAPD markers compared to SSRs
(microsatellites) do not require either speciessBeprobe libraries or previous knowledge
of the genome. Thus, the work can be conducted lamge variety of species where such
probe libraries are not available, which make tleasier to apply than SSRs (Chawla, 2009).
Although RAPD markers are easy and quick to ussy tfave several disadvantages, such as:
(1) problems with marker reproducibility across dediories (due to low annealing
temperatures, which make them not specific), (8)sdgments amplified are dominant and as
a result RAPD polymorphisms are inherited as dontin@cessive characters, and (3)
difficulties to analyse and to automate (Schl6tte2804; Erikssoret al, 2006; Whiteet al,
2007; Chawla, 2009). Several studies have sucdbsséported genetic diversity analysis
using RAPDs markers on woody plants such a&rgania spinosgMajourhatet al, 2008),
Castanea sativa(Seabraet al, 2001), Olea europea(Besnardet al, 2001), Prunus
armeniaca(Hurtado et al, 2001), Prunus dulcis(Martins et al, 2001), Prunus persica
(Quartaet al, 2001) andVitis sp. (Regneet al, 2001) among many others.

Also in Ericaceae RAPDs have been used in studigemetic diversity analysis such as
on characterization dkhododendrorfJainet al, 2000; Milne and Abbott, 2008), on genetic
analysis of Vaccinium angustifolium(Burgher et al, 1998; Burgher-Maclellan and
Mackenzie, 2004), on genetic diversity ¥f macrocarpon(Debnath, 2007), on clonal
structure oiV. myrtilluspopulations (Alberet al, 2003, 2004), oV. uliginosumpopulations
(Albert et al, 2005) and on assessment of genetic diversityinitfaccinium spp. and
hybrids (Levi and Rowland, 1997). Also in Ericacéa&PDs have been used on fingerprint
for the flower type in the ornamental cr@alluna vulgaris(Borchertet al, 2008; Borchert
and Hohe, 2009), for conservation purposekenfcopogon obtecty@awkoet al, 2001), on
analysis ofvacciniuminflorescences (Vander Kloet and Dickinson, 208%) on assessment
of novelties resulting in a new speciesuaccinium(Vander Kloet and Paterson, 2000). To
our knowledge, two recent studies have been repat®mutA. unedogenetic diversity
analyses: 1) the characterization ofAR8inedogenotypes by RAPD (Lopex al, 2010) and
2) about genetic diversity in nirke unedopopulations in the distribution area of the spgcie
in Tunisia using RAPD (Takrouni and Boussaid, 20I0)ese studies will be discussed on

chapter five.
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Microsatellites (SSRs) are regions of DNA contajnghort segments (2-6/8 base pairs),
repeated a variable number of times. Such repesiteoe called tandem repeats. Thus, SSRs
are sometimes referred to as “variable numberraddam repeats” (VNTR) or simple tandem
repeat (STR). They occur all over the genome, mainl non-coding regions of DNA
(Erikssonet al, 2006), which make them insensitive, in genemhadtural selection and thus
neutral by nature (Whitet al, 2007). Since the number of tandem repeatdaiuscan vary
greatly, SSRs markers are among the most polymorgbnetic markers, being highly
informative due to the a large number of allelegt tbtan be identified (Schiotterer, 2004).
SSRs are codominant markers and a very large numibeariants may occur (highly
polymorphic). Moreover, they are useful for fingenging (identification of single
individuals) studies, genetic diversity studiesweadl as, for gene flow analyses (Schlétterer,
2004, Bassikt al, 2006; Erikssoret al, 2006; Whiteet al, 2007).

According to (Schiétterer, 2004; Vadit al, 2008) microsatellites have some limitations
that impair a wider application of this type of hkens. One of the drawbacks is the complex
and heterogeneous mutation pattern usually disgldye microsatellites which introduces
ambiguities in further data analysis. Genotypinger may occur because of stutter bands
and technical artifacts such as allelic dropouts, alleles, false alleles and size homoplasy.
The allelic drop-outs, which occur when the amoainDNA is insufficient, do not allow a
complete PCR amplification. Therefore, it is onip@ified the shorter of the two alleles,
consequently underestimating the heterozygosithdiry, 2003). Microsatellite null alleles
are heterozygotes alleles undetected or scoredS®s Svhich frequency is considered as a
systematic error. Therefore, they also underesértta heterozygosity (Ribeiro, 2003). This
systematic error is commonly encountered in studiepopulation genetics (Chapuis and
Estoup, 2007), and can be caused by insertionsifmiede(indels) in SSR flanking regions
(Ribeiro, 2003). False alleles occur when the alliele is misgenotyped because of factors
such as PCR or electrophoresis artifacts or humesrsein reading and recording data,
situations that can lead to substantial overestimatdf census size (Johnson and Haydon,
2007). The essential difference between the effettthe two classes of errors (allelic
dropout and false alleles), as far as inferenceorscerned, is that both homozygotes and
heterozygotes potentially contain false alleled, dmly homozygotes can be suspected of
allelic dropout (Johnson and Haydon, 2007). Thee dmmoplasy (the occurrence of
nonhomologous fragments of the same size) occues \who allelic lineages converge on the

same size, due to the mutation process as opposetéstry (Ribeiro, 2003).
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According to Whiteet al. (2007) the SSR length polymorphisms at individoal can be
detected by PCR, using locus-specific flanking sagbrimers of known sequence, but their
identification is a very expensive and time-consugniprocess usually requiring the
construction and screening of a genomic libraryweleer, it is easy to apply when markers
have already been developed. As pointed out by &hial. (2007) once a pair of primers is
developed to amplify the SSR region, it must beemeined whether there is any
polymorphism for the SSR and whether the bandintiepa on gels (or peaks on an
automated capillary electrophoresis) has genetgrpretations (namely are not stutter bands
or technical artifacts). SSRs have been appliedrass species amplification studies, by
assuming that the primer binding sites are sufiityeconserved in a related species to allow
amplification using primers designed for a diffdrdaut phylogenetically related species
(Goldstein and Schiétterer, 1999). Known primers aot likely to amplify the same locus
across related taxa, unless the flanking regionsrevipriming sites are located are highly
conserved (Ellegren, 1992), which happens, usualigiosely related species (Kijat al,
1995). Therefore, the success of cross amplifinatiominishes with increasing species
divergence (Whittoret al, 1997).

Different studies have been reported for genetrerdity analysis of woody plants using
SSRs markers. Examples arédirgania spinosgMajourhatet al, 2008);Actinidia, Oleaand
Prunus (Cipriani et al, 2001);in Eucalyptus dunniiMarcucci Poltriet al, 2003); inP.
pinaster(Fernandegt al, 2008) and irVitis sp. (Borregeet al, 2001; Filippettiet al, 2001,
Regneret al, 2001) among others. Genetic diversity analysiSrinaceae species using SSRs
markers has been carried out on assessment ofigetieersity in species such as:
Monotropa hypopitys (Klooster et al, 2008), Rhododendronsimsii (Tan et al, 2009),
Vaccinium corymbosuiBassilet al, 2006; Wiedowet al, 2007) and withiVacciniumspp.
and hybrids (Levi and Rowland, 1997; Bochatsal, 2005; Bassilet al, 2010). Also in
Ericaceae SSRs markers have been carried out appropagated/acciniumplants for the
assessment of genetic stability among donor plamtstissue culture regenerates (Debnath,
2010), as well as, on studies about the matingesystvolution, patterns of pollen flow and
the process of natural hybridizationRhyllodoce aleuticandP. caerulegKameyameet al,
2006). These studies will be discussed on chapter As far as it is known previous studies

related to genetic diversity analysis using SSR&. inneddhave never been published.
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1.6 OBJECTIVES

As stated in the introductiod. unedofits in the concept of NUC species due to under
exploitation from an agronomic perspective. HowevWarmers are becoming increasingly
interested in this culture as a fruit crop, witle tresulting demand of high-quality plant
material for orchards. Considering this scenariis ibf the utmost importance to develop a
consistent breeding program to improve geneticstigwberry tree, giving to this species a
condition identical to other popular fruit cropstas related blueberries or bilberries of the
genusVaccinium We are aware that the genetic improvement oka $pecies is a high-
demanding, never ending objective. In fact, treecss, with their long-life cycles,
heterozygosity and difficulties to be vegetativedgenerated are not easy to breed.

The long-term objective of this research is to digyetrawberry tree cultivars that can be
delivered to the farmers to increase fruit produtgti As could be easily understandable, a
task like this is not feasible during the limitedripd of time available to conclude a PhD
thesis. However, tree breeding is the result oésshsteps toward the final goal which is the
development of new cultivars. These steps incluelecion of Plus trees, crosses and
selection of progenies, application of effectivetpcols of plant propagation and evaluation
of the produced material in different environmerfi&énce the lack of information about
strawberry tree was almost absolute we decided olmcentrate our efforts a) in the
optimization of protocols foin vitro propagation ofA. unedofrom selected trees chosen
based on their fruit productivity and quality; bih @ survey of the genetic variability
occurring in this species and c) in the developne¢mrotocols of mycorrhization that could
improve plant acclimatization and further growttthe field.

To select the appropriate trees a great help hes bbtained from forest owners and
techniques of the Ministry of Agriculture which lebeen involved in the selection Blus

trees in different regions of the country basedroin productivity and quality evaluation.

Once the trees were selected the first objective wadevelop reliable protocols of
propagation of these trees. Cloning the selectadt gidants by cuttings or grafting has
proved to be difficult. Therefore, we directed aljectives to development of protocols that
could be applied to the propagation of adult materi
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Thus, the first set of experiments (chapter 2) dinoedevelop a protocol for an efficiant
vitro propagation ofA. unedoadult trees, through axillary shoot proliferatidrne effect of
several culture media was analysed. Selected gee®tyere tested as well as the conditions
for root formation and acclimatization. Anatomicaiudies were performed to better

understand some steps of the regeneration process.

The second set of experiments (chapter 3) was medigp analyse the effect of plant
growth regulators and genotype on the micropropagatf adult trees ofA. unedo Different
plant growth regulators (four cytokinins and onexiay were tested. Several selected
genotypes were also tested to find those whichmasee amenable foin vitro cloning. In
long-term breeding programmes the selection of he&gponsive genotypes can be used to

transfer their regeneration potential to more m@traint ones.

The goal of the third set of experiments (chapjexds to test the ability of basidiomycete
fungi to form arbutoid mycorrhizae witA. unedo Pure cultures syntheses Bf tinctorius
andL. deliciosuswere testedh vitro conditions. Nursery assays wih tinctoriuswere also
performed and a field trial was later on establishEhe inoculation effect on plant growth
was assessed in nursery and in a field trial. Higtoal studies were performed. Molecular
assays complemented this work.

The purpose of the last chapter (chapter 5) waevelop an appropriate set of RAPD and
SSR markers suitable for fingerprintidg unedotrees (27) from nine different provenances
of Portugal. Some of them (6 genotypes) were sadebised on fruit production and had
been already propagatedvitro. A set of random amplified polymorphic DNA (RAPBhd
some of the microsatellite markers (SSR) previodslyeloped foWacciniumwere tested in

A. unedo

Part of this research was already published inrmateonal journals and presented in
national and international meetings while some da&me submitted for publication as
indicated at the beginning of the chapters. Alspartant, cloned plants have been regularly
provided to farmers and orchards wikhunedagplants have been established.
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2 - Micropropagation of strawberry tree (Arbutus unedo L.) from adult
plants

Part of these results was published in the articles

Gomes, F., Canhoto, J.M., 2009. Micropropagatiorstoiwberry tree Arbutus unedd..)
from adult plants. In Vitro Cell. Dev. Biol.-Plaab, 72-82.

Gomes, F., Lopes M L, Santos, T., Canhoto, J.M092Micropropagation of selected trees
of Arbutus unedd.. trough axillary shoot proliferation and somagimbryogenesis. Acta
Hort. 839: 111-116.
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2 MICROPROPAGATION OF STRAWBERRY TREEARBUTUS UNEDQ..)
FROM ADULT PLANT

2.1 ABSTRACT

Arbutus unedd.. is a species of strawberry tree, widely repnése in the Mediterranean
climates of southern Europe. Fruits are used toenlkes and a spirit called “medronheira.”
Shoot apices and nodal segments from epicormiccap@iced shoots of adult plants were
used for plant propagation. Shoot apices from epieoshoots, which were developed in a
growth chamber, showed higher ratesnofitro establishment. The results also indicated that
shoot apices are more effective for plant estatvlesfit than nodal segments, with rates of
establishment significantly higher after 12 weeksuture. Of the three basal media used in
combination with 9.QuM benzyladenine and 0.087 M sucrose, the Fossadiumewith the
micronutrients of the Murashige and Skoog mediunvegae highest rates of multiplication,
especially when the parameter analysed was the emofbshoots formed per test tube for
further multiplication. When shoot apices from s&del adult plants (ALO1-ALO6) were
tested, the multiplication rate was not signifidamifferent among the plants. However, in
the conditions tested, shoots from the clones ALABLP2, and ALO3 showed better
development, whereas shoots from ALO4, ALO5, an@@&Ehowed an impaired development
and could not be rooted. Rooting was achieved lirth@ conditions tested, even in the
absence of auxin. The inclusion of an auxin sigaiitly increased root formation, whereas
the addition of charcoal did not improve root fotroa. Rooted plantlets were acclimatized.
From the five substrates tested during acclimatimaperlite without fertilizer gave the best
survival rate (98.0+£1.23%) after 4 months. Soméhefproduced plants are now in the field
for further study. The anatomical data indicate #uaventitious roots had a deep origin in the

shoot stem, most probably from the cambial zonéaaricbom phloem cells.

Keywords: acclimatization; anatomical studies, epiuc shoots; rooting; shoot

proliferation.

46 Micropropagation Abstract



RESUMO

Arbutus unedd.. é uma espécie com ampla distribuicdo no slEw@pa, em regides de
clima Mediterranico. Os frutos sdo utilizados pargroducdo de compotas e de uma
aguardente conhecida como “medronheira”. Apicessteenaticos e segmentos nodais de
rebentos epicormicos e rebentos de touca de pladatas foram utilizados para a
propagacdo das plantas. Apices meristematicos loent@s epicérmicos provenientes da
camara de crescimento mostraram maiores taxastaleestimentan vitro. Os resultados
também indicaram que os 4pices meristematicos sd® eficientes no estabelecimento que
0s segmentos nodais, apresentando taxas signfioagnte superiores apos 12 semanas de
cultura. Dos trés meios base testados, adicionde@®0 uM BA e de 0,087 M sacarose, 0
meio de cultura de Fossard com os micronutrienégeMdrashige and Skoog apresentou as
maiores taxas de multiplicacdo, em particular gopamgharametro estudado foi o nimero de
rebentos formados por tubo para posterior mulgho. Quando foram testados apices
meristematicos de plantas adultas seleccionada@1(ALALO6), a taxa de multiplicacdo ndo
mostrou diferencas significativas entre os clo@mmtudo, nas condi¢des testadas, os clones
ALO1, ALO2 e ALO3 mostraram um melhor desenvolviteecomparativamente com ALO4,
ALO5 e ALO6, nao tendo estes ultimos produzido méb® para o enraizamento, no mesmo
periodo de tempo. O enraizamento, no primeiro engaii observado em todas as condi¢des
testadas, incluindo na auséncia da auxina. A adiedauxina aumentou significativamente a
taxa de enraizamento, o que ndo se observou cadic@ade carbono activo ao meio de
cultura. As plantulas enraizadas foram aclimatigzadaos cinco substratos testados na
aclimatizacao, a perlite sem fertilizante perméiobtencdo da maior taxa de sobrevivéncia
apos 4 meses (98,0+1,23%). Algumas das plantasipdas estdo no campo para avaliacdo
futura. A caracterizacdo anatoOmica sugere queizassradventicias tém uma origem profunda

no rebento, mais provavelmente da zona cambialdasuélulas do floema.

Palavras-chave: aclimatizacdo; enraizamento; estumltatomicos; multiplicacdo por

gomos axilares; rebentos epicormicos.
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2.2 INTRODUCTION

The genusArbutus (Ericaceae) includes about 20 species from whidbhutus unedo
commonly known as strawberry tree, is the mostrasting from an economic point of view.
Strawberry tree seems to be native to Ireland hewotEurope and the western Mediterranean
region and grows spontaneously in several coursn@snd the Mediterranean basin in rocky
and well-drained soils (Piottet al, 2001). The plant is an evergreen shrub or smed t
(rarely exceeding 3 m) with a spreading habit, grel-brown bark (Heywood, 1993). The
small white blueberry-like flowers are assemblegbamicles about 5 cm long. The spherical
bright red fruits are warty and about 2 cm inchdiameter. They take a year to ripen and,
during several months of the year, both flowers fanits are present in the same tree.

Populations ofA. unedocan be uniform but in most cases this species g@sgociated
with other trees (Neppi, 2001), in particular witbme species of the famikagaceae(e.g.
Quercus subgr The fruits are edible and have been traditignabed to make a strong
tasting spirit called “medronheira”. They can atmoused to make preserves and a very good
type of honey (Neppi, 2001). Fruits are collectszht October to December and each tree
produces an average of 7-10 kg. In general, 10r&ghacessary to produce 1 | of the drink
(Cardoso, 2004). The bark has been used to taimeleahd the plant has been used in folk
medicine. For instance, the fruits and leaves Haeen used as an astringent, diuretic,
antirheumatic, antidiarrheal, and against urinamjedgtions (Pabuccuoglet al, 2003;
Cardoso, 2004). More recent usages are related igmass for energy production and
floriculture since young branches make very ativadloral bouquets (Metaxaet al, 2004).

From an ecological perspectivd, unedois also an interesting plant. As a species
characteristic of Mediterranean ecosystems it dautes to maintain the biodiversity of the
fauna, helps to stabilize soils avoiding erosiaas kA strong regeneration capacity following
fires and survives quite well in poor soils. Additally, it can withstand low temperatures
and is tolerant to drought (Piotét al, 2001; Godinho-Ferreirat al, 2005).

The selection of the most interesting trees, baseftuit production/quality or any other
characteristic, is relevant for its economic usengidering this general overview, and the
importance that alternative crops are assumingnénstope of the agriculture policy of the
European Union, it is of great importance to stalbng-term program for the improvement
of A. unedan Portugal based on the genetic diversity ocogramong natural populations of

different regions (Torrest al, 2002).
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The propagation of the selected strawberry treespasticularly important. Seed
propagation does not assure the genetic stabitity @articular characteristics can be lost.
Assays of vegetative propagation can be made byetdional vegetative propagation
methods such as rooting of cuts as well as by miofmagation methods (Hartmaat al,
1997). However, the frequencies of rooting aregylaw especially when mature cuttings are
used (Meretiet al, 2002; Metaxaset al, 2004). Micropropagation may be a valuable
alternative when: (a) conventional propagation iicdlt to achieve, (b) problems of
rejuvenation persist, and (c) pressure to incre@askiplication rates occurs (McComb and
Bennett, 1986; Gomes and Canhoto, 2003). Severaopropagation techniques such as
somatic embryogenesis (Chawla, 2009), organogerf@sezki et al, 2000) and axillary
shoot proliferation (Jain and Haggman, 2007) haaenbapplied fomn vitro propagation of
woody plants. Among these methods, axillary shoolifpration is the most widely used for
Ericaceae clonal propagation. Members of this fantihat have been successfully
micropropagated includ@rbutus xalapensigMackay, 1996)Kalmia latifolia (Lloyd and
McCown, 1980), Oxydendrum arboreum(Banko and Stefani, 1989)Rhododendron
(Anderson, 1984; Almeidat al, 2005) and several species of the geviascinium(Isutsaet
al., 1994; GajdoSov&t al, 2007; Ostroluckéet al, 2007; Ratnaparkhe, 2007). Previous
studies in strawberry tree have shown thatitro propagation from juvenile material could
be accomplished (Gongalves and Roseiro, 1994; Metrel, 2002). However, as with seeds,
juvenile explants are of unknown genotype makirfjcdilt the propagation of selected trees,
which can only be achieved through the propagatioadult plants. Previous reports Af
unedo micropropagation are scarce. As far as it is knowhe only report in which
micropropagation ofA. unedohas been achieved from adult material was thaVlehdes
(1997). Therefore, the development of a protocolafo efficientin vitro propagation of this
species from adult trees is necessary. In thisrpapedescribe a reliable and reproducible
method to propagate adult treesfofunedothrough axillary shoot proliferation. To achieve
this goal the effect of several culture media waalysed. Moreover, previously selected
genotypes were tested as well as the conditionsofmr formation and acclimatization. To
better understand some steps of the regenerataoe$s anatomical studies have also been

performed.
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2.3 MATERIAL AND METHODS

2.3.1 Plant material

Shoots from spontaneous field-growing adult plamse collected to obtain the explants
used in the experiments. Young shoots (5-10 cmthgngere gathered in the autumn from 2
to 3-month-old coppices of a tree from Coimbra (C€drouting in a burned area during the
previous summer (August). Woody branches with 3@#0Olength and 0.4-2.5cm diameter
were collected from another spontaneous adult p[BB¥ACO05) and from 6 adult plants
selected for its high fruit productivity and growimn an orchard (ALO1 to ALO6). Woody
branches from ESACO05 and ALO1 to ALO6 plants wermdated to produce epicormic
shoots which were the source of the explants usdad ¥itro culture establishment.

2.3.2 Surface-sterilization procedures and culture esfaivlent

For explant sterilization coppiced shoots were lkgied, dipped in a fungicide
(dichlofluanid, Euparene, 120 m’glfor 2 min, rinsed with running tap water and giddn a
20 % sodium hypochloride solution (5 % actoidorine) containing 2-3 drops of Tween 20,
for 18 min. After three washes in sterile distillecater, they were inoculated on the
establishment medium. Epicormic shoots were sw$aedlized in a 75% ethanol solution
for 2 minutes, dipped in a 10 % sodium hypochloséution (5 % activehlorine) for 3 to 6
minutes, and then washed in sterile distilled whiethree times.

Woody branches were washed under running tap watgped in a fungicide
(dichlofluanid, Euparene, 120 mglfor 10 min and rinsed with distilled water. Fallimg
this treatment, the branches were transferredrogantaining 1.5 | of sterilised sand and
watered with distilled-sterilised water and plagetb a greenhouse or in a growth culture
chamber at 25 + 1 °C under a 16h photoperiod peaviny cool-white fluorescent lights (40
pumol m? s) to promote epicormic shoot development. The Hrasglaced in the growth
chamber were covered with transparent polythengtipléo keep a high degree of humidity.
To promote epicormic shoot development, branchasepl in the greenhouse were sprayed
with a solution of benzyladenine (BA, 9.0 uM) thrismes a week and/or covered with

polypropylene plastic bags for 2 months. Followihig period, epicormic shoot development
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was evaluated by the number of produced shootslamok length. The epicormic shoots thus
obtained where then used farvitro establishment.

Shoot apices (< 2 mm) and nodal segments (10-20werg used as explants to establish
the cultures. Explants from coppices of COl treaewased. Explants were incubated
individually and subcultured every 3 weeks in tedgies (nodal segments) or Petri dishes
(shoot apices). To avoid phenol oxidation and #ssecrosis explants were placed in a
growth chamber at 25 + 1°C, under dark conditiamsaf week and then transferred to light
(16h photoperiod, 40 pmol fns?). Test tubes (Sigma, 25 x 150 mm) containing 120l
culture medium and covered with plastic caps wesedu The medium for culture
establishment (AND) consisted of Anderson saltsdgson, 1984), MS micro nutrients
(Murashige and Skoog, 1962) and organic compouhtlseoFS medium (De Fossaed al,
1974). Sucrose 0.087 M and 9.0 uM BA were addee. Miedium was jellified with agar
(7g™) and the pH adjusted to 5.7 prior to autoclavibgl(°C, 20 min.). The best conditions
for epicormic shoot development were further agpt@ obtain epicormic shoots from clones
ALO1-ALO6 which were then used as source of thdap forin vitro establishment. For all
the assays the number of established explants khsasvéhe frequencies of necrosed and

contaminated explants was taken after 1 and 12 swefegulture.

2.3.3 Shoot multiplication

Established explants were transferred to test t¢®mgna, 25 x 150 mm) containing the
same medium and subcultured every 3 weeks untilgihetock material was available to
perform further experiments. Singevitro plant establishment from the C01 plant was easily
achieved and a large number of shoots from thignahtvas obtained, this clone was used to
test the effect of three culture media on shootiplidation: 1) The Anderson medium above
described (AND); 2) the same medium containing agomsalts the MS macronutrients
reduced at half-strength (1/2 MS) and 3) the saredimm with the major salts of the FS
medium (FS). After 12 weeks (4 subcultures at 3kwetervals) of culture the multiplication
rate was determined per test tube by evaluatioth@ffollowing parameters: a) maximum
shoot length (SL) and b) the number of shoots former test tube for further multiplication
(SNX). The best culture medium was then testedhmotsmultiplication of the six selected
adult clones (ALO1 — ALO6).
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2.3.4 Rooting

Two different approaches were tested for root itidacof the formed shoots: a) a
protocol involving two-steps and a b) one-stepirgpprotocol. In the first case, shoots were
transferred to a root induction medium containimg auxinindole-3-butyric acid (IBA)for a
short period to induce root primordia. After theuiction period, shoots were transferred to a
new medium (development medium) without auxin tonpote root and shoot development.
Trying to reduce time and costs associated withrtdwing phase a simpler assay was
performed in which one-step rooting was also tedtethis case shoots were transferred and
maintained in a rooting medium for 6 weeks contgjrthe auxinndole-3-acetic acid (IAA)
at5.7; 10 and 17.1 uM and compared to the contrah@at auxin)

When rooting was carried out using a two-stepsqgoat two different assays were
performed.In the first situation the following parameters weested: a) IBA concentration
during the induction period, and b) addition of ioal following the auxin treatment. In
both assaydest tubes (Sigma, 25 x 150 mm) containing 12 mkwture medium and
covered with plastic caps were uséticropropagated shoots (14—20 mm) of the CO1 clone
growing in the ANDproliferation mediumwere transferred to the rooting induction medium
(RM), which consisted of Knop macronutrients (Gaudt, 1959), MS micronutrients
without potassium iodine and FS organics withobbftavin. Sucrose was added to the
culture media at concentrations of 0.044 or 0.087okthe induction and development
medium, respectivelyRoot induction was assayed in darkness, and tinea¢ments with
IBA were tested. In one set of experiments rooWwas induced on RM medium containing
9.8 or 24.7uM IBA for six days and compared to the control fwitit IBA). In another
experiment, shoots were dipped in a solution cantgi9.8 mM IBA for 15s. In both cases,
auxin treatment was followed by culture on the s&Mwemedium without IBA for shoot and
root development. The role of charcoal (1.5% wi)root development was also evaluated.
A total of 240 shoots was tested (ten shoots xetmeplications x four auxin treatments)
comprising the control x two development media Ifwot without charcoal). Owing to the
high number of shoots required, this assay wasnagtteshed 6 months after CO1 culture
establishment. Root formation was analysed by dregmtage of rooted shoots after 5 weeks
of culture on the RM medium. The best conditionsrtt induction were further tested in
the selected clones (ALO1-ALO3).
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In a second experiment, shoots of the same clo@#&)(®@ere used to test the effect of the
two different shoot proliferation culture media (&&d AND) as well as a broad range of IBA
concentrations on rooting. The procedures werelaino those described previously. Root
induction was assayed on RM medium with IBA, orkdaonditions, for 7 days.H®ots were
then subcultured (5 weeks) on the same medium wtithoowth regulators and containing
charcoal (1.5 % w/v) to promote root developmdihis assay was accomplished 15 months
after CO1 culture establishmefor root induction, five IBA treatments were us@db( 4.9;
9.8; 24.6; 49.2 uM for 1 week) plus the controltofal of twelve treatments were tested: two
shoot proliferation media (FS and AND) and 6 difar IBA concentrations including the
control, and 30 shoot$ef shoots x three replicatignsere used per treatment (a total of 360
shoots).Root formation was evaluated after 5 weeks of celttn the RM medium and the
following parameters were assessed: percentageotéd shoots, number of roots per shoot
(NR), length of the longest root (LLR), length difet shortest root (LSR), and final shoot
length (SL). When apical shoot necrosis or calarsnation at the cut end of the shoot were

observed they were also registered.

When one-step rooting was tested, micropropagatedts (14-20 mm) of the ALO3 clone
growing in the F$roliferation mediunwere used. In this assay jars with a volume of /00
were used. Trying to stimulate root developmentigture of peat and perlite (1:4, v/v),
previously sterilized (121 °C, 60 min.), was uséd il substrate per jar). In order to avoid a
possible toxic effect of auxin on rooted shootg, weaker auxin IAA was used instead of
IBA. Three IAA concentrations (5.7; 10 and 17.1 piMYhe rooting medium (70 ml of RM
with 0.087 M sucrose) were tested and compared thihcontrol. The addition of charcoal
(1.5 % w/v) to the culture medium was also tesketbtal of 8 treatments were evaluated: 4
IAA treatments (4 different 1AA levels, includinge control) and 2 charcoal conditions (with
versuswithout). Jars containing the substrate and thiei@imedium were autoclaved at 121
°C for 20 min. Shoots were isolated and transfetoetthe substrate (5 shoots per jar). A total
of 320 shoots was tested: 10 shoots x 4 replicatiord I1AA treatments (including the
control) x 2 charcoal conditions (withersus without). Shoots were cultured in these
conditions for 6 weeks, and at the end of thisquerroot formation was evaluated by the
parameters indicated before: percentage of rodtedts; number of roots formed per shoot
(NR); length of the longest root (LLR); length dfet shortest root (LSR); and final shoot
length (SL).
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2.3.5 Acclimatization

Following agar removal with tepid tap water, roomdntlets were dipped in a fungicide
solution (benomil, Benlate 0.6 Yland transferred to containers (60 x 40 cm).

In a first set of experiments a total of 154 COdnglets rooted according to the two-steps
method were acclimatized. The aim of this acclizaton experiment was to evaluate the
effect of IBA treatment on the number of the suaViplants after acclimatization procedures.
For plantlet acclimatization a mixture of sand &b 30(1:1 v/v) previously sterilised was
used as a substrat8iro 30is a commercial substrate of composted pine bark @eat
(70:30%; v/v) supplemented with “Osmocote” sloweese fertilizer (4%; v/v). The
containers were covered with plastic to maintamgh degree of humidity and were placed
on an irrigation sheet in a greenhouse. The leskelsumidity were gradually decreased by
raising the covertures after 3 to 4 weeks. The itokes were totally removed after 1.5
month. Half a month later plants were transferéhtividual containers (220 cinand, at
that moment, the survival rate was recorded (2 h®)ntAs substrate a mixture of peat,
vermiculite and perlite (1:1:1.5; v/v) was used.sldw release fertilizer (20:9:11 NPK +
2Mg) was added to the substrate (2.6 g/L). Follgwthis treatment the plants were
transferred to the nursery. Two months later thelmer of surviving plants was evaluated
(plant survival after 4 months of acclimatizatiord. similar protocol was tested to
acclimatize plantlets of the clones ALO1, ALO2 aRd)3 (in a total of 229 plantlets). In this
situation perlite (100%) without fertilizer was dsas substrate and the plants were weekly
(during a month) sprayed with Knop solution. Thevaial rate was recorded 2 and 4 months
after acclimatization. Following this period plamisre planted in an orchard in the Centre of

Portugal (Estreito, Oleiros).

In the second set of experiments different suledratere tested. A total of 600 CO1
plantlets were transferred to containers similathimse used in the first experiment (60x40
cm or 30 x 25 cm, covered with plastic bags) aratgd in the greenhouse. Five substrates
supplemented with a slow release fertilizer (2Q9NPK + 2Mg; 26 g/10L) were used,
namely: a) two mixtures of perlite and peat (70%30r 50: 50% v/v); b) sand, composted
pine bark and peat (50: 35: 15% v/v); c) perliteQ%) with fertilizer; and d) perlite (100%)
without fertilizer. When perlite 100% without fdizier was used, a macronutrients Knop
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solution was also weekly sprayed for a month. Tieigal rate was recorded 2 and 4 months
after acclimatization, as previously describEdllowing this period plants were established

for cutting production and for clonal trials.

2.3.6 Anatomical studies

Samples (shoots and leaves) framvitro propagated plantlets and from field-growing
plants were fixed in formalin/acetic acid/ethyl @iol by volume (FAA, 5:5:90, v/v)
dehydrated in a graded ethyl alcohol/chloroformiesgrand embedded in paraffin wax.
Sections (10-1#m) were stained by the safranine-light method asrilged in Guimaraest
al. (1988).

2.3.7 Statistical analysis

The multiplication experiments started with 30 disoper treatment comprising at least
three replicas of 10 explants. Variables were m@dafter each one of the 4 subcultures at 3-
week intervals. For rooting experiments 30 or 400¢h per treatment (for two-steps and one-
step rooting, respectively) were tested.

All quantitative data expressed as percentages west submitted to arcsine
transformation and the means corrected for biasreed new conversion of the means and
standard error (SE) back into percentages (Zarg)l®atistical analysis was performed by
ANOVA (STATISTICA 6) and the significantly differermeans (< 0.05 or B 0.01) were
identified by using the Duncan’s test (Duncan, 1985principal component analysis (PCA)
was carried out when thought it might lead to adveperception of the results. For the
principal components analysis all variables weralysed in order to obtain a better
understanding of the interactions between themadutide significance level of each variable
for the total variance.
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2.4 RESULTS

2.4.1 Culture establishment

Woody branches from the ESACO5 tree (Fig) $howed epicormic shoot development
after 15 days in the growth culture chamber (Fig). Epicormic shoot development from
branches maintained in the greenhouse developed aftnonths, much slower than those
developed in the culture chamber.

Figure 1 - Tree ESACO05 (A) and branches (B) showing epid¢orsimoot development after 15
days in the growth culture chamber.

The number of shoots per branch was not affectethbytreatment applied, since the
values obtained for the different situations werm significantly different(Table 1;
Appendix Table 1)The simultaneous use of BA and uncovered brancéres shorter shoots
than covered branches treated with BAlfle ). Significant differences were only observed
when shoot length was the factor analysed. Ingas®e shoot elongation (1.75+0.31 cm) was
more effective when branches were simultaneoushgreal with plastic and treated with BA.
(Table 1).
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Table 1 - Effect of BA (9.0 uM) and plastic covertures yeced or uncovered) on epicormic shoot
development (ESACO05 plant) in branches placedergtieen house for two months.

Treatment of the branches N° of shoots per branch hoot3ength (cm)
Covered and BA 4.0+0.58 1.75+0.37
Covered 43+2.03 0.81+0.39"
Uncovered 3.0+1.73 0.69 + 0.49"
Uncovered and BA 1.0+19 0.07 +0.07°

In each column values (mean + SE) followed by défe letters are significantly different<@.05).

A higher frequency of necrosis and contaminationew®ted for epicormic shoots grown
in the greenhouse than for epicormic shoots grawthe growth chambgiTable 2). As a
consequence, the number of established explantwég&Rs) was higher when explants were
formed in the growth culture chamber (Table 2).

Table 2 - Establishment of shoot apices from epicormicoshidormed in the growth culture chamber (GCC) or
in the greenhouse (GH), after 12 weeks of culturette AND medium. The percentages of contaminated,
necrosed and surviving explants after one weekilbfie are indicated.

Established
One week of culture explants
Epicormic Ne of (12 weeks)
shoot inoculated Survival Necrosis | Contamination
Plant formation explants (%) (%) (%) No° (%)
GCC 29 79.3 0 20.7 20 68.9
ESACOS | GH 25 48.0 16.0 36.0 10 46.0
AL 01 GCC 101 53.5 11.9 34.6 40 39.6
AL 02 GCC 114 64.9 11.4 23.7 74 64.9
AL 03 GCC 82 76.8 10.9 12.2 44 587
AL 04 GCC 41 68.2 7.3 24.3 21 52
AL 05 GCC 16 81.2 6.3 125 2 125
AL 06 GCC 22 36.4 0 63.6 3 136
Total AL explants 376 184 48.9

In each column values (mean + SE) followed by défife letters are significantly different<@.01).

The analysis of explant establishment for the gixltaselected trees (ALO1-ALOG)
showed significant statistical differences; the &L&nd ALO3 gave the highest percentage
(64.9% and 53.7%,respectively) of established shadter 12 wk of culturgTable 2;
Appendix Table 2). When shoot apices (Fig8, B) and nodal segments (FigCRwere

compared for explant establishment the results shomat the levels of contamination were
similar (Table 3.
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Figure 2 - Established cultures @f. unedoon AND medium. A and B — Established cultures freimot apices
after 8 and 30 days, respectively. C — Establishdtires from nodal segments after 15 days.

However, the levels of necrosis were significaritiwer in the shoot apiceS4ble 3;
Appendix Table 3). Additionally, the number of expls that survived and were established
after 12 wk was significantly higher for shoot ascthan for nodal segmenf§able 3;
Appendix Table 3).

Table 3- Effect of the type of the explant on survivaintamination, and necrosis.

Type of explant One week of culture Established explants
Survival Necrosed Contaminated (%)
explants (%) explants (%) explants (%) 12 weeks
Shoot apices 38.65+9.78  8.44+4.468 52.91+9.89 26.13+8.20
Nodal segments 4.49+2%63  43.04+11.08 52.47+11.23 2.55+1.78

In each column values (mean + SE) followed by défe letters are significantly different<@.05).

2.4.2 Shoot multiplication

The effect of three different culture media on tingtiplication of the CO1 clone (FigA3
Table 4) showed that the FS medium gaveghemumber of shoots formed per test tube for
further multiplication (1.99+0.11fhan the other two media (1/2-MS and ANDNO
significant difference was observed in shoot lengétween FS and 1/2-MS media, but

shorter shoots were noted on AND medidralile 9.
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Figure 3 - A. unedopropagation from shoot apices. A - Cluster of $b@dter 21 days on the
FS medium containing 9.0 pM BA. B - Shoot just beftransference to the rooting medium.

The differences were particularly clear when theapeeter analysed was the number of
shoots formed per test tube for further multiplimat(SNX) with the results obtained in the
FS medium being statistically different € 0.01) from the other two media (Table 4;
Appendix Table 4). No significant difference wassetved in shoot length between FS and
1/2-MS media, but shorter shoots were noted on Anddium (P< 0.01).

Table 4 - Effect of culture media on the multiplicatiorteaevaluated by the number of shoots formed pér tes

tube for further multiplication (SNX) and shoot ¢gh (cm) after four subcultures, at 3-week intesyah the
same culture medium.

Culture Media SNX Maximum shoot length (cm)
FS 1.99+0.1F 3.30+0.1F
1/2 MS 1.47 +0.10 3.00+0.1F
AND 1.34+0.07 2.45+0.10

Explants (shoot apices) of the clone CO1 were use@ach column values (mean * SE) followed by
different letters are significantly different{@.01).

The FS medium was further used to test the mutagbn potential of the six adult clones
(ALO1- ALOG6), and the results showed no significstattistical differences among the clones
(Table 5; Appendix Table S5After five subcultures at 3-week intervals, shoaldge to be
rooted(Fig. 3B) were only obtained from the clones ALO1, ALO2, aid3. Clones AL04,
ALO5, and ALO6 were unable to produce shoots eltedyanough to be used in the rooting

assaygTable 5).

59 Micropropagation — Results



Table 5 - Multiplication rates of 6 adult selected clon@d.Q1 - ALO6) during the first five subcultures, &t
week intervals.

Sub AL 01 AL 02 AL 03 AL 04 AL 05 AL 06
culture [ ¢ Test Test Test Test Test
tubes SNX| tubes | SNX | tubes | SNX | tubes | SNX | tubes | SNX | tubes | SNX
40 74 44 21 2 3
Lst 1.0 1.1 1.1 1.2 1.0 1.0
40 79 50 26 2 3
2nd 1.3 1.3 1.4 1.0 05 1.0
50 102 69 27 1 3
3rd 1.2 1.3 2.2 15 1.0 1.0
59 128 152 40 1 3
4th 24 12 11 0.9 2.0 1.0
140 153 174 35 2 3
5 th
Multip.
Rate | 1.45:0.31®  1.20#0.05 14740258  1.16+0.13  1.13+0.31° 1.0020.0°
Shoots* 40 38 11 0 0 0

Values (mean + SE) followed by the same lettermaresignificantly differentFS medium was used for shoot
multiplication. The multiplication rate was evaledtby the number of shoots formed per test tubduitiher
multiplication (SNX). The number of test tubes veasluated at the end of each subculture.

*Total number of shoots able to be rooted afteffittte subculture.

2.4.3 Rooting

In the first rooting assay using a two-steps prota@tone 01 was used for root induction
(Fig. 4A). The shoots usedere obtained from 6-month-old cultures aftervitro culture
establishmeniThe resultsshowed that shoots were able to root in all testedlitions, even
when no auxin was usddable 6; Appendix Table 6Rooted shoots showed neither callus
formation at the shoot base nor apical necrosis ¢8).

Figure 4 - Rooting ofA. unedo A and B - Rooted plants showing a well developmat system without callus
and shoots without apical necrosis. C - Rooted tstieeeloped in RM containing charcoal.
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High frequencies of root induction (between 76.78d 83.3%) were achieved either after
a treatment with 24.4M IBA for 6 days or by an auxinic pulse (15 s dipgiin 9.8 mM
IBA) followed by root development on a medium comtag (1.5%) charcoal or in a
charcoal-free mediur(Trable 6).The ANOVA analysis showed that the only factor etfifeg
root formation was the IBA treatment and that thisreno interaction between IBA and
charcoal on root formatio(Appendix Table 6). However, it was found that wraharcoal
was added to the development medium the advertgitroot system displayed a higher
number of roots (Fig. @) when compared with the treatments without chdradeere only

one root was usually formed. According to theseltest was decided to include charcoal in

the subsequent assays.

Table 6 - Effect of several treatments on root formatifterafive weeks in the development medium.

IBA (M) Auxin treatment Development medium Rootif¥g)
-- charcoal 40.00+20.9
- - 53.33+3.3"
9.8 6 days charcoal 30.00+15.3
9.8 6 days - 43.33+28%
24.7 6 days charcoal 93.33+6.7
24.7 6 days - 83.33+16%
9.8 x 10 Pulse (15 s) charcoal 93.33+%3
9.8 x 10 Pulse (15 s) - 76.67+3%%

In each column values (mean + SE) followed by défe letters are significantly different<@.01).

In the ensuing experiments shoots (a total of 3 the clones ALO1, ALO2 and ALO3
were tested for rooting in a medium containing 34M IBA for 6 days followed by culture
in a charcoal containing medium (1.5% w/v) witht8#. Shoot rooting varied betwe&i8.1
+ 6.7 %for the clone ALO2 t®%6.9+£3.8 %for the clone ALO1 whit the clone ALO3 showing
intermediate value32.3+0.7. However, no statistically significantfdiences were found

between these three AL clones and the CO1 clortedan the same conditions.

On a second assay using the two-step rooting mestambts of the same clone (C01)
were used to test the effect of the two differenliferation culture media (FS and AND) as
well as a broad range of auxin concentrations. Exmnts were performed with shoots
subcultured for 15 months on the culture media eboentionedThe data showed that for
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all parameters evaluated significant differencesvben treatments occurred. The percentage
of rooted shoots was affected<P.01) by several factors such as IBA concentratigme of
shoot proliferation medium tested, and interactomiween these two factors (Appendix
Table 7). Best results were observed when AND afdrfedia were used in combination
with IBA at concentrations of 49.2; 24.6 and 9.8 |(Mble 7). In general, root formation
increased when higher IBA concentrations were tefteg. 5) and, in several treatments, it
was found that 100% of rooting occurred. The resalso indicated that the length of the
longest root (LLR) was affected by IBA concentrati@P<0.01) and by the interaction
between the two factors{B.05; Appendix Table 7). However, it should be ddteat except

for the treatments in which no IBA was used (cds)tano statistical significantly differences

were found among the other treatments (Table 7).

Table 7 - Effect of the interaction between shoot prolifema media (FS and AND) and IBA on the
percentage of rooted shoots and on the lengthedbtigest root (LLR, mm).

Proliferation medium x IBA (UM) Rooting (%)** LLR (mm)*
FS x 0 pM 91 + 05¢ 167 + 7.22°
AND x 0 pM 56 + 28°¢ 175 + 250 °
FS x 2.5 UM 576 + 13.8° 357 + 361 °
AND X 2.5 uM 856 + 3.1° 419 + 234 %
FS x 4.9 uM 439 + 40° 349 + 3332
AND x 4.9 pM 833 + 33° 420 + 195 2
FSx 9.8 uM 933 + 3.33 408 + 1.86 @
AND x 9.8 pM 1000 + 0.0°? 372 + 13432
FS x 24.6 pM 96.7 + 3.32 358 + 1.85 2
AND x 24.6 uM 1000 + 00°? 413 + 111 °
FS x 49.2 pM 1000 + 0.0 371 + 127 @
AND x 49.2 uM 1000 + 002 39.4 + 114 %

In each column values (mean + SE) followed by défe letters are significantly differeﬁP(s0.0S;nPs0.0l).

The PCA analysis (Fig. 5) can explain 71.9% ofltetaiance observed and points out to
a positive interaction between rooting and IBA tmeent (with high factor loadings,
associated to Factor 1; Fig. 5). The variance éx@thby Factor 2 is about 25%, presumably

due to the number of replications used (Fig. 5).
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Factor Loadings, Factor 1 vs. Factor 2
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Extraction: Principal components
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Figure 5 — PCA analysis of the effect of different rootingatments. The variables analysed were shoot
proliferation media, IBA treatments, replicatiomglaooting percentage (submitted to arcsine transiton).

The variables number of roots (NR), length of thergest root (LSR) and final shoot
length (SL) were affected {©.01) only by IBA concentration (Appendix Table he
number of roots, a parameter relevant for furtremlimatization showed the highest value
(19.4+1.28; R0.01) when the highest IBA concentration was uskable 8). On media
without IBA the parameters LSR and SL reached themum values (Table 8).

Table 8— Effect of IBA treatments on the number of rodR), length of the shortest root (LSR, mm) and
final shoot length (SL, mm).

IBA treatments Number of roots LSR (mm) Shieogth (mm)
0 uM 1.4 + 0.40 ¢ 1.6 + 1.60 ¢ 170 + 173 °
2.5 uM 26 + 0.23° 149 + 194 257 + 1.25°
4.9 pM 46 + 0.69 °° 192 + 191 ° 238 + 158 °
9.8 uM 6.4 + 0.55 °° 163 + 1.08 ® 212 + 079 ®
24.6 UM 114 + 087° 109 + 078 ™ 258 + 1.20 ®
49.2 uM 19.4 + 1.28° 893 + 055 ° 266 + 1.07 ®

In each column values (mean + SE) followed by déffe letters are significantly different<@.01).

The PCA analysis (Fig. 6) can account for a tofab®.5% variance and, once again,
points out to a positive interaction between thenber of roots (NR) and IBA treatment
(with high factor loadings, associated to FactdFidy, 6). The variance explained by Factor 2
is about 23.6% and shows a weak interaction betweettength of the longest and shortest
root (LLR and LSR, respectively).
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Factor Loadings, Factor 1 vs. Factor 2
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Figure 6 - PCA evaluation of the effect of different treatit®e on rooting. The following variables were
analysed: shoot proliferation media, IBA treatmemismber of roots (NR), length of the longest r@dtR),
length of the shortest root (LSR) and the finalatHength (SL).

In the attempts to achieve root formation through bne-step protocol shoots of the
ALO3 were used. In these experiments 3 treatmertts WA (5.7; 10 and 17.1 uM) were
compared to the control. The effect of the inclastd charcoal in the rooting medium was
also tested. The results showed that for all tharpaters assessed no significant differences
were found among the IAA treatments with the highesting percentage (55.0£10.41%)
being obtained when IAA was used at the highesteotnation without charcoall éble 9.
However, the interaction between the two factof\(k charcoal) contributed to significant
differences for all variables, with the exceptiontlhe length of the shortest root (Appendix
Table 9). Worth to mention is the fact that the rage rooting rate obtained in these
experiments was considerable lower (38.8+£2.80%) that achieved with the same clone in
a previous experiment (72.3£0.7%).
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Table 9 - Effect of the interaction between IAA treatmentsd charcoal (CA) on the percentage of rooted
shoots, number of roots (NR), length of the longest (LLR, mm) and final shoot length (SL, mm).

1! ooting (% umber of roots mm mm

IAAUM X CA Rooting (% Number of roof: LLR ” SL X

OpM X - | 325 + 479 # 19 + 031" 25 + 055 ° 19 + 049 2
OpM X CA| 425 + 946 @ 21 + 030" 48 + 096 ® 17 + 045 °
57uM X - | 350 + 645 ® 37 + 036 * 69 * 0.85? 35 + 049 2
57uM X CA| 525 + 629 ® 19 + 029° 28 + 057" 18 + 0682
10uyM X - | 30.0 + 408 ™ 31 + 047 ® 6.0 * 059 ? 29 + 041 °
10uM X CA| 375 + 479 @ 16 + 019 ° 24 + 045 °© 1.4 + 019 2
171uM X - | 550 + 10.41%® 30 + 031 @ 49 + 071 * 27 + 050 ?
171pM X CA| 250 + 645 ¢ 15 + 025° 53 + 165 * 34 + 139 °?

In each column values (mean = SE) followed by défife letters are significantly differen*1F(§O.05;;FJE P<0.01).

The results clearly indicate that the number otsdd/R) was higherR<0.05) on media
containing only IAA Table 9. The length of the longest root (LLR) was affectegl b
charcoal (R0.05) and by the interaction between these twafadf*0.01; Appendix Table
9). Once again, the results clearly point out fmsitive effect of IAA alone. Both variables
NR and LLR, when compared to other assays formacilgomplished (two steps rooting,
Figs. 7 A, B) showed rather low values (Figs.(d, D). The length of the shortest root
(2.6+£0.21 mm) showed to be independent of any faatdnteraction (Appendix Table 9).
Rooted shoots showed neither callus formation at ghoot cut neither end nor apical

necrosis.

Figure 7 - Rooting of A. unedoshoots. A and B - Rooted shoots by the two-stepting method. C and D -
Shoots rooted through the one-step rooting method.
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2.4.4 Acclimatization

In a first experiment a total of 154 plants (COBbtained from the two-step rooting
method were acclimatized. The main objective of thcclimatization experiment was to
evaluate if the IBA treatment applied during thetnog phase interfered with further plant
development. Three induction IBA treatments wesget® and compared with the control (9.8
or 24.7 uM for 6 days or dipping on 9.8 mM solutimn 15s). The acclimatization of the
rooted shoots (Fig.A in the greenhouse (FigBgshowed that 87.7 £ 6.4% and 84.4 + 4.6%
of the plantlets have survived after 2 and 4 momthghe greenhouse, respectively. The
results indicated that acclimatization was notaéd by the type and treatment with IBA
(P> 0.05; Appendix Table 10). Apical necrosis wasar observed during acclimatization.
Plantlets from clones ALO1, ALO2, and AL 03 showhbd following rates of plant survival:
ALO1 (98.2% of plants acclimatized), ALO2 (85% awewtization), and ALO3 (94.4%
acclimatization). Following acclimatization, plam®re placed in a nursery (FigCB Some
plants from CO1 and ALO1-ALO3 clones were plantedifield trial, 17 and 24 months after
in vitro establishment, respectively (FigDB Some of these plants have already produced
fruits and keep on growing in the field. (Fid=)8

Figure 8 - Acclimatization and field-growth of\. unedomicropropagated plants: A — Plant showing a well-
developed root system (arrows). B - Rooted plantind the early stages of acclimatization in theegthouse
(30 days). C — Four-month-old plants growing in theesery. D - Measurement of plant initial heighst after
plantation in a field trial. E - Measurement ofil&eight of 2-year-olé\. unedglants in a field trial.
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In the second experiment 600 CO1 plantlets weral usetest the role of different
substrates on plant acclimatization (Figé, 8). After humidity gradually reduction (Fig.
9C) plants showed a good development (Fig. B). Plant survival was recorded after 2 and
4 months upon transfer to the substrate (Figs@ Table 10).

Table 10 -Effect of the different substrates on acclimatiaati

L " Volume Survivalrate (%) Survivalrate (%)

Acclimatization Substrate Composition (%) (2 months) (4 months)

| perlite; peat” 70:30 909 + 211% 697 + 996°

] perlite; peat” 50:50 950 + 5.00% 738 + (.0 °

M perlite® 100 00 + 0.00° 00 + 000 °©

v perlite 100 98.7 + 0.98°% 980 =+ 1.23°%

\Y sand; composted pine bark, p€at 50:35:15| 846 + 4.84% 692 + 366 °
Mean 87.7 =+ 3.23 79.02 =+ 3.34

In each column values (mean = SE) followed by défife letters are significantly different<@.01).
@ added slow release fertilizer (2.6 g/1 I).

The frequency of acclimatization showed to be ddpanof the substrate used (Appendix
Table 11). Thus, when fertilizer was added to erli00%, the plantlets showed necrosis,
probably due to the high amount of nutrients reddagiowever, plants growing on the same
substrate without fertilizer showed the highesvisaid rate (Table 10; Fig.D).

Figure 9 — Acclimatization of CO1 plantlets on different stiates. A - Perlite 100%. B - Peat and perlite. C
Reduction of the humidity level by raising gradyéhe covertures. D and E - Plant development dftereeks
in two different substrates. F - Plant at the tiofideing transfer to a new container showing a weileloped
root system (arrow). G - Plants growing in indivédlaontainers.
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When the survival rate was evaluated in 4-monthgbéohts the data confirmed that the
best results (and significantly different, Table W&re achieved with perlite 100% without
fertilizer (98.0+£1.23%). These plants were furtketablished for cutting production and for

clonal trials (Fig. B).

2.4.5 Anatomical studies

2.4.5.1 Leaf structure

The structure of leaves was analysed at differeages of the micropropagation process
trying to find how the culture conditions could et shoot and plantlet development. The
cross sections made on shoot leaves indicated dilmhg the multiplication phase the
mesophyll was poorly differentiated (Fig. 10). $ama$ through the midrib showed the
midvein with small amounts of xylem and phloem £ellhe mesophyll displayed a reduced
number of supporting tissues and no sclerenchyniis ceuld be found (Fig. 14).
Trichomes were usually present in both leaf sudgd€eg. 1®). Transverse sections through
the leaf blade showed the presence of two diffea#ng parenchyma: the palisade
parenchyma in the upper surface and a broad sppagnchyma at the opposite surface.
Minor veins and the respective vascular cells vedready present (Fig. B). In general the
cells possessed thin walls, lignification was restliand the cuticle usually thin or incipient
(Fig. 1B).

Figure 10 — Cross sections made in leaves during the muépbn phase. A — Midrib zone showing the
midvein with the vascular tissues xylem (Xy) andogim (Ph) and the lower epidermis (Ep). Part afchome
(Tr) can be seen on the lower right. B — Sectionubh the leaf blade. The two developing parench{fs
and Sp) can be observed as well as a minor veinB&f)indicates 50 pm.
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During the rooting phase, after 15 days in the dmtelopment medium, the structure of
the leaves (Fig. 11) was similar to that observednd the multiplication phase. However,
some features showed to be different. Thus, it fwasd that the vascular system appeared
now more developed, the midrib thicker (FigAl,1and the cells of the palisade parenchyma
more elongated but still reduced to a one layaxktlirig. 1B). Some cells surrounding the

vascular tissues showed signals of lignificatioigy (E1C).

Figure 11 —Leaf cross sections during the rooting phase. Cross through the midrib showing the vascular
tissues xylem (Xy) and phloem (Ph) and the lowedanis (Ep). B - Transverse section across thedksale
showing the palisade (Pal) and the spongy (Sp)nghsemas. Two stomata (St) can be seen in the lower
epidermis. C — As in A showing the lignificationssmme cells surrounding the vascular tissues aneédth the
lower epidermis (arrows). Bar indicates 50 um.

Following acclimatization and transfer to soil cdiwhs the structure of the leaves deeply
changed displaying the usual features commonly doum field-growing dicotyledonous
plants. Leaves were much thicker (FigAl2nd two layers of palisade parenchyma could be
observed (Fig. 1&) instead of the only layer observed duringitro culture. The amount of
xylem and phloem in the midvein was much highenttaringin vitro culture (Fig. 12).

The cells surrounding the vascular tissues shovesr signals of lignification (Fig. 9.
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The midrib was more developed showing collenchyeils ¢Figs. 12, C). A cambial zone
could be detected, as well as secondary vascskuds and ray cells (Fig. B2 Epidermal
cells showed a thick cuticle (Fig. @R in both epidermis and some cells accumulated a
stainable material presumably of phenolic origig(R2C).

Figure 12 -Cross sections made in leaves one year after atidimion. A - Section through the central part of
a leaf showing two layers of palisade parenchynad)(Rote the development of the vascular tissXgsand
Ph), the presence of lignified cells surrounding #ascular tissues (arrows) and collenchyma c€lty.(B -
Section through the midvein showing the cambialez¢@Z) and the development of secondary xylem and
phloem (Xys and Phs). Ray cells (R) can be seenP&rt of the lower surface at the midrib showing thick
cuticle (Cu). Some collenchyma (Co) cells undergpiglermis (Ep) are also visible. Bar indicateg.50

2.4.5.2 Adventitious root formation

Cross sections made amvitro formed shoots before adventitious root inductiboveed
the occurrence of two types of trichomes at théppery: large glandular trichomes and less
developed non-glandular trichomes (FigAL3Below the epidermis several layers of large
parenchyma cells were present building the corgion (Fig. 13). In the central part of the
stem a pith zone of parenchyma cells was surroubgieal more or less continuous ring of
vascular tissues (Fig. A3 Some larger cells which appear to be differeimgafiores were
seen in close contact with the primary phloem (Figé\, B). In the cortex parenchyma cells
starch grains could be seen (FigBL3Secondary growth was already initiated as irtdita
by the presence of a cambial zone between the danprylem and phloem (Figs. B3C).

Shoot cross sections at the basal cut end of thetshwhere roots usually appeared
showed the initiation of root primordia, eight dafter root induction (Figs. 1B, E). In the
central part of the stem a pith zone of parenchgeis containing large amounts of starch
grains could be observed (Fig. D3. The anatomical data seem to indicate that adicrg
roots had a deep origin in the stem, presumabiw fitee cambial zone and/or from phloem
cells (Fig. 1E).

70 Micropropagation — Results



Figure 13 - Cross section of shoots before and 8 days afteringiction (A-C and D-E, respectively). A-
Cross section of a shoot before root induction shgwglandular (gt) and non-glandular (ng) trichomibe
cortex region (Co) and the pith zone (Pi) surrowhtg a ring of vascular tissues (Xy and Ph). B mére
amplified view of the shoot tissues showing diffdgfating fibers (Sc), which were in contact witheth
secondary phloem (Ph). Note the cambial zone (@d)starch in the cortex parenchyma cells; C — Cambi
zone (CZ) developing secondary phloem (Ph) andnxy(®y). D - Zone of adventitious root formation. ISe
accumulating large amounts of starch grains (St)omaseen. E — Cell divisions in the cambial zd@&) (@nd in
phloem (Ph) cells (between stars) were the adveusiroots presumably have origin. Bar indicatest50

Transverse sections made on shoots (8 days adtesfér to root development medium)
showed that the earlier stages of root differeiotmatcame along with incipient callus
resulting from the proliferation of cortex and/quicdermal cells (Figs. 14 B). However,
these small calli never showed an effective praiien and usually could not be visible to
the naked eye. Following root primordia formatitime developing roots proliferated trough
the cortex until they appeared at the shoot surfeags. 14C, D; 15 days after transfer to
root development medium). In general more than o was formed per shoot starting
from different points of the cambial zone. In soseetions it was evident that the vascular
system of the adventitious roots was in close ags8on with the vascular tissues of the
shoot (Fig. 14D). Roots originating from epidermal or subepidermsells were never

observed.
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Figure 14 - Cross sections of rooted shoots. A — Root initiafjarrow) from the cambial zone showing cell
proliferation (incipient callus, two arrows zong)tlee root surface. B — Root initiation (arrow)rimghe cambial
zone after 8 days on a root development mediumT@nrsverse section of a shoot showing 4 develomots
(arrows) at different developmental stages. D —abeif a developing adventitious root. The conrecti
between the root and the vascular tissues of thetstan be seen (arrow); (Xy - xylem; Ph - phlo&in; pith;

V — vascular tissues). Bar indicates 100 pm in A&n@d 50 pm in D.
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2.5 DISCUSSION

2.5.1 Culture establishment

Juvenile explants are often used for the micropgapan of woody species due to the
difficulties encountered when explants from adldings are used for cloning (Rathaeal,
2004). However, juvenile plants are usually of umkn genotype, making difficult the
cloning of adult selected trees (Hacket, 1985)sT$ilso the case Arbutus unedan which
previous assays of micropropagation used potteditplgrowing in the greenhouse
(Goncgalves and Roseiro, 1994; Merdtial, 2002). Partially successful attempts to propagate
A. unedofrom adult plants were obtained by Mendes (198i0wever, the results showed
that the multiplication rate was greatly impairgdthe high number of contaminated cultures
and the reduced establishment period. Moreovent gstablishment could only be achieved
during early spring, thus reducing the efficiendytloe establishment stage. Our results
showed that epicormic shoots from branches of ddedis are a good source of explants
(shoot apices and nodal segments) for the propmagafimature trees (ESACO05 and ALO1 to
ALO6). This is particularly true when the branchesre maintained in a growth culture
chamber (covered with plastic), probably becausectintrolled light and temperature were
more adequate for shoot growth. In the greenhadisegepicormic shoot development was
enhanced when branches were sprayed with BA. Tleeofaytokinins on promoting axillary
shoot proliferation and their ability to stimulatieoot development is known (Chawla, 2009).
The induction of epicormic shoot development frarge stem segments of adult trees is a
suitable source of explants because a reductitimeitevels of contamination can be achieved
and less injury is inflicted in trees than whenytlaee cut down to force coppiced shoots with
juvenile characteristic (Preece, 2008). Severah@st have applied this strategy to obtain
juvenile explants from adult trees (Preece, 20B&cently another species of the Ericaceae
family (Vaccinium cylindraceuinwas also propagated through axillary shoot peddifion
from epicormic stems (Pereira, 2009).

On his earlier work Murashige (1974) indicated thknt regeneration through axillary
shoot proliferation involves several steps and thatsuccess of each step is conditioned by
the rate of success in the previous phase.ifkéro establishment of explants which can be
further used in the multiplication phase is quaéeyvant. The results obtained with unedo
showed that the levels of explant establishmentdcoeach values over 60%, mainly when

explants from the plants ESACO05 and ALO2 were ubkmvever, explants from other plants
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(ALO5 and ALO6) displayed considerably lower ratésestablishment and, in some cases,
the percentages of explant establishment after é@ksv of culture were lower than 15%.
Contamination of the explants contributed to thduceed number of established plants from
ALO6 explants, and senescence in culture was reggenfor the reduced number of
established plants from ALO5 explants. It doesse®m plausible that the difference between
explant establishment k. unedocould be attributed to the genotype. Insteadeéinss more
reasonable to improve the conditions of disinfecaad culture of the explants in the cases in
which the rate of success is too low.

The data obtained indicated that shoot apices are effective for explant establishment
than nodal segments. Similar results have beendfauther woody species studied in our
lab such a€eratonia siliquaPanteleitchouk, 2002 ucalyptus nitenGomes and Canhoto,
2003) and_eucadendron laureolum L. salignumcv. (Ferreiraet al, 2003). Since the levels
of contamination were similar in the two explanpeg, the better performances of shoot
apices are due to the lower rates of tissue senescd@he reason for this behaviour is not
clear; it is possible that nodal segments, duéhéir targer size, exude a higher number of
phenolic compounds, which inhibited plant growtloxidation. At the time of culture, the
shoot apical meristem is not a dormant structuckisisurrounded by several leaf primordia.
These produce PGRs which promote cell division atwhgation (auxins) and reduce
senescence (cytokinins). These characteristicsexplain the better performance of this type
of explant. However, other factors may also be Ived, since in some species nodal
segments are very effective for plant micropropagatGonzalezt al, 2000; Ibafiezt al,
2005). This study suggests that further experimenté&. unedomicropropagation should

preferentially use shoot apices as explants.

2.5.2 Shoot multiplication

The best results for shoot multiplication were of#d with FS medium, especially when
number of shoots formed per test tube for furtheltiglication (SNX) by the clone C01 was
evaluated. The three basal media used in our ewpats differed only in the composition of
the macronutrients and the results obtained mustssarily reflect these differences. The
AND medium has reduced levels of macronutrient$ thight explain the reduced rates of
shoot multiplication. FS and MS media have simidampositions to FS medium possessing
reduced levels of nitrogen both in the form of Nkand NQ'. The amount and type of
nitrogen can influence vitro morphogenic processes (Young and Cameraon, 1%8%anhd
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Saunders, 1999; Dal Vesco and Guerra, 2001), btitercase oA. unedomore assays are
necessary to evaluate the role of nitrogennowitro propagation. Another possibility is that
the higher levels of sodium present in the FS nmadian have a role on shoot proliferation.
Sodium is a trace element important for some plédadisbury and Ross, 1992) but its role
on the micropropagation process has not been dedluBinally, we can speculate that these
variations in the mineral composition can interfergh membrane transport and affect the
pH of plant cells thus influencing the vitro response (Niedz, 1994). However, it should be
noted that experiments performed whh unedoand other Ericaceae indicate that different
culture media, other cytokinins and sucrose wese able to promote shoot proliferation.
Thus, Goncalves and Roseiro (1994), Roseiro (1884d) Meretiet al. (2002) showed that
WPM (Lloyd and McCown, 1980) combined with BA gatlee best rates of shoot
proliferation whereas Mendes (1997) pointed out #rad Anderson medium (Anderson,
1984) and the cytokinin N6-(2-isopentenyl) aden{@eP) were particularly effective to
propagate adult material. Waccinium corymbosuna member of the strawberry tree family,
high sucrose levels in the propagation medium ss®d shoot proliferation (Caet al,
2003). Some of these factors such as sucrose aed oftokinins are now being tested with
A. unedain order to increase the success of the microgatan process. Our data suggests
that shoot multiplication might be influenced by thenotype of the explants. Although we
could not find statistical differences in the mpiittation rate of the clones, the data showed
that some (ALO4, ALO5, and ALO6) were difficult ppopagate, since they formed shoots that
were unable to elongate. On the other hand, shoats clones ALO1, ALO2, and ALO3
displayed a normal growth, which makes them moterésting both for shoot multiplication
and rooting. The role of the genotype in severatphogenic processes occurrimgvitro is
well established, it may be related with the lev@lsendogenous growth regulators in the
explants of different genotypes (Bhau and WakhQ12 GajdoSovét al, 2007). In our
case, it is possible that the slow-growing shoaisspss unbalanced levels of endogenous
cytokinins and/or auxins, which in the tested ctiods, were inhibitory for shoot growth. If
this is the case, the manipulation of auxin andlayin concentration or the inclusion of
other growth regulators, such as gibberellins, mesylt in a more effective growth of these
shoots, thus promoting the rates of multiplicaijBlanseret al, 1999).

The cross sections made on shoot leaves showeduhag the multiplication phase the
mesophyll was poorly differentiated. Most cells thie mesophyll were of the spongy
parenchyma type showing more or less enlarged splaewveen them. Our observations

agree with the report of Ziv and Chen (2008), wéifer that leaves of several tissue cultured
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plants showed to have poorly differentiated tissuils a very thin palisade tissue. The cross
sections ofA. unedoleaves fromin vitro shoots also showed a thin cuticle and limited
vascular development. During the rooting phase,esoells surrounding the xylem showed
signals of lignification. Taken together the obsgions made oA. uneddeaves are not very
distinct from the features observed in other sewibich, according with Preece and Sutter
(1991) and Ziv and Chen (2008), include the presesfcunderdeveloped vascular tissues,
occurrence of many starch grains in some cell tgmesreduced lignification. The speciiic
vitro environment where the shoots develop, in partridii@ high humidity levels present in
the culture vessels, is presumably responsibleéhese anatomical features. One year after
acclimatization,A. unedoleaves displayed a normal anatomy with the deveéy of two
layers of palisade parenchyma, well developed vasnaell as a prominent cuticle indicating
that the process of acclimatization was effective.

2.5.3 Rooting

Rooting of micropropagated shoots is a crucial $tepthe success of the propagation
process (George and Debergh, 2008; Chawla, 20G¥glhe two-step rooting method, our
data showed that shoots @& unedo CO1l clone (6-month-old cultures after vitro
establishment) has a high rooting ability sinceosfidooted even in media without auxins.
However, a treatment of the shoots for six days WBA (24.7uM) or a pulse of 15 s at high
IBA concentrations (9.8xfOuM) considerably increased the rates of root foiomat
(88.3+8.3% and 85.0+4.3%, respectively) over thatrab (46.7+£9.5%). In all plantlets
obtained, callus formation at the shoot base otahpiecrosis was never observed. Similar
frequencies of induction were obtained by Merettal (2002), when explants from potted
plants growing in the greenhouse were tested. Bneesauthors also showed that IBA is
more effective than IAA on root formation. An auxsihock proved to be effective in the
assays carried out by Mackay (1996 Aimutus xalapensiand by Mendes (1997) irbutus
unedo

A two-step rooting method and shoots of the sameec(C01) were used to test the effect
of the two different proliferation culture media§Fand AND) as well as a broad range of
auxin concentrations. These shoots were from 15Hmold cultures afterin vitro
establishment. The results indicated that the p¢aige of rooted shoots was affected by IBA
concentration, shoot proliferation basal medium &heé interaction between these two
factors. The best results were observed when AND &) were used in combination with
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IBA at concentrations of 9.8, 24.6 and 49.2 uM witloting rates ranging from 93.3% to
100%. When no IBA was added to the medium, root#ag considerably reduced<{®01)
showing rooting percentages of 5.6% and 9.1%, otisqpdy for AND and FS medium.
Mereti et al, (2002) and Meretet al, (2003) using actively growing shoots of potted
greenhouse plants &. unedohave reported that the highest percentages oigpetere
achieved in 10 uM IBA (92%) and 10 uM IAA (82%). $&aro (1994) and Goncalves and
Roseiro (1994) using shoots of one-year-old potiegknhouse plants @&&. unedohave
shown that the highest percentages of rooting veetgeved with 9.8 uM IBA (93%)
although the results (80% rooting induction) did significantly differ from those obtained
on a medium with higher IBA concentrations (24.6)uMWhen compared with the results we
have obtained the differences may be due to thetliat in our experiments explants from
adult trees were used. Moreover the coppiced (G0&picormic shoots (ALO1 to ALO6) that
were used in our assays may have promoted a mfwetieé rejuvenation thus promoting
root development. According to Salisbury and Rd€¥92) coppiced shoots are a suitable
juvenile material since their origin is linked torchant buds formed during earlier stages of
plant development. However, other authors havetpdiout that shoots arising from dormant
buds of adult plants usually display a juvenile piniogy although precocious flowering has
been observed on plants derived from this typexpiamts (Preece, 2008) suggesting that
coppiced shoots do not produce shoots so rejuvereetausually thought. This feature can
explain why shoots of the same clone C01 showddrdiit rooting responses to auxin. Thus,
younger shoots, from 6-month-old cultures possessdugh rooting ability, even in the
control (46.7+9.5%), a situation that contrastghe reduced levels of rooting (7.3+£1.4%)
obtained with 15-month-old shoots under the samelitions.

The higher cost ol vitro propagated plants is one of the reasons that ingvaired the
application of this technology to the propagatibmany plant species at a commercial scale.
Thus, all the technical improvements that can redoosts during the micropropagation
process are of particular interestAnunedowe have tried to reduce the labor and laboratory
costs to achieve root formation using a one-stepopol in which different concentrations of
IAA and charcoal were usedhe results indicated that the mean rooting (a888%) was
lower than in the two-step methot2(3%. Best results (55.0%;0.05) were obtained when
IAA was used at the highest concentration withdw#tircoal. Similar results were obtained for
the number of roots per shoot<(R05). Also inA. unedoMereti et al. (2002) and Meretet
al. (2003) found that IAA was more effective for rimgf than IBA. Using IAA these authors

have obtained rooting percentages over 9b&wer auxin concentrations or weaker auxins
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are often used in attempts to induce adventitioassrin order to avoid callus formation or
the toxic effects of stronger auxins (Chawla, 206®wever, endogenous auxins as IAA are
more prone to be metabolized or inactivated by wgetjon with endogenous organic
compounds such as sugars and aminoacids in pksues than synthetic auxins what can
explain the reduced percentages of rooting gererabitained with natural auxins
(Machakoveet al, 2008).

In the case of charcoal we were unable to find sitipe role (0.05) for this substance
on root formation both in the one-step and two-gt@ming protocols. The only positive
effect observed was the formation of an increasedber of roots in the two-step protocol. It
is well known that charcoal can absorb a largeyasfacompounds from the culture medium
or compounds produced and released to the mediumpldyt tissues that would affect
morphogenic processd&ridborg and Eriksson, 1975Jhis includes compounds such as
phenolics, vitamins and other organic compounds, RGRs (Eymart al, 2000). It is
possible that in the case Af unedoone-step rooting, charcoal can reduce the leviedsnan
present in the culture medium to a suboptimal I¢wat reduces adventitious root formation.
The possibility that charcoal can absorb other caumgs necessary for root formation cannot
be ruled out. From the data already obtained itlmiconcluded that root induction is more
effective when strawberry tree shoots are submitieadtwo-step rooting protocol using IBA
as has been also observed in other members ofritec&ae family (Gongalves and Roseiro,
1994; Roseiro, 1994; Mackay, 1996; Mendes, 199¢k&dtet al, 2010) Root induction and
development are complex processes that are infieehyg a large number of factors, such as
genotype, type and concentration of PGRs, and reultonditions (Bennetét al, 1994;
Mylona and Dolan, 2002). In this way, it is not@using that the conditions to achieve root
formation are widely variable between different@pe and in the same species or cultivar.
The age of the explants used in our experimenisdepic shoots of an adult tree), as well as
the genotype may help to explain the differenceéwéen our results and the data obtained by
other authors working with the same species.

Adventitious roots formed in micropropagated shauotsy have different origins. Roots
may be formed from more peripheral tissues sucleghigermis or the cortex or may have a
deeper origin from the phloem, the vascular cambameven from pith tissues (Ziv and
Chen, 2008). An origin from or near the vasculasues is the ideal situation since the new
roots are usually in close association with thecuks tissues of the stem thus avoiding
problems related with the effective ascent of dapor vascular connections between the

developing root and the original shoot have bedenofound to contribute to the reduced
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survival of tissue culture plantlets during thetckmatization (Smithet al, 1991; Smithet
al., 1992; Ziv and Chen, 2008). The sections madehmots of A. unedofollowing root
induction indicated that the adventitious roots énats origin near the vascular tissues
probably from the secondary phloem and/or from wascular cambium. Roots originated
from more peripheral tissues were never found. Rfmwtnation showed to be an
asynchronous process with roots at different dgarantal stages being present in the same
shoot. Root primordia were first detected at the ehthe root induction treatment (8 days)
and the first roots appeared at the shoot surfacehb tenth day of culture on root
development medium. Similar results were reporte@Gbncalvest al. (1998) withC. sativa
microcuttings, by Canhoto and Cruz (2000)F@joa sellowianaand in some other species
(Ziv and Chen, 2008). On these species the progeskeénitiation and development of
adventitious roots were also asynchronous, butahgithilar sequence of events.

The histological analysis performed in rootsAofunedoalso showed that although an
incipient callus could sometimes be formed, rootsrevnever seen developing from
proliferating callus a situation often occurringrithg in vitro rooting. The origin of the roots
and the absence of callus formation are probab$pamsible by the high number of

acclimatized plants obtained A unedo

2.5.4 Acclimatization

The success of any process of plant cloning cavhkiated by the number of regenerated
plants that can survive in field conditions, foliogy acclimatization and hardening
(Kirdmaneeet al, 1995). A substantial number of micropropagateahtd are unable to
survive following transference from vitro to greenhouse or field conditions. This change of
environment results in reduced levels of humiditg éight intensity as well as exposition to
several kinds of microorganisms that can be detrtaidor plant survival (Hazarika, 2003).
Our results withA. unedoshowed that plant survival rates after 2 and 4thmranged from
84% (first experiment) to 98% (second experimeotpading to the different clones.

The acclimatization experiments revealed that thditeon of a fertilizer to the substrate
perlite is not recommended f8r unedo On these conditions 100% of the plantlets exdbit
necrosis of the shoot apice. However, perlite 1008thout fertilizer gave the best
frequencies of acclimatization indicating that thhibitory effect is fertilizer-related. This
fact might be linked to the high level of nutrieetease from the fertilizer, due to the high

temperatures and water content associated withotier ability of perlite to retain cations.
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Assays of acclimatization carried out by other atghworking withA. unedasshowed rates of
acclimatization ranging from 68% after 3 months riGalves and Roseiro, 1994; Roseiro,
1994) to 90% after 1 month (Meredt al, 2002). The use of perlite (100%) as substrate has
some advantages when compared to other substtatiesas composted pine bark or peat: a)
perlite avoids the need of substrate sterilizatijrpots are well aerated and not submitted to
an excess of water, and c) diseases caused by lfkedsotrytis sp. are usually not found,
avoiding the need for fungicide application. Howeuere is also an important drawback
related to the lack of nutrients. This can be wdrkat by spraying weekly the plants with a
nutrient solution. Some of our plants have beentplhin field (since November 2007), and
their performances related to plant growth, frugduction and fruit quality will be evaluated
and compared with others strawberry plants. Regeihtivas found that some of the vitro
propagated plants growing in the field produced fingt fruits, about three years after
plantation.

Taken together our results show that the procecadepted in this work are the basis of a
reliable and reproducible protocol to the cloniigelected adult trees &f unedoHowever,
the method’s success is lessened by the high nuafbmntaminations in some clones and
the slow-growth of shoots during the multiplicatiphase. Therefore, attempts to reduce
these factors through the refinement of the tealmigave been carrying out. Alternative
ways of micropropagation through the formation aedversion of somatic embryos and
organogenesis have also been carrying out with pemising results referred by Canheto
al. (2007), Gomest al.(2009) and on Chapter 5.
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APPENDIX

Appendix Table 1 —ANOVA: effect of BA (9.0 uM) pulverization and plés covertures on epicormic shoot

development: | - epicormic shoot length and Il mine

I: Epicormic shoot length

r of shoots per branch.

II: Number of shoots per branch

Source S df. MS F p Source SS df. MS F p

A: covertures 24277 1 24277 65748  0.0334* A:coverdure | 14.0833 1 14.0€3 22237 0.1742
B: BA 0.0709 1 0.0709 0.1905 0.6728 B: BA 40833 1 4.08334446 0.4452

Interaction: AxB| 1.8323 1 18323 49624  0.0565 InteoactA xB| 20833 1 20833 0.3269 0.58Z
Error 29539 8 0.3692 Error 50.6667 8 6.3333

*Significant at P< 0.05.

Appendix Table 2— ANOVA: effect of origin of epicormic shoots (GGG GH) and explant source on culture

establishment.

Effect of origin of epicormic shoots on culture a@slishment

Effect of explant source (AL clones)artture establishment

Source SS df. MS F p Source SS df. MS F p
Shoots origin (GC@s GH) | 837.48 1 837.48 15.0€7 0.0037** Adult clones 343469 5 686.94 28.422 0.0001**
Error 500.27 9 5559 Error 74924 31 24.17

" Significant at P< 0.01.

Appendix Table 3— ANOVA: effect of the type of explant on the rate#fsA — necrosis, B- contamination, C -

survival and D - established explants.

A — Necrosis, after 1 week (arcsine transformation)

B - Contamination, after 1 week (arcsine transfaiong

Source SS df MS F p Source SS df. MS F p
BExplant typg 556348 1 5563.48 6.9435 0.01446"° Bqlapely 34.02 1 34.02 0.02988 0.864206
Error 19213.33 24 800.5€ Error 27321.03 24 11384

C - Survival, after 1 week (arcsine transformation) D - Established explants, after 12 weeks (arcgaestor.)
Source SS d.f. MS F p Source SS df. MS F p
Bxplant typg 6317.09 1 6317.09 11.6432 0.00228** PBExpigpe| 3757.75 1 3757.8 7.7109 0.01047**
Error 13021.34 24 542.56 Error 1107339 24 461.39

**Significant at P< 0.01; *Significant at & 0.05.

Appendix Table 4 —~ANOVA: effect of culture media
on the number of shoots formed per test tube fiahén

on shoot prolifei@ti A - on shoot length (SL) and B —
multiplication (SNX).

A: SL (mm) B: Number of shoots formed/test tube for furthettiplication (SNX)
Source SS df MS F p Source SS df. MS F p
Culturemedig 31628 1 15814 14523 0.00001**  Cultureime| 21.9865 1  10.9933 10.0015 0.000067**
Error 268.964 247 1.089 Error 2714932 247 10992
**Significant at P< 0.01.
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Appendix Table 5 —ANOVA: effect of the genotype during the first fiwubcultures at 3-week intervals on
multiplication rate evaluated by SNX.

Source SS df MSS F ratio Sig. level
Clone AL 0.6967 5 0.1393 0.7484 0.5978
Error 3.3512 18 0.1862

Appendix Table 6 — ANOVA: effect of auxin treatment (IBA) and charcoal addition tee tdevelopment
medium on the percentage of rooted shoots.

Source SS d.f. MSS F p
A: auxin (IBA) 6852.1 3 2284.05 5.5027 0.00861**
B: Charcoal (development medium 0.83 1 0.83 0.0020 0.96482
Interaction: A x B 817.86 3 272.62 0.6568 0.59040
Error 6641.21 16 415.08

" Significant at P< 0.01.

Appendix Table 7 —~ANOVA: effect of the shoot proliferation media (B8d AND) and IBA treatment on the

following variables | - percentage of rooted shao@icsine transformation) and Il - length of thedest root
(LLR).

I Rooting rate (arcsine transformation) II: LLR (jnm

Source S df. MS F p Source S df MS F p

A': Shoot proliferation media  760.2 L 7602 15718 (5J83*  A: Shoot proliferation media 2794 1 27S.4 3.019083395
B:IBA 251188 5 50238 103.877 0.0000* B:IBA 22031 5406 4.761 0.000345*
Interaction: A xB 10071 5 2014 4165 0.007257** Intian: A xB 10503 5 2101 227 0.047911*
Error 1160.7 24 484 Error 253586 274 925

*Significant at P< 0.05; **Significant at < 0.01.

Appendix Table 8 —~ANOVA: effect of the shoot proliferation media (B8d AND) and IBA treatment on the
following variables A - number of roots (NR), Benigth of the shortest root (LSR), and C - finalatHength
(SL).

A - Number of roots (NR) B - LSR (mm)

Source S$S  df MS F p Source S df. MS F p
Shoot proliferation medig ~ 75.1¢ 1 75192 16329 0.20z38&hoot prolif. med. X IBA| 2348 1 2348 0.2943 0.587894
IBA 11228.95 5 2245.789 48.7637 0.00000**  IBA 4308.87 5 1.88 10.8022 0.00000**
Shoot prolif. med. X IBA| 129.05 &5 2581 0.5605 0.73026% ho& prolif. med. X IBA| 10236 5 20.47 0.2566 0.93626
Error 12617.3¢ 274 46.049 Error 21859.12 274 T79.78

C- SL (mm)

Source | ss df Ms F p

Shoot proliferation medi 1824 1 1824 0.2488 0.618356

IBA 136667 5 273.33 3.7273 0.00278**

Shoot prolif. med. XIBA| 60113 & 12023 1.6397 0.149635 **Significant at P< 0.01
Error 20090.72 274 7332 *Significant at P < 0.05
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Appendix Table 9— ANOVA: effect of the IAA treatments and additiohcharcoal (CA) to the culture media
on rooting of ALO3 shoots according to the follogiimariables rooting rate (%), number of roots (NIRhgth
of the longest root (LLR), length of the shortesitr(LSR) and final shoot length (SL).

Rooting rate (arcsine transformation) Number of roos (NR)

Source SS d.f. MS F p Source SS d.f. MS F p
IAA 144.42 3 | 48.14" 0.6704 0.578494 IAA 97.95 3 32.649 19.249 2@3B7
cA [ 17273 1 " 17273 24.057 0.133984 CA 416.58 1 416.583 245 610000**

IAA * CA [ 866.21 3 " 28874 40213 0.01884* IAA*CA  179.20 3 59.734 28 0.01727*

Error [ 1723.25 24 7 71.80 Error |1984.437 117 16.961

Length longest root (LLR. mm) Length shortest root (LSR. mm)

Source SS d.f. MS F p Source SS d.f. MS F p
IAA 37.26 3 12.421 11.705 0.324133 IAA 150.96 3 50.321 14.11246053
CA 44.38 1 44.381 41.823 0.043111" CA 87.50 1 87.499 24.538 1393

IAA*CA | 219.28 3 73.092 68.878 0.000261** IAA*CA  170.07 3 56.691 5.498 "0.198796

Error | 1230.96 117 10.612 Error 2710.C3 76 35.658

Shoot length (SL mm)

Source SS d.f. MS F p
IAA 345.0 3 | 1150 1.297 0.278970
CA [ 10778.2 1 | 10778.2 121.541 0.00000** **Significant at P< 0.01

IAA * CA [ 731.4 3 | 2438 2749 0.045966* *Significant at P< 0.05

Error [10286.8 117 7 887

Appendix Table 10 —~ANOVA: effect Of IBA treatments and charcoal on the percentage sl of CO1
plants (C01).

Source SS d.f. MS F p

A: auxin (IBA) 0.15841 3  0.0528 1.069 0.390004
B: Charcoal (elongation medium) 0.00319 1 0.00319 0.0645 0.802711
Interaction: Ax B 0.12913 3 0.04304 0.8714 0.476355
Error 0.79034 16 0.0494

 Significant at < 0.01;” Significant at F< 0.05.

Appendix Table 11— ANOVA: effect of different substrates on the qgantage of survival CO1 plants after 2
and 4 months in the greenhouse and nursery, résplgct

Survival rate 2 months (arcsine transformation) Survival rate 4 months (arcsine transformation)
Source SS df. MS F p Source SS d.f MS F p
Substrate 21952.83 4 548821 26.7294 0.0000°*  Substrpte3752% 4 7094 58.2853 0.00**
Error 11703.53 57 205.33 Error 6937.56 57 121.71

*Significant at P< 0.05; **Significant at < 0.01.
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3 - Effect of plant growth regulators and genotypen the micropropagation
of adult trees of Arbutus unedo L. (strawberry tree)

This paper was published in New Biotechnology (9@I0 882-892.
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3 EFFECT OF PLANT GROWTH REGULATORS AND GENOTYPE OMIE
MICROPROPAGATION OF ADULT TREES ORRBUTUS UNEDQ..
(STRAWBERRY TREE)

3.1 ABSTRACT

Arbutus unedogrows spontaneously around the Mediterranean bdsie species is
tolerant to drought and has a strong regenerat@paaty following fires making it
interesting for Mediterranean forestation progra@ansidering the sparse information about
the potential of this fruit tree to be propagaiteditro, a project to clone selected trees based
on their fruit production was initiated a few yeago. The role of several factors Anunedo
propagation was evaluated. The results showed 8@t mM kinetin gave the best
multiplication rates, although not significantly fildrent from those obtained with
benzyladenine or zeatin. The inclusion of thidiaruor 1-naphthaleneacetic acid promoted
callus growth and had deleterious effects on thétipligation rate. The genotype of the
donor plants is also a factor interfering with thaltiplication. The results also indicated that
the conditions used for multiplication influencédgk tbehaviour of shoots during the rooting

phase.

Key words: cytokinins; multiplication; NAA; rooting
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RESUMO

Arbutus unedcacresce espontaneamente na bacia Mediterranicapécie é tolerante a
secura e apresenta uma forte capacidade de reg@oeap0s a ocorréncia de incéndios
florestais, 0 que a torna interessante para osrgras de florestacdo na regido
Mediterranica. Considerando a reduzida informacée gxiste sobre o potencial desta
espécie fruticola para a propagagdwitro, foi iniciado ha poucos anos um projecto para a
clonagem de arvores adultas seleccionadas cormbgmedutividade e qualidade do fruto. A
funcdo de vérios factores na propagacdoAdeutus unedofoi avaliada. Os resultados
mostraram que com a utilizacdo de cinetina a 8.9 geMvbtiveram as melhores taxas de
multiplicacdo, embora sem diferencas significatidas valores que foram obtidos com a
utilizacdo de benziladenina ou zeatina. A inclus@oneio de cultura de tidiazurdo ou &cido
1-naftaleno acético promoveu o crescimento de calosostrou ter um efeito negativo na
taxa de multiplicacdo. O gendtipo das plantas mém éactor que interfere na multiplicacéo
das culturas. Os resultados também indicaram queondicOes utilizadas na fase de

multiplicacao influenciaram a resposta dos rebentofase de enraizamento.

Palavras chave: citocininas; enraizamento; mutiégiio; NAA.
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3.2 INTRODUCTION

The genusArbutus (Ericaceae) includes about 20 species from wiidbutus unedoq
commonly known as Strawberry tree, is the mostrasting from an economic point of view.
According to Piottoet al (2001). Strawberry tree seems to be native tlarice southern
Europe and the western Mediterranean region grosfragtaneously as a bush or small tree
in several countries around the Mediterranean basirocky and well-drained soils. This
species can withstand low temperatures and is ttdoterant (Piotteet al, 2001; Godinho-
Ferreiraet al, 2005). MoreoverA. unedoeasily regenerates after forest fires, a chaiatter
which is particularly important for forestation grams in southern European countries such
as Greece, ltaly, Portugal and Spain where firescammon during the dry season. As a
species characteristic of Mediterranean ecosystrsvberry tree contributes to maintain
the biodiversity and helps to stabilize soils, auag erosion (Neppi, 2001; Metaxas al,
2004). From an economic point of view, strawbergetcan be considered a neglected or
underutilized crop (NUC) and has been included he tist of NUCs by the Global
Facilitation Unit for Underutilized Species (G. Rl Sp, 2008) since it is used in small scale
in particular areas of Mediterranean countriesPamtugal, it grows in most of the country
(Godinho-Ferreiraet al, 2005) often associated with other trees such cak-aaks and
maritime-pines but it is in the Algarve region amdthe Centre that the fruits are most
popular to make a spirit called “medronheira” whisithe main income for small farmers.
The fruits are usually picked up by local populasofrom spontaneously growing trees
(culture in orchards is unusual) which are themdbaed in the field until the new period of
fruit collection (late fall to early winter). Theature red berries can be eaten fresh or used to
make jams. Due to an expanded belief that thesfang¢ reach in ethanol, they are consumed
only in small amountsufedo means “eat only one”) and therefore are seldonmdoun
supermarkets. The bark has been used in tanninthar@ant has been used in folk medicine
(Pabuccuoglet al, 2003). The small white flowers take a year temni@nd, during several
months, both flowers and fruits are present makimg tree an attractive ornamental.
Considering the increasing importance that altéraatrops are assuming in the agricultural
policy of the European Union, a project to selebaracterize and clone selected adult trees
based on their fruit production and quality wasiated by our group a few years ago.

The number of papers dealing with thevitro cloning of A. unedas scarce and the same

is true for other members of the Ericaceae fanMgmbers of this family that have been
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successfully micropropagated includebutus xalapensigMackay, 1996)Kalmia latifolia
(Lloyd and McCown, 1980),0xydendrum arboreum(Banko and Stefani, 1989),
RhododendronAnderson, 1984; Almeidat al, 2005) and several species of the genus
Vaccinium(GajdoSovaet al, 2007; Ostroluckat al, 2007; Ratnaparkhe, 2007). Previous
studies on micropropagation of Strawberry treemfijavenile material, have been reported
by Goncalves and Roseiro (1994), Meretial (2003) and Meretet al (2002). More
recently, we have established a protocol for thaldishment and micropropagation of adult
trees through axillary shoot proliferation (Gomesl a&anhoto, 2009). In this work it was
reported that shoot apices from epicormic shootswsld higher rates ofin vitro
establishment when compared with nodal segmentsn Ehe three basal medium used in
combination with 9.0 uM BA, the FS medium (De Fodsa al, 1974) gave the highest rates
of multiplication and the inclusion of an auxin mifgcantly increased root formation.
Preliminary results about the induction and regati@n of adult plants by somatic
embryogenesis iA. unedohave been also published (Gonatsal, 2009). It is well known
that several factors can affeict vitro micropropagation. Among these parameters are the
genotype of the donor plants (George and Deber§f8;2Chawla, 2009) and the plant
growth regulators (PGRSs) included in the culturedime(Gomes and Canhoto, 2003;
Machakovaet al, 2008). According to this we decided to analyse dffect of different
cytokinins and one auxin on the propagatiorAofinedoto find a suitable combination that
can assure high rates of propagation. Several qushyi selected genotypes were also tested
in order to find those which are more amenableiriovitro cloning. In long-term breeding
programmes these genotypes can be used to trahsierregeneration potential to more

recalcitrant genotypes.
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3.3 MATERIAL AND METHODS
3.3.1 Establishment and propagation

The conditions for plant establishment have beestritlged before (Gomes and Canhoto,
2009), on Chapter 2. Briefly, branches (30 — 40length) of adult selected plants were
collected in the field, disinfected with a fungieiddipped in dichlofluanid, Euparene, 120
mgl™* for 10 min.) and kept in a culture chamber covenéti plastic bags to maintain a high
humidity environment that stimulate epicormic shdetrelopment. Shoot apices and nodal
segments from these epicormic shoots were furtbed to establism vitro cultures through
its culture on a medium (AND) consisting of Andersmajor salts (Anderson, 1984),
Murashige and Skoog (MS) micro nutrients (Murashayel Skoog, 1962) and organic
compounds of the FS medium (De Fossetrédl, 1974). Sucrose 0.087 M and 9.0 uM BA
were added. The pH was adjusted to 5.7 beforeagition (7 gi*) and the media were then
autoclaved (121 °C, 20 min.), being these procedsmailar for all prepared culture media.
Also, all the genotypes used were established is Way. To propagate the established
material, three culture media were tested on shadtiplication: 1) the Anderson medium
above described (AND); 2) the same medium contginas major salts the MS
macronutrients reduced at half-strength (1/2 MS) @8pthe same medium with the major
salts of the FS medium (FS). After 12 weeks (4 glibres at 3-week intervals) of culture the
multiplication rate was evaluated by the numberclokters formed and by the maximum
shoot length formed per test tube. For more detaiéss Gomes and Canhoto (2009; Chapter
1).

3.3.2 Effect of plant growth regulators

Shoots (12 - 18 mm height) of the established emplavere used to test the role of plant
growth regulators (PGRs) on shoot multiplicatiomltGres were placed in a culture chamber
(16h photoperiod, 40 pmol frs') and test tubes (Sigma, 25 x 150 mm) containingnlLaf
culture medium and covered with plastic caps weseduTo test the PGRs the FS medium
described in the previous section was used ancapedollowing the same procedure. The
effect of four cytokinins and one auxin (1-naphéma acetic acid, NAA) on shoot

multiplication was evaluated, during 4 subcultuaied-week intervals. The experiments were
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carried out with the genotype AL1 derived from alulaselected tree (Gomes and Canhoto,
2009) and the following assays were performed:ifi¢rént BA concentrations were tested
(0; 2.2; 4.4; 8.9; 17.8 uM); 2) the cytokinins Kime(KIN), zeatin (Zt), thidiazuron (TDZ)
and N-(2-isopentenyl) adenine (2-iP) were tested and psoed with BA at the same
concentration (8.9 uM); 3) NAA at different conaaions (0; 0.54; 1.34; 2.69 uM), was
tested in combination with BA (8.9 uM). The muligaition rate was evaluated by the
following variables assessed per test tube: 1) mami shoot length (SL), 2) number of
shoots formed (SF) and 3) the number of shoots ddrmper test tube for further
multiplication (SNX). Other parameters assesseawallus formation, necrosis and axillary

shoot proliferation (referred as callus, necros@ proliferation in the results).

3.3.3 Effect of the genotype

To evaluate the role of the genotype on the mudttion rate 10 selected adult genotypes
were tested. FS was used as basal medium conté@it®ngM of BA and 0.087 M sucrose.
All the genotypes were from adult trees selectecbiting to their fruit production and
quality. These ten genotypes were obtained fromrd@gmances from centre region of
Portugal: Oleiros (AL2; AL3; AL4; AL6; AL7), AlvalM1; IM2; IM4; IM6) and Piodao
(JF3). The multiplication rate was evaluated by #aene variables described before and

calculated per test tube.

3.3.4 Rooting and acclimatization

Shoots were rooted on a rooting induction mediumtaiaing Knop macronutrients
(Gautheret, 1959), MS micronutrients without patassiodide and FS organics without
riboflavin. The auxin 3-indolebutyric acid (IBA: 18} 19.7 or 24.6 uM) was added to
promote root differentiation. On a first assay tbeting potential of shoots formed on media
containing different concentrations of BA was tdsta this case, IBA at the concentration of
24.6 uM was used. On a second set of experimemi®is formed on media with different
cytokinins were rooted in the presence of 14.8 |BM.IFinally, on a third set of experiments
shoots formed on media containing combinations &ANand BA, or shoots from the
different genotypes analysed were rooted on a mediontaining 19.7 uM IBA. In general,
root induction (RI) was carried out in darknessdibans for 7 days. However, other periods

(5-10 days) of root induction were also tested qRys). Following root induction shoots
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were transferred to a root development medium (RBjtical to the rooting medium but
without IBA and with 1.5% charcoal. Neverthelesshen periods (22-48 days) of root
development (RD-days) were also tested. After fioufive weeks on this medium rooted
plantlets were transferred to containers (coveraddl placed into the greenhouse, as
described elsewhere (Gomes and Canhoto, 2009).irgoability was evaluated using the
following parameters: percentage of rooted shaunisiber of roots formed per shoot (NR),
length of the longest root (LLR), length of the ghet root (LSR), and final shoot length
(SL). When apical shoot necrosis or callus formmatad the cut end of the shoot were

observed they were also registered.

3.3.5 Experimental design and statistics

The multiplication experiments started with 30 disoper treatment comprising at least
three replicas of 10 to 20 explants. Variables weeorded after each one of the four
subcultures at four-week intervals. For rootingexxpents 30 shoots per treatment were also
tested. The rooting parameters were recorded afteeeks on medium without auxin and
containing charcoal during acclimatization proceduand transference of threvitro plants
to the greenhouse as described by Gomes and Caripo@®). For statistics analysis
(STATISTICA 6) complementary approaches were tess@dANOVA was performed, and
means were compared using the Duncan tesi.(B) (Duncan, 1955) followed by a multiple
linear regression and a principal components arsa{iXCA). The quantitative data expressed
as percentages were first submitted to arcsinsfwamation and the means corrected for bias
before a new conversion of the means and standesd (GE) back into percentages (Zar,
1996).

For the multiple linear regression analysis theecffof the different variables on the
multiplication rate (effect of PGRs and genotyp&svevaluated considering the number of
shoots formed per test tube for further multipli@at(SNX) as variable dependent. The
results are displayed when multiplé Boefficient was higher than 0.67 (R=0.81). For the
principal components analysis (PCA) all variablesrev analysed to achieve a better
understanding of the interactions between them igndsignificance level for the total
variance. The results are presented when the pgaegef total variance explained by the
two factors of PCA analysis was higher than 49%.
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3.4 RESULTS
3.4.1 Effect of PGRs

When different BA concentrations were tested bestlts were achieved with 8.9 uM

(Table 1; Appendix Table 1). When this concentratd BA was used the number of shoots

formed per test tube for further multiplication ($Nwas significantly higher than in the

other concentrations tested (P<0.01; Appendix Taple

Table 1 - Effect of different combinations of BA (experimét cytokinins (experiment Il), combinations of
NAA and BA (experiment lll), and of the genotypexgeriment IV) on the multiplication ofA. unedo
Multiplication was evaluated by the maximum sh@uigth and by the number of shoots formed per tibst tor

further multiplication (SNX).

Experiment Variable Shoot length (SL mm) SNX
Oy 20.11 + 0.65 @ 143 + 004 "

Experiment | | 22 HM 2045 + 0.66 @ 149 + 0.04°
BA (UM) 4.4 uM 16.07 + 0.64 ° 128 + 005 °
8.9 uM 19.42 + 054 @ 1.75 + 0.05°

N = 843 17.8 uM 14.96 1069 ° 133 + 007 °
2-iP 2321 + 050° 120 + 0.03°

Experiment II BA 2144 + 0.49° 1.29 + 0.04 %
Cytokinins KIN 2538 + 044° 131 + 0.03°
(8.9 uM) TDZ 12.74 + 0.39¢ 1.01 + 002 °
N =945 Zt 2489 + 051° 1.28 + 0.03 @
Experiment III 0uMm 25.31 * 0.54°% 227 + 0.06 °
NAA 0.54 uM 1950 + 0.39° 1.80 + 0.06°
+BA8.9uM | 1.34 uM 1591 + 0.52° 148 + 005 °
N = 1283 2.69 uM 17.34 + 0.56° 143 + 0.06 °
AL2 16.00 + 0.65 ? 1.71 + 0.08 ®

AL3 1572 + 057 2 148 + 0.06°

AL4 1264 + 070 ° 148 + 0.13°

AL6 1165 + 1.24 ™ 157 + 021

Experiment Iv | AL 12.70 + 205 ° 190 + 0.23°
Genotypes IM1 892 + 088 °© 0.93 + 0.08 ¢
IM2 1288 + 1.07° 171 + 024

IM4 11.34 + 0.49 ™ 1.36 + 0.08 "

IM6 1128 + 074 " 134 + 011 "

N = 560 JF3 9.85 + 0.69" 1.00 + 0.06 “

Each value is the mean + SE.

In each treatmenigsdbllowed by different letters are significandijferent.
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The multiple regression analysis (Table 2 a) indidathat the dependent variable SNX
increased with the concomitant increase of theatdes SL, SF and BA (P<0.01). However,
SL and SF showed a higher coefficient (0.658 ad81).respectively) than BA (0.098). The
multiple regression accounts for 68.9%%M.689) of the variance of the dependent variable
(SNX). On the other hand, the variables necrogissfioot proliferation gave non-statistically

different (P>0.05) results. Callus formation wasareobserved during these assays.

Table 2 - Multiple linear regression analysis for shoot nplitation assessed by the dependent variable SNX
and the following independent variables: numbersobcultures, necrosis, proliferation, number of sbo
formed (SF), maximum shoot length (SL) per tesetwnd callus formation.

a) Concentration of BA uM

Regression Summary for Dependent Variable: SNX (BA X AL1.sta)
R= 83002735 R2= .68894540 Adjusted R2= .68671295
Summary F(6,836)=308.61 p<0.0000 Std.Error of estimate: .38755
Value Beta Std.Err. ‘ B Std.Err. ‘ 1(836) ‘ p-level
Statistic N=843 of Beta of B
Multiple R 0.8300] [intercept 0.535401 | 0.321380 | 1.66594  0.096099
- BA 0.098694 | 0.020224 | 0.049210 | 0.010084 | 4.88011 | 0.000001
Mu}tnple R 0.6889 o peuture -0.057959 | 0.021308 | -0.036853 | 0.013549 | -2.71998 | 0.006664
Adjusted R? 0.6867| | necrosis 0.023398 | 0.023701 0.078847 | 0.079870 & 0.98720 @ 0.323832
F(6,836) 308.6052 Proliferation -0.054316 | 0.033067 | -0.045589 | 0.027754 | -1.64260 | 0.100842
p 0.0000 SF-formed 0.451097 | 0.032544 0.574731 | 0.041464 | 13.86112 | 0.000000
Std.Err. of Estimate 03875 LSL:-lenath 0.658314 | 0.025438 | 0.053329 | 0.002061 | 25.87933 | 0.000000
b) Effect of NAA addition
Regression Summary for Dependent Variable: SNX (NAA X AL1.sta)
Summary < R=.81858498 R2= .67008138 Adjusted R2= .66827006
Value F(7,1275)=369.94 p<0.0000 Std.Error of estimate: .70917
Statistic Beta Std.Err. B Std.Err. t(1275) p-level
Multiple R 0.8186 N=1283 of Beta of B
Multiple R2 0.6701 | lintercept -18.0241 | 1.833841 | -9.82860 | 0.000000
Adjusted R? 0.6683 | INaA 0.103040 | 0.018579 | 0.1000 | 0.018037 | 5.54603 | 0.000000
F(7.1275) 3699413 | |Subculture 0.234935 | 0.020942 | 0.2263 | 0.020173 | 11.21828 | 0.000000
b 0.0000 | |Necrosis 0.053691 | 0.016623 | 0.5771 | 0.178665 | 3.22992 | 0.001270
Std.Err. of Estimate 0.7092 Proliferation 0.179976 | 0.017694 0.2408 | 0.023670 | 10.17154 | 0.000000
SF-formed 0.532377 | 0.018045 0.6825 | 0.023133 | 29.50251 | 0.000000
SL-length 0.468784 | 0.017620 0.0547 | 0.002056 | 26.60552 | 0.000000
callus 0.032754 | 0.021271 0.0845 | 0.054862 1.53985 | 0.123846
c¢) Effect of the genotype
Regression Summary for Dependent Variable: SNX (Genotype X.sta)
Summary R= 81891367 R?= .67061961 Adjusted R= .66644268
F(7,552)=160.55 p<0.0000 Std.Error of estimate: .45108
o Value Beta Std.Err. B Std.Err. t(552) p-level
Statistic N=560 of Beta of B
Multiple R 0.8189 Intercept 1.151140 | 0.836645 @ 1.37590 | 0.169411
Multiple R? 0.6706 | | Genotype -0.097547 | 0.029674 | -0.026269 | 0.007991 | -3.28732 | 0.001076
Adjusted Rz 0.6664 | |Subculture 0.086869 | 0.030444 | 0.081721 | 0.028640 | 2.85338 | 0.004488
Necrosis 0.166336 | 0.030580 | 0.696983 | 0.128138 | 5.43931 | 0.000000
AUses) 160.5534 Proliferation 0.371883 | 0.027196 | 0.468467 | 0.034260 | 13.67405 | 0.000000
p 0.0000 | 'Sk formed 0.323954 | 0.029216 | 0.662036 | 0.059706 | 11.08832 | 0.000000
Std.Err. of Estimate 0.4511] [sL length 0.601141 | 0.028436 | 0.072102 | 0.003411 | 21.13996 | 0.000000
callus -0.017154  0.033793 = -0.031296 | 0.061650 @ -0.50763 = 0.611912

PCA analysis (Fig. 1) shows that the factor 1 ant®dor 42% of the total variance
showing as significant variables SNX, SL-lenght,-f8fned and shoot proliferation and
displaying factor loadings higher than 0.70. Thipet of analysis also indicated that the
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variable necrosis affected negatively the cultureppgation group (SNX; SL; SF). As it
would be expected the variables SF-formed and ghdiferation are closely related. Factor
2 contributes with 17.5% for the total variancengeialmost dependent of the variable
subculture. Finally, it must be signaled that theltiplication, evaluated by SNX, was not
dependent of the number of subcultures showingtarféoading of -0.045.

Factor Loadings, Factor 1 vs. Factor 2

Rotation: Unrotated
Extraction: Principal components

Factor Loadings (Unrotate
Extraction: Principal comp
(Marked loadings are > .7 Necg)sis
Factor ‘ Factor ]
Variable 1 2 /
BA 0.013087 = 0.095291 o
Subculture -0.210944 = -0.797533 '
Necrosis 0623762 | 0.274702 X /
Proliferation -0.769050) 0.463782 g .02}
SF-formed | -0.786374 | 0.388164 £ SL-lengt
SL-length -0.753297 | -0.373578 04} C]
SNX -0.872038) -0.045489
Expl.Var 2.971475 = 1.227995 o6t
Prp.Totl 0.424496 = 0.175428 '
Subculture
-0.8F o
-1.0 L .
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8

Factor 1

Figure 1 - Evaluation of the effect of different BA concentoas on shoot multiplication by PCA analysis
considering the following variables: BA concentoati number of subcultures, necrosis, proliferaticallus
formation, number of shoots formed/SF, maximum sheagth per test tube/SL, and SNX. (The varialales
associated to each factor 1 and 2, according todkéicients “factor loadings”, presented on tb# table. The
highest factor loadings are marked whether theycareelated or are relevant to explain the totaiarae
expressed by the factors 1 and 2).

When cytokinins were tested and compared with BAhat same concentration, KIN
showed to be the most effective (Table 1, expertriignn the presence of KIN shoot length
reached an average of 25.38 £ 6.85 mm. Howevex viilue was not significantly different
from the results obtained with Zt (average shoogtle of 24.89 + 6.98 mm). Furthermore,
the multiplication rate evaluated by the numbersiobots formed per test tube for further
multiplication (SNX) was not significantly differéion the media containing KIN, BA or Zt
(Table 1, experiment II; Appendix Table 1). Bothaftd KIN promoted shoot elongation, but
BA also induced shoot proliferation (FigsA 2o C). When TDZ was used, callus formation
was often observed (FigsD2E) whereas shoot growth was inhibited (12.74 + 428).
Moreover, in the presence of TDZ, callus formaiimereased with the number of subcultures
while and shoot growth was consistently impairedr Fhis set of experiments multiple

regression analysis is not shown since a low atiefft (0.46 - the multiple & was obtained.
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Figure 2 - Micropropagation ofA. unedoon different culture conditions. A — Kinetin, BZeatin, C — BA and
D-E — TDZ. When TDZ was used callus were often fedn(D) and shoot growth inhibited (E). Marks ongsib
indicate the initial shoot length.

PCA analysis (Fig. 3) shows that in this case thdtiptication (SNX; factor 1) is more
correlated with shoot elongation (SL) than with @hdormed (SF). Axilary shoot
proliferation and subsquently shoot development waly observed when BA was tested
(Fig. 2C). This feature is confirmed by the low factor loaylassociated to the variable SF
(0.31; Fig. 3).

Factor Loadings, Factor 1 vs. Factor 2

Rotation: Unrotated
Extraction: Principal components

Factor Loadings (Unrota B
Extraction: Principal con
(Marked loadings are > . 04t Necrosis
Factor Factor Subculture
Variable 12 °
CytoKinins  [C0.601138 0499781 02}
Subculture -0.294305 ' 0.285339
Necrosis -0.119668 0.384346
Proliferation 0.106251 -0.204887 o 00T
SF-formed 0.309309 <0.604010P & o
SL-length 0.833882) -0.065191| & 5,1 [roliferatian
SNX 0.719921] -0.352963
callus -0.6 -0.521342 /
Expl.Var 2.224886  1.286358 0,4F
Prp.Totl 0.278111 0.160795 ca(l’lus
SF-formed
06 o
-0,8 : : : : : : :
-0,8 -0,6 -0,4 -0,2 0,0 0,2 0,4 0,6 0,8 1,0

Factor 1

Figure 3 - Evaluation of the effect of different cytokinin8.9 uM) on shoot multiplication by PCA analysis
considering the following variables: type cytokininumber of subcultures, necrosis, proliferatioallus
formation, number of shoots formed/SF, maximum slegth per test tube/SL, and SNX. For more detele
Figure 1.

The data also indicate (Fig. 3) that multiplicati®NX) is also positively affected by

cytotokinins whereas callus formation, induced BZT has a negative effect. Then, Factor 1
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of the PCA analysis (Fig. 3) shows that cytokininemoted (factor loadings 0.60 and 0.72)
mutiplication (SNX) while inhibiting callus formatn (-0.66).

When the auxin NAA was included on the culture ragdine results showed that NAA
was unable to improve the multiplication rate (Batl| experiment Ill; Appendix Table 1).
Best results (P<0.01) were achieved on media WithNAA (25.32 + 12.44 mm SL; 2.27 +
1.38 SNX). Moreover, NAA induced callus formati@nd unorganized growth increased in
the follow-up subcultures. When NAA was tested @baentrations higher than 1.34 uM,
callus formation completely inhibited shoot grovattd multiplication.

The multiple regression analysis performed for Hgsay (Table 2 b) contributes to 67%
(R’= 0.67) of the variance of the dependent variaBli¥X). The values obtained for the
variable callus showed to be not significant (P5D.While SL- length or SF- formed
exhibited the highest coefficients (0.46 and Org3pectively). PCA analysis (Fig. 4) points
out to a positive interaction between the variabiadtiplication (SNX), SL-length, SF-
formed and proliferation (with high factor loadinfygs factor 1, Fig. 4). It also confirms that

callus formation increases with the increasing nemadb subcultures (Fig. 4, factor 2).

Factor Loadings, Factor 1 vs. Factor 2
Rotation: Unrotated

Factor Loadings (Unrote Extraction: Principal components
Extraction: Principal con 1.0 T
(Marked loadings are > 4 Subculture
Factor Factor °
Variable 1 2 0.8
NAA -0.305686 0.003153} [
Subculture 0.202049 f[ose7504) | T T
Necrosis 0.316080 -U- [ 06T
Proliferation f0.650479 }0.084097 SL-length
SF-formed -0.646643 }0.253336 o
SL-length -0.618304 [0.456174 o 04r
SNX [0.826147 )0.345363 g
callus U-365334_ (U.686008)) i
Expl.var 2273733 T679976] o2r
Prp.Totl 0.284217 0.209991 i
o i NAA
0.0 Proliferation /
°
02} \_ SF-formed Necrosis
o °
-0.4 . . . . . .
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

Factor 1

Figure 4 - Evaluation of the effect of different NAA concertiom on shoot multiplication by PCA analysis
considering the following variables: NAA concenibat number of subcultures, necrosis, prolifergtioallus
formation, number of shoots formed/SF, maximum shemmgth per test tube/SL and SNX. For more detsks
Figure 1.

102 PGRs, genotype and micropropagation — Results



3.4.2 Effect of the genotype

When selected adult clones were tested (Table gerawent IV; Appendix Table 1),
ANOVA analysis showed that the genotype signifibardffects the multiplication rate
(P<0.01) both in terms of shoot length (SL) and hamof shoots (SNX) with some
genotypes sharply giving better results than othEnge multiple regression analysis of SNX
(Table 2 C; B=0.67) showed significant differences (P<0.01)dbwvariables analysed with
the only exception being callus formation. PCA gsal for multiplication assessment
showed a positive interaction between the variabledtiplication (SNX), SL-length, SF-
formed and proliferation (Fig. 5, factor 1). Thesuits also demonstrated that the genotype
has an important factor loadings both in terms aftiplication (variables, which are pointed
out by factor 1 SNX, SL, SF and proliferation), azadlus formation (factor 2). Once again,
PCA analysis indicates that when genotypes dispddiys formation they have a tendency to

increase this feature in the next subcultures @)ig.

Factor Loadings, Factor 1 vs. Factor 2
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Figure 5 - Analysis of the effect of different genotype on shmultiplication by PCA analysis considering the
following variables: genotypes, number of subce$jrnecrosis, proliferation, cadldformation, number of
shoots formed/SF, maximum shoot length per test/8lband SNX. For more details see Figure 1.

3.4.3 Rooting and acclimatization

When roots formed on media containing differentasotrations of BA were induced to
root on a IBA-containing medium for 7 days followég transference to an auxin-free
medium it was found that best frequencies of rawmftion were obtained with shoots

formed on a medium containing 8.9 uM but the reswiere not significantly different from
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those obtained with shoots grown in other BA cotregions (Table 3; Appendix Table 2).
At this concentration (8.9 uM) shoot necrosis wavem detected. When the parameter
evaluated was the number of roots per shoot thdtseshowed significant differences among
the treatments with shoots formed on a medium aunta BA 17.8 uM giving the best
results (Table 3; Appendix Table 2). However, atidated before, this medium gave poor
results in terms of shoots for further multipliceti(SNX) than the medium with 8.9 uM BA
(see Table 1).

Table 3 - Rooting of shoots formed in different culture daions. The following parameters were analysed:
percentage of shoots forming roots, number of rpetsshoot and final shoot elongation.

Conditions of shoot
formation Rooting (%) Number of roots Shoot lenfjtim)

BA O uM 56.7 + 10.4 2 6.6 + 1.0 ® 5165 + 3.6 °
BA (UM) BA 2,2 uM 533 + 6.0°2 69 + 06 *® 4707 + 30 %®
BA 4,4 pM 533 + 98°% 5 + 06 ° 4334 + 23 %®
BA 8,9uM 60 + 2.6 2 57 + 08 ° 4064 + 35°
N=150 | BA17,8uM 50 + 6.8° 87 + 09 @ 36.77 + 49°
NAA 0 uM 9538 + 34° 753 + 02 ° 56.8 + 0.8 2
+ 0,54 UM 9459 + 48° 709 + 02 ° 461 + 11 °
BA 8,9uM 1,34 pM 80 + 9.7°2 708 + 05 @ 4581 + 34°
N =120 2,69 pM 100 + 0.0° 707 + 05 2 4424 + 15°
5 days 9455 + 1.3° 76 + 05 ° 5289 + 14 ®
Days on 6 days 9487 + 2.1° 699 + 02° 5493 + 1.0 °
RI 7 days 9333 + 26° 646 + 03° 4524 + 18 °
8 days 96.36 + 1.7° 727 + 04° 4893 + 2.1
9 days 86.67 + 46° 704 + 05° 4796 + 27"
N = 494 10 days 975 + 1.0° 9.04 + 04 ° 5168 + 12 @
AL1 88.12 + 4.4 °2 825 + 04° 3823 + 12°
Genotype AL2 89 + 37% 1167 + 21 ® 4169 + 24°
AL3 89.17 + 46 ° 15 + 13 ° 3884 + 27°
N =120 AL4 88.17 + 48°% 125 + 25 @ 3952 + 05°
Days on 22 days 89.17 + 47 813 + 04 ° 3715 + 13°
RD 27 days 87.61 + 4.1° 7 + 12 ° 4184 + 44 °
N =90 48 days 8849 + 51* 1214 + 09 ? 4112 + 19 °

Values are the mean + SE. For each treatmentesdbllowed by different letters are significandijferent.

The results of the PCA analysis (Fig. 6) could akpb5.75 % of total variance observed
and indicated that the number of roots (NR) istegldo the length of the longest root (LLR),
displaying a factor loadings higher than 0.70. dh& also clearly show that shoot length is

strongly affected by BA concentration even aftestireg had occurred. In fact, when BA was
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used at the highest concentration, shoot leng#inet its lowest value after acclimatization
(Table 3). On these conditions, apical shoot néeneas often observed (8.7%; P>0.05) as
well as callus formation at the basis of the shaBtmsidering these results it was decided to
reduce the level of IBA in the next rooting assaysus, when shoots originated from media
containing different cytokinins were rooted the cemtration of IBA used was reduced to
14.8 uM instead of the 24.6 UM previously testedisTBA drastic reduction (maintaining
the same induction period of 7days) is likely respble for the low rooting rate observed
(average of 2.00 +4.14 %). Therefore, on the foilgrassays IBA 19.7 uM was used.
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Figure 6 - Evaluation of the effect of BA concentration on ting by PCA analysis considering the following
variables: BA concentration, number of roots (NIBhgth of the longest root (LLR), length of the ghet root
(LSR) and shoot length (SL). (The variables ar@eiased to each factor 1 and 2, according to tledficients,
factor loadings, presented on the left table. Forawetails see Figure 1.

Rooting of shoots formed on a medium containing N§#us BA 8.9 uM) showed no
significant differences either on the frequenciésoomting and on the number of roots per
shoot (Table 3) with averages of 94.61% and 7.8%pectively. However, shoot length,
measured after root induction and development (®ka) showed to be negatively
influenced (P<0.01) by the presence of NAA in theltiplication medium (Table 3;
Appendix Table 2). The period of root induction % 10 days) had no impact on the
percentage of rooted shoots (Table 3), howeventimber of roots per explant (9.04+3.95)
was significantly higher when a ten-day period gpasition to auxin was used (Appendix
Table 2).
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Shoot genotype was another parameter tested foot Sfomting. The data obtained
indicated that the rooting percentage as well amtskength were not influenced by the
genotype (Table 3). However, the number of roots @elant is genotype dependent
(P<0.01; Appendix Table 2) with the genotypes ARR4 and AL2 giving the best results
(15.0, 12.5 and 11.7, respectively).

When different periods of root development (RD-dag2 - 48) were tested before
acclimatization, the data obtained indicated thatdame parameters were not influenced by
the root development period (Table 3; Appendix &a2). However, on RD-48, the plantlets
displayed a number of roots significantly highel.(#+4.35) than on RD-22 or RD-27
(8.12+2.65 and 7.00£2.74, respectively; P<0.01, éxgix Table 2). In these assays, PCA
analysis (Fig. 7) explained 57.2 % of total varenghowing that the number of roots (NR) is
related to the length of the longest root (LLR)ptrdevelopment period (RD) and genotype
(factor loadings> 0.70). By contrast, more extensive callus fornmatis generally
accompanied by a reduced root growth (LSR) andpime cases, a complete inhibition of the

root development.
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Figure 7 - Evaluation of the effect of different genotypesronting by PCA analysis considering the following

variables: genotype, root development period, nurobeoots (NR), length of the longest root (LLRngth of
the shortest root (LSR), shoot length (SL) and beedéus formation (callus). For more details séguFe 1.
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3.5 DISCUSSION

The results so far obtained indicate that the mplidation rate evaluated by the number of
shoots obtained per test tube that can be usddrtber multiplication (SNX) is dependent of
the genotype and PGRs tested. When different BAeanations were used best results were
achieved with 8.9 uM. Cytokinins are usually used the micropropagation media to
stimulate axillary shoot proliferation (Van Stadenal, 2008; Chawla, 2009; El-Agamy,
2009; Tornercet al, 2009). However, the ideal concentrations arestkfiit from species to
species and need to be established accuratelyhievaceffective rates of multiplication.
Moreover, some problems related with the use oblagins have been pointed out such as
callus growth, poor shoot growth and vitrificativian Staderet al, 2008; Chawla, 2009).
In other members of the Ericaceae family, sucRlagdodendron ponticutfAlmeidaet al,
2005) andVvaccinium macroarpon (Debnath and McRae, 2001) cytokinins haen @dso
commonly included in the culture media to promdtea proliferation. Our data indicated
that there are differences in the effect of théedént cytokinins analysed. Thus, it was found
that KIN was the most effective in promoting shgodbwth whereas TDZ, a urea-derived
cytokinin, induced callus proliferation in the eapts. This situation must be avoided since
these calli can display organogenic potential legdo the production of adventitious shoots
that can exhibit some kind of variability. Experim& performed withA. unedoand other
members of the Ericaceae family indicate that bdyoytokinins other factors such as culture
media composition and sucrose can also influencetgiroliferation. Goncalves and Roseiro
(1994) and Meretet al (2002) showed that WPM (woody plant medium) caretdiwith BA
gave the best rates of shoot proliferation. Acaogydo Mendes (1997) the Anderson medium
and the cytokinin 2-iP were particularly effectiiee propagate adult material. Waccinium
macrocarpon (Debnath and McRae, 2001) the highest rates obtsipooduction were
obtained when nodal segments were cultured on aumesbpplemented with 12.3-24.6 uM
of 2-iP without auxin. Also, invaccinium myrtillusand Vaccinium vitis-idaea(Jaakola,
2001) higher rates of micropropagation were obthiwben the cytokinin 2-iP was used at
concentrations of 49.2 uM and 24.6 uM, respectivEhe best results of multiplication were
obtained in the WPM salts with MS vitamins and 28 2P for Vaccinium corymbosurn.
cv. Berkeley from nodal segments of adult fieldvgnoplants (Gonzaleet al, 2000). Our
results showed that the auxin NAA was unable toeiase the multiplication rate. Moreover,

inclusion of the NAA in the multiplication phasedimced callus formation and this feature
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increased with the number of subcultures. Someiesp@cay require a low concentration of
auxin in combination with high levels of cytokintoe increase shoot proliferation (Van
Stadenet al, 2008). Nevertheless, this does not seem to bedabe inArbutus unedar in
related species as our results and those obtain&butus xalapensifMackay, 1996) might
suggest. The observation that both the auxin NAA e cytokinin TDZ are able to induce
callus formation imA. unedoseems to indicate, as pointed out by other autittoss TDZ may
act through the modification of the endogenous I&eweé auxins increasing the amounts of
indol-3-acetic acid or other endogenous auxin-ikempounds that promote cell proliferation
(Visseret al, 1992; Maxwell, 2007; Sedlak and Paprstein, 20@@Jlus formation may be
interesting if they have the ability to undergo ahéormation without loss of the genetic
uniformity of the regenerated plants. This possialeernative for plant regeneration in
strawberry tree needs to be analysed in more détilnow it was only observed that on the
conditions tested shoot formation was never reabrde these calli. In some sporadic
situations, morphologically abnormal underdevelolgades were seen arising from the calli
but further shoot growth was impaired. Howevers tkind of observation indicates that the
calli thus obtained are able to organize meristemraggions showing its potential for future
research.

Our results also showed that the genotigpanother important factor involved on shoot
proliferation of A. unedo It is well known thatin vitro culture is highly dependent on the
genotype of donor material. In fact different typésnorphogenic responsesvitro such as
somatic embryogenesis, organogenesis, shoot pailda, rooting and microspore
embryogenesis are strongly determined by the gpeaty the explants (Bhau and Wakhlu,
2001; GajdoSovét al, 2007; Ostrolucké&t al, 2007; Gahan and George, 2008). This seems
to indicate that specific genetic combinations fun some genotypes are more prone to
undergo a patrticular type of morphogenesis thaersthn our experiments we found that
shoot multiplication and callus formation were Higlgenotype-dependent. Because these
factors are also highly dependent of the PGRs ptasethe culture media it is plausible to
assume that different genotypes possess differeveeld of endogenous auxins and/or
cytokinins that influence their behaviour vitro. Experiments of somatic embryogenesis
induction in this species carried out at our ladmahowed that somatic embryo formation is
dependent of the genotype (data not publishedhotiigh these results need to be supported
by a more detailed analysis they point out to angfrvariability inA. unedogenotypes in
what concernsn vitro culture. However, it should be referred that mafyhe published

genotype effects may in fact result from less usided interactions between the culture
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environment and the genetic background of the explA genotype displaying a low
multiplication rate can be only the result of defit culture conditions that can be improved
to achieve a better response. Further researcdh amedomicropropagation is necessary to
better understand the role of the genotyp@ontro morphogenesis.

Rooting is a crucial step to the success of mi@apagation. Without an effective root
system plant acclimatization will be difficult artie rate of plant propagation may be
severely affected (Goncalves al, 1998). In a previous paper we established thelitons
for in vitro rooting in A. unedo(Gomes and Canhoto, 2009). In that paper the ablde
multiplication conditions on rooting was evaluatédcording to the conditions now tested it
can be concluded that a ten day period of rootatidn is the more suitable fék. unedo
whereas plant acclimatization should not be caroetl before 35-40 days on the root
development medium. The statistic analysis perfdrrsleowed that the frequency of root
formation is not affected by previous multiplicaticonditions. However, when the number
of roots formed per explant was the variable caared the results showed a strong influence
of factors such as the concentration of BA, genatygnd the periods of root induction and
development. Metaxast al (2004) have also found that the genotype and tiroggulators
are the main factors involved on root formatiorcuttings ofA. unedo The eventual role of
the genotype was already discussed and what weesl steen can also apply to the results
obtained during the rooting phase. A remarkablailtesbtained inA. unedowas the
observation that shoots produced on higher cytokiontaining medium are more amenable
to root induction than shoots obtained with thedetwconcentrations of BA. A review of the
literature clearly points out to a negative effetctytokinins on shoot rooting (Van Staden
al., 2008) although a positive role has been occabjoreferred (Nemeth, 1979; Bennett
al., 1994). Once again these results may be expldgetie complex interactions between
endogenous and exogenous growth regulators (maukmns and cytokinins) occurring
duringin vitro cultures. Only a time-course evaluation of theaghoregulators present in the
explants during root morphogenesis can bring samfi@mation about these interactions.
However, other compounds such as ethylene and pbenmay also be involved
(Machakovaet al, 2008). Finally it should be noted that the terxyeof some genotypes to
produce callus at the basis of the shoots is amampawvback for further rooting since it can
avoid the establishment of normal connections betwtbe vascular system of the forming
roots and the shoot.

Assays of acclimatization carried out by authorskivig with A. unedoshowed that

plantlets obtainedh vitro are easily acclimatized (Goncalves and Roseir®4;18/ereti et
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al., 2002; Gomes and Canhoto, 2009) and the samgeigdr other membeis the Ericaceae
family, such as severafacciniumspecies (Isuts&@t al, 1994). The conditions used for
acclimatization in our experiments seem also tokwaell allowing the regeneration of a
large number of individuals from different genotgpehich are now growing in the field.

The results so far obtained on the micropropagatibA. unedohave established the
conditions to clone selected trees and to propadete in large scale to be evaluated in the
field for fruit quality and productivity. Followinghat analysis the more indicated genotypes
will be produced in large scale to be distributedhe farmers interested in this crop. This is
part of our strategy for breeding strawberry tregkimg it a competitive species for fruit
production. These selected clones are now beingactaized by molecular markers
(microsatellites) and conservad vitro and in the field in a germplasm bank. These
genotypes are also being evaluated for its pofettiandergo somatic embryogenesis and
the first preliminary results about somatic embfgomation in strawberry were recently
published (Gomest al, 2009).
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APPENDIX

Appendix Table 1 — ANOVA: effect of different combinations of BA (expment I), cytokinins (experiment
II), combinations of NAA and BA (experiment Ill)nd of the genotype (experiment IV) on the multigtion

of A. unedoMultiplication was evaluated by the maximum shiesigth (SL mm) and by the number of shoots
formed per test tube for further multiplication (&N

Number ofshoots' fgrmgd pertest tube for further Shoot length (SL mm)
multiplication (SNX)

Experiment| BA (uM) Experiment| BA (uM)
Source SS d.f. MS F P SourcH SS d.f. MS F P
BA 30.641 4. 7.660 17.209 0.0001* BA  4713.7 4 1178.4 17.38000
Error 373.020 838 0.445 Erpr 56797.2 338 67.8
Experiment Il Cytokinins (8.9 uM) Experiment Il Cytokinins (8.9 uM)
Source SS d.f. MS F p Sourcé SS d.f. MS F p
CytoKining|  10.4283 4 2.607 14.433 0.000r* CytdK. 17802.9 507 98.870 0.00%*
Error 169.559 942 0.180 Erpr 42405.1 942 45.0
Experiment il NAA + BA 8.9uM Experiment L NAA + BA 8.9uM
Source SS d.f. MS F p Source SS d.f. MS F p
NAA 154.391 3 51.464 36.789 0.00*1 NAA 18531.6 3 6177.2 69 ®00**
Error 1789.193 1260 1.399 Erfor 1241€6.3 1280 97.0
Experiment IV Genotypes Experiment IV Genotypes
Source SS d.f. MS F p Source SS d.f. MS F p
Genotype | 37.9559 9 42173 7.654 0.009** Genpty. 3778.57 ®84111.589 0.000**
Error 303.0423 552 0.5510 Erfor 19924.89 552 36.23

*Significant at P< 0.05; **Significant at < 0.01.

Appendix Table 2— ANOVA: effect of different culture conditions onabts rooting.

Rooting (%)

Number of roots

Final Shoot Length (mm)

Conditions of shoot formation BA (uM) Conditions of shoot formation:BA (uM) |Conditions of shoot formation: BA (uM)
Source SS df MS F p |Source SS df. MS F P |Source SS df. MS F p

BA (uM) 6477 <4 16.190.069360.9953 BA 119717 4 29.929 3.08.023| BA 2048.7 ¢ 5122 2.6440.000
Error 3501.96 15 233.46 Error 735954 74 9.945 Error 143334 193.7

Cond. of shoot formation NAA + BA 8.9uM |Cond. shoot formation NAA + BA 8.9uM [Cond. shoot formation NAA + BA 8.9uM
Source SS df MS F p [Source SS d.f. MS F p [Source SS dif. MS F p
NAA (UM) 1085.€ 3 361.9 1.894 0.13b4 NAA 2452 3 8.17 0.79904 NAA 14723.4 3 4907.8 27.909.000
Error 19100.8 100 191.0 Error 5044.71 490 10.30 Eiror 8@&188C 175.9

Conditions of shoot induction Ri (days) Conditions of shoot induction Ri(days) |Conditions of shoot induction Ri(days)
Source SS df. MS F P |Source SS df. MS F p |Source SS df. MS F p

Ri (days) 3134 5 627 0.158 0.9065 R 32814 5 6563 G| Ri 6528.0 5 13056 6.751.000°
Error 19873.0 50 3975 Error 474109 488 9.72 Error 943788 4193.4

Genotype Genotype Genotype

Source SS df. MS F p |Source SS df. MS F P |Source SS df. MS F p
Genotype 492.15 3 164.05 0.6009 0.6267 Genot. 314.263 F5B)4.0.61.000" | Genot. 67.43 3 2248 0.272 0.8451
Error 3276.21 12 273.02 Error 687.083 887.80¢ Error 5775.06 83 65.62

Cond. shoot and root developmenfRD (days) [Cond. shoot & root developmentRD (days|Cond. shoot & root developmentRD (days)
Source SS df MS F P |Source SS df. MS F P |Source SS df. MS F p

RD (days) 899.35 2 449.58 1.8092 0.1p78 RD 261.530 2 130126550.000 | RD 285.98 2 1429 1.827 0.1684
Error 3728.25 9 414.25 Error 739.621 71 10.420 Error 5556.Bl. 78.26

*Significant at P< 0.05; **Significant at < 0.01.
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4 - Mycorrhizal synthesis between Basidiomycete figh and
Arbutusunedo L.

Part of this chapter was submitted to an intermafigournal

Parts of the results were also presented as arpodte following meeting:

Gomes, F., Santos, V., Sorzabalbere, I., Ponce, BiazSan Martin, E.P., Canhoto, J.M.,
2008. Efeito da inoculacdo comisolithus tinctoriusna sobrevivéncia de plantulas
micropropagadas dérbutus unedd.., | Congresso Luso-Espanhol de Fixag&o de Azoto,
Fundamentos e Aplicacbes agrondmicas e ambientais fixacdo de azoto e
microrganismos benéficos para as plantas. INRB&.BEFIN, Estoril, p. Abst 20.
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4 MYCORRHIZAL SYNTHESIS BETWEEN BASIDIOMYCETE FUNGI AD
ARBUTUS UNEDO L.

4.1 ABSTRACT

The objective of this study was to evaluate funglasit host compatibility duringn vitro
conditions betweerbutus unedalones andPisolithus tinctoriusor Lactarius deliciosus
Several sets of experiments were carried out bgstea of induced to root shoots to
previously inoculated substrate in vessels or ti@sés used as containers. In nursery, two
inoculation treatments withP. tinctorius were tested and compared to control plants:
vegetative inocula produced in liquid medium ang sjyorocarps. In a field trial, the nursery
inoculation treatments were compared to fertilizdants (seedlings and selected clones).
Plant height was evaluated 4 and 20 months latethe nursery and in the field trial,
respectively. Arbutoid mycorrhizae were observedvitro 1 month after inoculation
indicating compatibility betweeA. unedoandP. tinctorius Shoots cultured for 2 weeks on
the root development medium following root induntigave origin to plantlets displaying
enhanced growth as well as increased survivalafiée acclimatization (P>5%). Secondary
and branched roots were observed in inoculated tlptan Root development and
mycorrhization was higher in test tubes when coegbavith assays performed in vessels.
deliciosus showed reducedn vitro growth compared toP. tinctorius The arbutoid
mycorrhizae were described based on morphological anatomical characters. The
observations showed the presence of a mantle,gHzati and intracellular hyphal complexes
confined to the epidermal root cellBhelephoraand Hebelomamycorrhizae, two types of
highly competitive and widespread mycorrhizae omseres were analysed by molecular
markers techniques in previously inoculated plab®spr 17 months after acclimatization or
in vitro inoculation, respectively. Both mycorrhizae inocttaatments tested in nursery
improved plant growth compared to control plantsl aeedlings (P>5%). Mycorrhization
may help to reduce fertilizers and biocides appbecathus contributing to more friendly
environmental agricultural practices and to a deseeof productivity costs:urther studies
are needed to ensure fungal persistence, as wglfuagal strains selection for their
aggressiveness under nursery conditions, which igeguirement for a successful
implementation of these methoddycorrhizal synthesis with edible fungi can improvet
only the success of plant transplantation to f@dditions, but also can represent another
forest income, contributing to the developmentoaal communities.

Key words Arbutoid mycorrhizae; Ericaceae; field growih;andex vitroinoculation.
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RESUMO

O objectivo deste estudo foi avaliar a compatibdied fungo-planta hospedeira entre
clones deArbutus unedce Pisolithus tinctoriusou Lactarius deliciosusem condi¢cdesn
vitro. Diversos ensaios foram estabelecidos pela tn@msf de rebentos, apds indugéo de
enraizamento, para substrato previamente inoculad frascos ou tubos testados como
contentores. No viveiro foram testados dois tratdo®e de inoculacdo coi. tinctoriuse
comparados com plantas controlo: micélio produzdo meio liquido e caldo esporal. A
altura das plantas foi avaliada no viveiro e nursaém em campo, apés 4 e 20 meses,
respectivamentén vitro, micorrizas arbutéides foram observadas um més apdoculacéo
com P. tinctorius.A expressédo do sistema radicular durante 2 semapas, a inducao do
enraizamento melhorou o desenvolvimento das pksitilem como a taxa de sobrevivéncia
na aclimatizagdo (P>5%). Nas plantas inoculadaslieervado o desenvolvimento de um
sistema radicular ramificado. A utilizagdo de tubds ensaio foi mais favoravel ao
desenvolvimento da raiz e a micorrizacao que &adifio frascod.. deliciosusmostrou um
crescimentan vitro inferior aP. tinctorius.As micorrizas arbutoéides foram descritas com
base nas caracteristicas morfologicas e anatdmisasbserva¢cdes mostraram um manto
espesso, a rede de Hartig e complexos de hifaceitiares, ambos confinados as células da
epiderme. Thelephora e Hebeloma fungos micorrizicoscompetitivos e normalmente
existentes em viveiros, foram identificados por cadores moleculares em plantas
previamente inoculadas, 12 ou 17 meses ap0s aaidagido ou inoculacam vitro,
respectivamente. Ambos os tratamentos com micariiegstados em estufa melhoraram o
crescimento das plantas relativamente as plantasrotm e de semente (P>5%). As
micorrizas podem contribuir para a reducdo da agdic de fertilizantes e biocidas, pratica
gue podera reduzir o custo da planta e a poluig@memtal. Serdo necessarios mais estudos
para assegurar a persisténcia do fungo inoculago,domo a selecgédo de estirpes pela sua
agressividade em viveiro, facto este que serd s@despara viabilizar a implementacao do
meétodo. A utilizacdo de micorrizas associada a dangomestiveis, podera melhorar a
transplantacdo das plantas, mas também funcionaio amais um recurso economico,

contribuindo para a fixagao da populacéo nas zanass.

Palavras-chave: ensaio de campo; Ericaceae; ing@ulen e ex vitro; micorrizas

arbutoides.
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4.2 INTRODUCTION

Species ofArbutus (Ericaceae) form mycorrhizae with a broad rangduafjal partners
(Massicotteet al, 1993). Ultrastructural studies classified as #oiglimycorrhizae those
formed by plants ofArbutus Arctostaphylosand Pyrola (Smith and Read, 1997).
Structurally, this kind of mycorrhizae resembles #ttendomycorrhizae since they possess a
mantle, Hartig net (HN), and form intracellular imgb complexes. However, they differ from
that type of mycorrhizae as the intracellular hyattanplexes are restricted to the epidermal
cells (Peterson and Massicotte, 2004). Massiaittd. (1993) added to the characteristics of
arbutoid mycorrhizae the presence of a variablgdlusheath.

Previous works have shown that fungi involved ia tbrmation of arbutoid mycorrhizae
are also able to form ectomycorrhizae in associatith other plant hosts (Molina and
Trappe, 1982; Massicottt al, 1993), as is the case of the broad host rangdibary/cete
Pisolithus tinctorius Lactarius deliciosus is a basidiomycete (Russulaceae) able to form
ectomycorrhizae with trees, particularly conifefgcording to Parladéet al. (2004) the
reports about mycorrhizae formation hy deliciosusare, to some extent, contradictory.
Considering observations on fruiting behavior,eems that most species lodictarius are
late-stage ectomycorrhizae colonizers since spgoecare generally observed in old forest
stands. However, other studies have reported #mdifatation of this species in young (0 — 5
years old) Pinus sylvestrisplantations. Furthermore, pure culture inoculatistudies
demonstrate that this fungal species readily cakmihe root system of pines under aseptic
conditions (Parladét al, 2004). Based on these data, some authors haas begonder the
mycorrhizal inoculation of tree species with edibdctariusas an effective way to increase
forest productivity in Mediterranean forest areasvhich the natural resources are scarce or
very focused. Unlike.. deliciosus,which has as host mainly conifers (Martins, 2008),
tinctorius (Syn. P. arhizu3 is a widespread basidiomycete fungi able to dstab
ectomycorrhizae with a large diversity of hostsi{@y and Chambers, 1997). However,
there are evidences reporting some degree of gpgcih the interaction between host root
and P. tinctoriusstrains. For instance, it has been reported Phatnctoriusisolated from
carpophores collected in association wRtinus spp. are poor colonizers &ucalyptusspp.
(Cairney and Chambers, 1997).

Earlier studies had already shown the lack of d$jégi in hosts forming arbutoid

mycorrhizae (Molina and Trappe, 1982). Other experits also indicated thakrbutus
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menziesii and Arctostaphylos uva-ursiwere able to develop arbutoid mycorrhizae in
association with several fungi which also can fattomycorrhizae, includinGenococcum
geophilum, Hebeloma crustiliniforme, Laccaria lataalLactarius sanguifluus, Piloderma
bicolour, Pisolithus tinctorius, Poria terrestrigar. subluteus, Rhizopogon vinicol@and
Thelephora terrestris(Smith and Read, 1997). Molina and Trappe (198&vipusly
observed thaArbutus menziesiiand Arctostaphylos uva-ursare broadly receptive towards
fungal associates, in particular to those linkedetdomycorrhizae. From these studies it
became clear that the plant host plays a cruci@ o regulating the development and
structure of mycorrhizae and that the same typ&uodi may originate different types of
mycorrhizae according to the plant species that ewsnized (Rai, 2001; Mirabelkt al,
2009). Studies performed by Richatal. (2005) point also in this direction since they éav
indicated that two mycorrhizal host#. unedoand Quercus ilexgrowing in an old
Mediterrean forest dominated Ruercus ilextended to share a few ectomycorrhizal species
(<15% of the ectomycorrhizal diversity). The moliecuanalysis performed by these authors
enabled the identification of 28 taxa (81% of tharacterized mycorrhizae), being the family
Thelephoraceae the most represented; the géhessula Cortinarius, Laccaria all of the
Russulaceae family, and members of the Clavulirmogare also present. Interactions
between fungal strain and plant species in otheraBeae such aRhododendrorsp. and
Vaccinium corymbosumalso showed that the type of fungal strain usetectd
mycorrhization and further plant growth (Ne¢ al, 2002; Eccher and Martinelli, 2010).
Taken together all these data indicate that trecteh of the most effective fungal strains for
their endurance under nursery and field conditisa prerequisite for the successful
establishment of mycorrhizae (Rai, 2001; Parleidél, 2004).

Nitrogen is often a limiting factor for plant grdwand production. Mycorrhizal fungi can
uptake and use a variety of nitrogen sources saabrganic compounds (amino acids and
oligopeptides), and enhance mineral uptake as amwmoand nitrate forms (Gobert and
Plassard, 2008). This capacity is particularly a&geous for woody plants conferring them
a selective advantage in natural conditions sirdenly water and mineral (e.g. nitrogen and
phosphorous) uptake increase but root growth isebed against biotic and abiotic stresses
(Smith and Read, 1997; Harrison, 1999). In orchandalgcorrhization is no less important
since plant growth can be stimulated and, thereforgp production (Gobert and Plassard,
2008). Arbutus unedo (strawberry tree) grows spontaneously in Meditezean ecosystems
usually associated with other trees such as pinésaks, and fruit production represents the

main income for farmers interested in this speciemm an ecological perspective, it
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contributes to the biodiversity, helps to stabilemils, has a strong regeneration capacity
following fires and survives well in harsh enviroenmis (Piottoet al, 2001). Due these
characteristics it has been used in the colonizatib marginal lands and to prevent the
propagation of forestry fires. For the last fiveag®e we have been involved in a long-term
breeding program which the main goal is to seladt@opagate high quality trees converting
the underutilized strawberry tree into a valuahiepc In close collaboration with farmers
trees were selected based on fruit productionfyuald protocols for the propagation of
these adult treethrough axillary shoot proliferation (Gomes and Q@to, 2009) and somatic
embryogenesis (Gomex al, 2009) were developed. As aforementioned, mycpaghican
improve plant adaptation and tolerance to stresgr@mmental conditions. In this way,
mycorrhizal synthesis experiments are useful terd@he fungus-plant host compatibility
(Aguedaet al, 2008). The present study is a first approacmdéoice mycorrhizae formation
betweenArbutus uned@ndP. tinctorius(Pisolithaceae) dt. deliciosugRussulaceae), types
of symbiosis that do not seem to occur in natut@hds (Richarcet al, 2005). These two
species were selected because both are able teefdamycorrhizae in association with other
plant hosts. Moreovd?. tinctoriusis a broad host range basidiomycete andeliciosuss an
edible species belonging to the cosmopolitan gdracarius which has been intensively
marketed in many countries of Europe, Asia andhsort Africa (Parladét al, 2004).
According to Molina and Trappe (1982) arbutoid myhizae are most closely related to
ectomycorrhizae than to ericoid mycorrhizae andt tBatomycorrhizal specificity is
emphasized, as hosts forming arbutoid mycorrhizae ot specific. The role of
mycorrhization,in vitro and in plants growing in the nursery, on plantedlepment was
evaluated in the nursery and in a field trial. Mwlogical and histological analyses were

carried out to monitor mycorrhizae synthesis.
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4.3 MATERIAL AND METHODS
4.3.1 Fungal isolates

Fungal isolates ofP. tinctorius were obtained from sporocarps collected in Central
Portugal, Vendas Novas, in a Mediterranean old-gro@uercus suberforest stand
(38°41'N, 8°29'W). This culture was collected onndu2006, and was established and
maintained by the Instituto Nacional dos RecursasloBicos. Fungal isolates oF.
deliciosuswere from sporocarps collected in Spain (Bofiagr)en an old growthPinus
sylvestrisstand. This culture, referenced as LEB-2268, wadleated on November 2006 and
belongs to the Herbario Jaime Andrés (Centro deuRes Genéticos Forestales "El
Serranillo”, Universidad de Ledn). In both cases|ldtions were carried out through the
culture of sporocarps on Modified Melin NorkransNIM) agar culture medium (Jacei al,
2001).

Fungal cultures were cultivated at 30°C or 25°C, Ro tinctorius and L. deliciosus
respectively, and multiplied by transferring fivaall discs of vigorously growing mycelium
to a new fresh media added of glucose 2% (w/v)yedeweeks. The same culture medium
containing a lower glucose concentration (1% wih aithout agar was used for mycelium
growth and afterwards used as substrate vegetateulum in nursery conditionsP.
tinctorius dry sporocarps were also tested in nursery comditidn this case, the dry
sporocarps were collected in Carregal do Sal (480Z&59’'W), in an old-growthEucalyptus

globulusforest stand.

4.3.2 Plant material

Adult trees ofA. unedowere selected according to their fruit productaomd quality. The
conditions for plant establishment and micropropiagaof adult trees through axillary shoot
proliferation have been described before on Chaptand have been previously published
(Gomes and Canhoto, 2009). In these experimentstshmom clones C1, AL1, AL2 and
AL3 were tested.

Inoculation in nursery conditions wit. tinctorius was performed with micropropagated
plants of a clone named C1. After acclimatizationthe greenhouse, C1 plants were
transferred to pots (450 &nfor plant development and later placed in thesary before

mycorrhizal treatments. Two inoculation treatmefvsgetative inocula or dry sporocarps)
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were tested and compared to control plants. Irfigdé trial, clonal micropropagated plants
inoculated with botHP. tinctoriustreatments were compared to the control (micropgaged
plants), to one-year-old seedlings produced inresery, as well as with three selected
clones (AL1, AL2 and AL3)n vitro propagated.

When vessels were used as containers, isolatedsstiom selected clones AL1 and AL3
were used to test the inoculation duriimg vitro conditions with P. tinctorius and L.
deliciosus respectively. Afterwards, only shoots from ALDbré were assayed in synthesis
tubes, either withe. tinctoriusor L. deliciosus

4.3.3 Mycorrhization withPisolithus tinctoriusn the nursery and field tests

To analyse mycorrhization withP. tinctorius in nursery conditions, clonal
micropropagated plants (C1) were watered with eithetiinctoriusmycelium (pure cultures
in MMN liquid medium) or dry sporocarps and compmhseith the control. Pure cultures
were obtained in MMN liquid medium (glucose 1% wa#)30°C, during 2 months. When the
liquid surface was covered with the mycelium théeBmeyer flasks were gently shaken,
filtered and washed to remove the remains of gleicdhe mycelium was diluted in water in
a proportion of 1:20 (v/v), and then applied to thebstrate of C1 acclimatized plants
(treatment referred to as C1M). The dry sporocarese water mixed by using a mixer and
then applied directly to the substrate of C1 acatined plants (treatment referred to as C1S).
In both treatments, 80 ml were applied (during gh@wing season, spring) to the substrate
(450 cn) being distributed by 3 holes previously madeineation of the plant roots. A mix
of peat and perlite (7:3; v/v) was used as platissate. Fertilizer addition (slow release
fertilizer, 20:9:11 NPK + 2Mg) to the substrate§2)/l) was only applied to the control
treatment (treatment referred to as C1C). A tofall®3 plants were used in the above
referred conditions (C1S, C1M and C1C; 45 to 5%t pmtment). The effect of the treatments
on plant growth was evaluated by measuring thehheigd increase in plant height;(H H;
cm), two and four months after inoculation treattean nursery. The last measurement was
performed just before the field trial establishmeitring the autumn.

In the field trial, clonal micropropagated plantsated in the nursery as described before
(C1Ss, C1M and C1C) were compared to seedlings paipd in the nursery which are
commonly used in aforestation programs with strawbtee. The field trial was established
in Estreito (39°57’'N, 7°48'W) during the most adatpplanting season for a Mediterranean
climate (October). Plants from all the mycorrhimatireatments (C1S, C1M, C1C) were kept

in the field without the addition of any fertilizemd compared in terms of growth with
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seedlings and 3 micropropagated clones, locallyiliferd with a slow release fertilizer
(30g/plant; Nutriforest 9:23:14 (+4; +0.1) N:P:K,MgO, B, with 8 to 9 months of release
period). A total of 7 treatments were tested: Iulation treatments, including the control
plants (C1C, neither inoculated nor fertilized)m&ropropagated adult selected clones and
seedlings. Plants were established in the fieldows at a distance of 4 m apart and 5 m
between rows (4x5m). The experiment consisted af bdocks with 5 plants per each of the
seven treatments in a total of 140 plants (7 treatex 5 plants x 4 blocks) distributed in an
area of 2800 M(140 plants x 20 A). Each treatment comprised a total of 20 plantslBts

X 4 blocks), randomly distributed by the 4 blocksirvival rate was evaluated 12 months
after tree planting. Height was measured immedjatkr plantation and 20 months later to
evaluate the effect of the different treatmentseté®n plant growth. By this time roots were
also checked for the presence of arbutoid mycaaehiz

4.3.4 Mycorrhizal synthesig vitro

To induce mycorrhizal synthesis different contasneere tested: (1) vessels (500°gor
(2) test tubes, from now on called synthesis tuBesm in diameter and 30 cm height). As
substrate a peat and vermiculite mixture (1.6.5 was used. The containers (vessels or
synthesis tubes) were filled with the substrate tanex (200 ml or 120 ml, respectively)
previously sterilized at 121°C for 60 minutes. Bwling this step, the substrate was
moistened with MMN liquid medium in a proportion 80 ml medium for each 100 ml of
substrate. To promote mycorrhization, a reducedage level (0.5%) was added to MMN
liquid media. The containers with the substratestemed with MMN medium were sterilized
again at 121°C for 20 minutes. To induce mycortionathree small discs (1cm wide) of
vigorously growing mycelium cultured on Petri disheere added per container. To promote
mycelium development containers were incubated0&C 3or 25°C (forP. tinctoriusor L.
deliciosus respectively) for a month followed by 15 daysairculture chamber (25/20°C, on
darkness conditions) before transfer of the roatnoigiced shoots.

The cultures were then maintained in a culture dfenander a photoperiod of 16h light
and 8h dark and a temperature of 25°C during legimditions and 20°C during dark. The
substrate and mycelium were maintained on darkoesditions with the basal part of the
tubes covered with aluminum foil. A small amountd® ml per container) of liquid medium
consisting on Knop macronutrients was added mordhhng five months (maximum when
tubes were used with substrate inoculated wAthtinctorius due to its superior growth

compared td.. deliciosu}. Again, to promote mycorrhization a small amoah& reduced
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carbon source (sucrose 0.2% w/v) was added to tiagp Hiquid medium. To the control
plants (not inoculated, NI treatment) the sameidiquedium (Knop), with charcoal (1.5%

w/v) and a higher sucrose level (3% w/v) was adttedtimulate plantlet development.

Four sets of experiments were established. Onitbeand second experiments, vessels
(500 cni) were used to test the inoculation on selectediesloAL1 and AL3, withP.
tinctorius andL. deliciosusyrespectively. Two different treatments for mycarah synthesis
procedures were tested and compared to controk $liwots (14-20 mm) per vessel were
used (5 shoots x 6 replicas; 30 shoots per tredfntetal of 90 plants per inoculum
experiment). For mycorrhizal synthesis the follogvtreatments were carried out:

1) the shoots were transferred to the inoculated satiesivith the fungi, just after shoot
induction period (7 days) on a root induction medigKknop, Gautheret, 1959)
added of 24.6 uM IBA (indol-3-butyric acid), assdyie darkness conditions. This
treatment was referred as inoculation after rodtiation (IRi);

2) after the root induction period, shoots were transfl to the same medium without
auxin and containing charcoal (1.5 % w/v) and sser@% w/v) during 2 weeks, for
a preliminary root expression, before transfertimghe inoculated substrate. In this
case the treatment was referred as inoculation i@ité expression (IRe);

3) both treatments were compared with control plamta/ich the same substrate not
inoculated was used (treatment referred as NI).

On the third and forth experiments for mycorrhigghthesis, tubes were used to test the

inoculation of AL1 shoots withP. tinctoriusor L. deliciosus Shoots (45/inoculum) were

transferred to the inoculated substrate accordirigd IRe treatment above described.

On the first and second experiments (inoculationessels), after six weeks wansfer of
induced to root shoots to previously inoculatedssuatbe the acclimatization process was
initiated. Plantlets were acclimatized the greenhouse under controlled conditions of
humidity and light, as previously described on Gbea@. One month after acclimatization the
humidity was gradually reduced, and later on plaveee transferred to the nursery. A similar
procedure was adopted for plantlets from the taird forth experiments (inoculations in test
tubes). However, only some plantlets (16) wereiaatized after one month, being all of
them acclimatized after 5 months.

Different substrates were used during acclimatiratOn the first experiment, in which

plantlets were from a substrate inoculated Withinctoriusin vessels, the same mixture used
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during in vitro conditions was tested, consisting of a peat amchieelite mixture (1:6.5,
v/v). However, this substrate showed a high capdoit water retention a situation that is
usually unfavorable for mycorrhizal developmentu$hfor plantlets in which the substrate
had been inoculated with deliciosusa perlite and vermiculite mixture was used (1:¥).v/
For those plantlets that had been inoculated Rittinctorius (4" experiment, in synthesis
tubes), and due to the great development of theelioyg, the experiments were performed
with avermiculite and perlite mixture (2:1.5; v/v). Theabstrate was quite different from the
first one tested, as perlite improved substratataer and drainage through the increasing of
macroporosity.

During plantlet acclimatization in substrate in@et withL. deliciosus and to enhance
mycelium development and mycorrhizatiothe substrates were watered with fungi
mycelium (vegetative inocula) just before plantletensfer Pure cultures in MMN liquid
medium were used, as previously described. Duddoektensive mycelium development

observed withP. tinctoriusthis procedure was never applied.irdeliciosus.

4.3.5 Data recordingn vitro conditions

Plantlet development during the first and secongkerments (inoculation in vessels) was
analysed during the acclimatization process andfalewing parameters were recorded:
rooting rate (%), number of roots (NR), length loé fongest root (LLR, mm}ength of the
shortest root (LSR, mm), and final shoot length,(®im). The mycelium development on the
substrate was also registered and the root systesnewamined for mycorrhizae formation.
When the substrate was previously inoculated Wwiteliciosus the biomass of all plantlets
was evaluated to assess the effect of mycorrhinasecondary and branched roots. Shoot
and root biomass was evaluated (dry matter, adrotirs at 65°C), as well as the respective
ratio. WhenP. tinctoriuswas tested, two months after acclimatization orseny, survival

rate was evaluated and plant height increment wagpared with the control treatment (NI).

On the third and fourth set of experiments, inodofes of AL1 shoots withP. tinctorius
andL. deliciosug(in synthesis tubes) were test€he month after the establishment of these
experiments, 8 plants/per fungi inoculum were exetiifor mycorrhizal formation and, 4
months later, plantlets were acclimatized. Duringlienatization plantlets were evaluated in
terms of fungi mycelium and root development. Fownths later the survival rate was
determined. Nine months after acclimatization (drrionths after inoculation treatment),

roots were examined for arbutoid mycorrhizae foramat Some plants on nursery were
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removed from containers and root systems were eamifor arbutoid mycorrhizae
formation. Root systems from plants previouslyitro inoculated withP. tinctoriusor L.

deliciosus(in tubes) were compared with control plants.

Twelve months after acclimatization (or 17 montherainoculation treatment), 4 plants
on nursery were removed from containers and the sgstems examined for arbutoid
mycorrhizae formation by using molecular markerhteques. Root systems from plants
previouslyin vitro inoculated withP. tinctoriusor L. deliciosus(in tubes) were analysed.
Roots were harvested directly from the root systieweloped in the containers. Young roots
were frozen in liquid nitrogen and stored (-80°6amples were homogenised in buffer for
DNA extraction, by vacuum, using the automatic @stior ABIPRISM6100 Nucleic Acid
Prepstation from Applied Biosystems, accordinghte fiollowing protocol: 1) homogenizing
5-50 mg of sample tissue in 800 pl of NucPrep DN#ifcation solution, followed by tissue
lyses for 30 seconds, until material is well homuoged; 2) pre-filtration, loading the wells
with 750 ul of digested tissue lyzate plus buffijowed by vacuum filtration and 3)
purification, with addition of buffer (40 pl) to ¢hwells before loading samples already
digested, being necessary to cover the unused wellsptimize the vacuum extraction.
Following, the PCR (Polymerase Chain Reaction) vee@mplished using ITS1F and ITS4
primers to amplify the ITS (Internal Transcribeda8gr) total region (Whitet al, 1990).
PCR were performed in a 25 pl volume containing:51gl of Jump Start Taq DNA
polymerase with MgGl (Sigma D 9307), 0.5 pl of each primer (10mM) angllsample
DNA. The initial denaturation step (2 min, 95°C)safallowed by 30 cycles of 60 s at 95 °C
(denaturation), 60 s at 53°C (annealing) and agnsxin step of 60 s at 72 °C, followed by a
final extension step at 72°C for 5 min, to guarariteat all annealed templates were entirely
polymerized. The PCR reaction products were theuesgced by the Stabvida company,
using an automatic sequencer (ABI Prism 3100 DNe nucleotide sequences were run
through a softwareGeneiouy and compared to Blast (Basic Length Alignmentr&edoll)
(Altschul et al, 1997) database from NCBIht{p://blast.ncbi.nim.nih.gov/Blast.ggi

Sequences identification is then presented acaptdithe degree of genetic similarity.

4.3.6 Morphological and histological studies

Arbutoid mycorrhizae roots and rhizomorphs wereeftdly examined with the aid of a

stereomicroscope. Some observations were carriednofresh sections obtained with a
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freezing microtome. The general terminology folloAgerer and Rambold (2004-2010) and
Inglebyet al. (1990).

For histological studies root samples were fixedhw?.5% glutaraldehyde in a 0.1 M
phosphate buffer, pH 7.0 for 1.5 h and post-fixedl% osmium tetroxide prepared in the
same buffer for 1 h at room temperature. Dehydnatras accomplished in an ethanol series
(20 to 100%) and the samples embedded in Spusia.r&ections (1 — 2 um) were made

with glass knives on a LKB Ultratome IIl and stadngith 0.2% toluidine blue.

4.3.7 Experimental design fan vitro experiments and statistics

On the first and second experimensglated shoots were used, after the root induction
period (30 per treatment; total of 90 shoots peciium experiment in vessels). The rooting
parameters were recorded during the acclimatizagronessi( vitro plantlets transfer to the
greenhouse). For statistical analysis an ANOVA wadormed, and means were compared
using the Duncan test{P.05) (Duncan, 1955). The software STATISTICA 6 wasd. The
guantitative data expressed as percentages wstetiibmitted to arcsine transformation and
the means corrected for bias before a new converdidthe means and standard error (SE)

back into percentages (Zar, 1996).
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4.4 RESULTS
4.4.1 Inoculation withPisolithus tinctoriusn nursery and field test

Cultures ofP. tinctoriusbefore being applied to the substrate, were aitknyin vitro,
mixed, filtered, washed and diluted in water (Fi$8-D; treatment referred to as C1 M).
These plants were compared to the control (C1 @)tarthe dry sporocarps water mixed
treatment (C1 S).

Figure 1 —Inoculation withP. tinctoriusin nursery. A -P. tinctoriusgrowing on MMN liquid medium. B —
Following growth, the mycelium and liquid medium ne@amixed. C - Mycelium after dilution with water dn
ready to be applied. D - C1 acclimatized plantshie greenhouse just before transference to theeryuend
application of the mycorrhization treatments.

Plant height increment (cm) was evaluated 2 andaths afterP. tinctoriusinoculation
treatments had been applied to the substrate ohdcClimatized plants in nursery. Two
months after inoculation no significant differenceere found between treatments and
control plants (Appendix Table 1). However, 2 mandter, best results were achieved when
dry sporocarps water mixed were tested (C1S; Tabléppendix Table 1). On these
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conditions the control plants showed the lowesgliteincrement value, but not significant as

compared to C1M plants (Table 1).

Table 1- Effect of different inoculation treatments wih tinctoriuson plants’ height incremena)
evaluated 2 and 4 months after inoculation of tbeeC1 in the nursery.

Treatments A H 2 months (cm) A H 4 months (cm)
C1 C - control plants 10.7 +04 @ 144 + 07 °
C1 M - with myceliumin vitro produced 110 +04 ° 16.0 + 06 °
C1 S - dry sporocarps water mixed 108 €63 °? 191 + 07 *@

In each column values (mean + SE) followed by défe letters are significantly different<@.01).

A field trial was established to test all the nuysmoculation treatments and fertilized
plants (seedlings and 3 micropropagated clones, tALAL3). The survival rate 12 months
after field trial establishment was about 96.8%thaut significant differences. Twenty
months after field trial establishment, height @ight increment did not show significant

differences among the treatments (Table 2; Appehdide 2).

Table 2 —Effect of the different treatments on plant hei(} and height incrementH) evaluated 20
months after field trial establishment.

H 20 months A H (H20 - HO)
Mycorrizal treatments and genotype mean + SE (cm) mean + SE (cm)
AL1 - selected clone 76.6 =+ 7.2a 582 + 7.7 i
AL2 - selected clone 68.6 + 5.8a 55.1 + 5.8 i
AL3 - selected clone 753 £ 5.7a 63.2 + 6.0 i
SE - seedlings 686 + 53 577 + 48
C1 C - control plants 76.2 + 6.7a 548 + 6.9 ’
C1 M - myceliumin vitro produced 83.0 + 47 ’ 620 + 46 ’
C1 S - dry sporocarps water mixed 84.7 + 5.3 60.8 + 5.0 i

In each column values (meanzSE) followed byes#atters are not significantly different{®05).

Seedlings and clone AL2 showed the lowest heigbtage, even though they have been
fertilized. Inoculated plants in nursery (C1M antiS} showed averages of height and height
increment higher than the control plants withogngicant differences. In addition, control
plants (C1C) showed the lowest average of heigbtement after 20 months (Table 2;
P>0.05).

Twenty months after the field trial establishmédntauld be seen that roots of the plants
which had been inoculated in nursery (C1M and Gh®wed mycorrhized roots (FigsA 2o

G). Mycorrhization due to symbiosis witlCenococcum geophilunfFigs. 2 - C),
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mycorrhizae displaying a compound structure (FI) @ mycorrhizae possessing a yellow-
brown mantle (Fig. B) were also observedenococcum geophilumycorrhizae are black
when young (Figs. & - C), short and may occasionally produce one or twartdbranches
(Fig. 2B) but, usually they are single (FigCR Observations performed in material sectioned
with a freezing microtome showed a mantle with eatiag hyphae with irregularly formed
clamp-connections (Fig.F, elbow-like protrusions (a short and curved hypli@rming a
protuberance over the septa) which correspondpical hyphae from basidiomycete fungi.
Mycorrhizae with a typical cruciform appearance evaiso observed (Fig.G). However,
some roots were also found in which mycorrhizationld not be detected (FigH2 Young
roots without the presence of mycorrhizae (Fig) vere characterized by the presence of
root hairs morphologically different from the hygh@rigs. B - D) and that could be easily
distinguished.

N\
300 um  H T 370 pm

Y
h

300 pun 300 pm

Figure 2 —Root observations 20 months after field trial elishiment. A to G - Mycorrhized roots. A to C -
Cenococcum geophilummycorrhizae, A - short mycorrhizae with a blacknthey figures details showing a
mycorrhiza with two short branches (B) or singlarmh (C) with a compact black mantle and black agph
growing from the mantle surface (arrows, B and[T}. Mycorrhiza presenting a compound structuregrbe
hyphae growing from the mantle (arrows). E - Mybaae showing a yellow-brown mantle. F - Mantle Inge
possessing clamp-connections (cc). G - Mycorrhgla@wing a branched architecture and H - a yound roo
without mycorrhizae showing the root hair zone Jrduzd the root cap (rc).
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4.4.2 Mycorrhizal synthesig vitro conditions
4.4.2.1 Inoculation withP. tinctoriusandL. deliciosusn vessels

The substrate was inoculated as previously dest(ibigs. 3 to D). After transfer of the
induced rooted shoots, the containers were keptcuture chamber (FigE}.

Figure 3 — Substrate inoculation. A — Growing mycelium Bf tinctorius. B - Growing mycelium ofL.
deliciosus C - Disc of mycelium at the time of inoculation the substrate. D - Incubated containers for
mycelium growth. E — Shoots just after inoculatiorthe containers. F - Plantlets after 6 weeksuttiuce in the
substrate inoculated on culture chamber.

Six weeks after inoculation treatments (Fi§),Plantlets were acclimatized and root and
shoot development was analysed. WIikerntinctoriuswas tested the best rooting rate was
achieved with IRe treatment (100.0 = 0 %), but withsignificant differences (Appendix
Table 3). However, for all other parameters, pktstigrowing in a substrate which was not
inoculated (NI) displayed significantly higher vati(Table 3). On the other hand, with
deliciosus only rooting rate and length of the shortest rslodbwed significant differences
according to the treatments tested (Table3). ThetrBatment showed the lowest rooting
(P<0.05; Table 3).
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Table 3 —Effect of in vitro mycorrhization withP. tinctoriusandL. deliciosuson the following variables:
rooting rate (%), number of roots (NR), length leé fongest root (LLR), length of the shortest rg@R), and
final shoot length (SL).

Treatment: substrate inoculated wihtinctorius
rooting rate % " NR ” LLR (mm) “ LSR (mm) ” SL (mm)
IRe| 100.0 *+ 0.0 * 6.8 09" 288 + 23" 108 + 17" 561 33°
IRi | 88.0 120% 77 + 07° 207 +# 28° 80 + 09 ° 437 + 35°
NI 933 + 42 * 112 + 112 500 + 302 179 + 152 678 + 37?2

I+
+
+

I+

I+

Treatment: substrate inoculated withdeliciosus
" rooting rate % NR LLR (mm) " LSR (mm) SL (mm)
IRe| 800 + 130%?% 7.0 06 % 236 + 252 52 + 07" 436 + 2332
IRi 500 + 100 ° 63 + 06 2 275 + 312 70 + 21 ® 415 + 2732

NI 867 + 40 * 84 + 10 ?% 273 + 18 % 101 + 14 2% 459 + 21 °

I+

In each column values (mean + SE) followed by déffe letters are significantly differen&0.05;” P<0.01).

The experiments carried out wikh tinctorius(Table 3) indicated that the IRe inoculation
treatment showed the best rooting rate (P>0.05) lamith inoculation tested were not
significantly different from NI (control) plantlet§ he results also pointed out to an increase
in shoot length of the IRe when compared to IRggasting that the previous root expression
(during 2 weeks, with charcoal) can promote furtplantlet development. Moreover, when
L. deliciosuswas tested, no significant differences were foumdooting rate between IRe
treatment and control plantlets (NI), contrarily what happened with the IRi treatment
(Table 3). In both experiments, a pathogenic eféecplantlets due to eith&. tinctoriusor
L. deliciosuspresence was never observed. For both treatmeatesults also showed that
roots were neither so long or numerous (NR) contpdce the control, but they were
branched. This characteristic appeared more praraliwhen the substrate was inoculated
with P. tinctorius The hyphae presence on substratel..odeliciosusexperiment, could be
seen only with the aid of a stereomicroscope. @nother hand, the. tinctoriusmycelium
on the substrate was visible to the naked eye, isigoav better development on the contact
surface between the substrate and the glass vpssiehbly due to better aeration conditions.
When vessels were tested it was difficult to hdaeederception of substrate moisture content
and consequently identify when and how much liquedium will be needed to add to the
substrate. Due to these characteristics synthebisstwere used instead vessels on the
following experiments.

Just before acclimatization, six weeks after inatah, the roosystem was checked for

mycorrhizae formation. Through the analysis perfedmeither a mantle nantracellular
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hyphal complexes could be detected. Neverthelgghde were observed covering the roots,

suggesting mantle initiation (Fig. 4).

Figure 4 — Superficial part of a root six weeks aftervitro inoculation withP. tinctorius(in vessels) showing
some hyphae (H) associated with the root.

When the biomass of plantlets treated with deliciosuswas analysed, significant
differences were found mainly for shoot biomassb{@a4, Appendix Table 4). Control
plantlets (NI) showed a shoot biomass higher timatiné IRi treatment, but not significantly
different from IRe treatment. Regardless of thailtesobtained in the shoot, no differences
were found for root biomass. It should also be rrefé that the shoot/root biomass ratio
points to a positive role of mycorrhization sinée fplantlets showed to be more balanced,
displaying a reduced biomass ratio (Table 4).

Table 4 - — Effect ofin vitro mycorrhization withL. deliciosuson the following variables: shoot and root
biomass (dry matter, after 48hours/65°C), as vgetha respective ratio (shoot/root biomass).

" Shoot biomass (mg) Root biomass (mg) Biomass (altioot/root, mg)
IRe - substrate inoculated ~ 16.00 + 2.6 1.09 + 0.14 ° 16.66 + 4.00 ®
IRi — substrate inoculated 13.44 2.3% 101 + 0.10 ° 15.88 + 4.29 *°
NI — substr. not inoculated ~ 26.00 * 5.186 1.06 + 020 ° 3056 + 6.15 2

I+

In each column values (mean * SE) followed by déffe letters are significantly differenP<0.05;” P<0.01).
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Following acclimatization, plants inoculated wih tinctoriusin the nursery presented a
high survival rate (95.0 + 2.2 %), without signéit differences between treatments
(Appendix Table 5; Table 5). Plants from IRe treatitnshowed the highest average on height
increment (R0.01) two months after acclimatization (Table % weell as 100% of root and
survival rates. In addition, both treatments witlycorrhizae showed higher growthH)
compared tahe control treatment (NI;.01). These results suggest that mycorrhization
was established since the inoculated plants shoaeldetter growth, 2 months after

acclimatization in the nursery.

Table 5- Effect ofin vitro mycorrhization withP. tinctorius 2 months after acclimatization, on the following
variables: survival rate (%) and on plants’ heiglstement.

Survival rate (%) “Heightincrement AH, cm)
IRe - substrate inoculated 100.0 * 0. 76 = 04 °
IRi — substrate inoculated 920 + 4.9 6.2 + 05 °
NI — substrate not inoculated 93.3 + 472 48 + 03 °

In each column values (mean + SE) followed by déffe letters are significantly differen&0.05;” P<0.01).

These results indicate that the previous root esgive (during 2 weeks, with charcoal;
IRe) is required to promote plant development awdlimatization. In this way, this

procedure was adopted on the following experim@ntxulations in test tubes).

4.4.2.2 Inoculation withP. tinctoriusandL. deliciosusn synthesis tubes

Shoots induced to root (from AL1 clone) were transfd to the synthesis tubes (Fig) 5
previously inoculated witl. tinctoriusor L. deliciosus After 1 month 16 plants (8 per fungi
inocula) were removed from the test tubes wherehggs occurred and root systems
examined for mycorrhizal formation and then acctimead (100% of survival rate). After 5
months all plantlets were acclimatized (Fig8.-) and transferred to the greenhouse, under
controlled conditions (humidity and light). The tosystem showed many secondary and
branched roots, mainly whdn tinctoriuswas tested (Fig.@ what can be responsible for
the 100% survival rate observed 4 months lateridguthe acclimatization process, after 5
months on the synthesis tubes, the following festuvere observed: 1) a well developed root
system showing the presence of secondary roots %€)g2) an extensive colonization of the
substrate by the mycelium &f. tinctorius (Figs. ® - E), 3) a thick yellow-brown mantle

visible to the naked eye (FigsC5to E) and 4) plants displayed a normal pattern of

135
Mycorrhizal synthesis — Results



development indication that colonization of thetsoby P. tinctoriusdoes not affect plant
growth (Figs. &, D).

Figure 5 — Mycorrhizal synthesis withP. tinctoriusin the synthesis tubes. A - Shoots immediatelgraft
transference from the root expression medium teymehesis tubes containing the inoculated sulestBato E -
Different aspects of plantlet development after &nths of culture in the substrate (B), showing dl we
developed root system (C and D) as well as an sxtenmoot and substrate colonization by Ehdinctorius
mycelium, without any signal of plant stress (&Epo

When L. deliciosuswas tested, the following aspects were observed:a 13light
colonization of the substrate by the mycelium withite hyphae (Fig. 8); 2) a branched root
system without mantle, and 3) no evidence of pathaity on plantlet development (Fig.
6B). However, when the root system was examined fgcamhizae detection, the analyses
did not show any trace of arbutoid mycorrhizae tgwaent (Fig. €). According to this,
during the acclimatization procedbe substrate was moistened with wataxed with L.
deliciosusmyceliumin vitro produced on liquid medium (MMN), after being mixdittered,
washed and diluted with water (Fig® 60 F).
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Figure 6 — Aspects of the inoculation of strawberry treanglets withL. deliciosus A - Plantlet development
after 5 months (note slight substrate mycelium wialation, arrows). B - Plantlet showing a well deped and
branched root system. C - Cross section of a roet month after mycorrhization treatment without any
evidence of mycorrhizae formation. D - Mycelium laf deliciosusgrowing in liquid medium and used for
watering the plantlets. E and F - Preparation atdeagquent application of the inoculum to substrate.

On the contrary, one month after the beginninghef éxperiments, roots were examined
for mycorrhizal formation and the analyses showkdt P. tinctorius mycorrhizae had
already developed, forming a pale yellow to yellomwn mantle (Figs.7A, B). The
mycorrhizae had a typical cruciform appearance. (FA) and the mantle consisted of loosely
interwoven hyphae (Figs.A7 B). Histological studies performed in the mycorrkiz®ots
showed that strawberry roots possess two vasculadleés of xylem and phloem (diarch
roots) surrounded by 3-5 layers of cortical ceigy( 7C). Cross sections through these roots
showed a typical arbutoid organization with a mgnthe HN, and intracellular hyphal

complexes which were confined to the epidermisqFfg - F).
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Figure 7 - Arbutoid mycorrhizae observations, after one thprin the synthesis tubes inoculated wiRh

tinctorius A - Roots showing a cruciform appearance. B -abeif the thick pale yellow to yellow-brown
mantle covering the root surface. C - Cross seaifom mycorrhized root showing the diarch root (QRjtern

of vascular bundle organization, the mantle (M)¢d amtracellular hyphal complexes (star) restrictedthe

epidermis. D to F - Details of the cross sectidmansng the mantle (M), the Hartig net (HN), the agpidermal

Hartig net hyphae (arrows), and sectioned intratallhyphal complexes (stars) within epidermalsell

Nine months after acclimatization (or 14 monthsem@finoculation treatment), plants
growing in the nursery were removed from the cortes and the root system examined for
the presence of arbutoid mycorrhizae and comparedritrol plants (not inoculated vitro).

All plants (inoculated or not) showed arbutoid myb@ae formation.
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Plants in which the substrate had been inoculatéd i deliciosus,showed linear
aggregation of hyphae called rhizomorphs (Fig-@. The rhizomorphs systems are
generally linked to water and nutrient uptake. Ehasre composed of only one type of
undifferentiated hyphae, as a linear aggregatiorhygthae, loosely formed and showing
clamp-connections between them.

Figure 8 — Aspects of nursery mycorrhized plants inoculatéti L. deliciosus9 months after acclimatization.
A - Rhizomorph (asterisk). B - Detail of a rhizombrshowing the linear aggregation of hyphae (arrdw}
Detail of a rhizomorph showing clamp-connectiorrsdas).

Stereomicroscope observations showed roots disglagi cruciform appearance and
possessing white hyphae (Fig®, 8), as well as dichotomous mycorrhizae, branching in
two, more or less equal arms (FigC)9 characteristic ofLactarius spp. Microscope
observations of fresh sections obtained with aziregmicrotome showed mycorrhized roots
with intracellular hyphae complexes (FigdD,%) confined to the epidermis (FigF} a
feature of arbutoid mycorrhizae, the Hartig net jHMd clamp-connections (FigGR A
multilayered mantle containing a larger type oficiéérous hyphae, characteristic of
Lactariusspp. could be seen (FigeP
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Figure 9 — Arbutoid mycorrhizae observations on plants utaed withL. deliciosusand growing in the
nursery 9 months after acclimatization. A and B ychtrhizae roots with cruciform morphology and shogv
white hyphae (arrows). C - Dichotomous mycorrhima@ts, characteristic dfactariusspp. D and E — Sections
of fresh roots where the intracellular hyphal commpls can be seen (arrows). E - A mantle layer sigpwai
larger type of laticiferous hyphae (double arro)- Hyphae complexes (arrows) confined to the epide a
feature of arbutoid mycorrhiza. G - Hartig net (Hiid clamp-connections (arrows) between epidersik.c

When the substrate was inoculated wtHinctorius the results showed that mycorrhizae
had developed, forming a pale yellow to yellow-bromantle (Fig. 18). The mycorrhizae
had a typical cruciform appearance and a compotmuattgre, like a repeated branching
(Figs.10A B). Observations of fresh root sections made witte@zing microtome indicated
the presence of: a mantle which consisted of Igyoggkrwoven hyphae (Fig. 0); the
intracellular hyphal complexes confined to the epwis (Fig. 1@); the HN (Fig. 1&);
clamp-connections (Fig. E) and a terminal cell found on the surface of trentie, usually
displaying distinctive shape, characteristic ofyaticlium (Fig. 1F). In both observations,
after one month in the synthesis tubes and after months in the nursery, mycorrhizae were

characterized by a thick mantle with infrequent eatimg hyphae.
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Figure 10 - Arbutoid mycorrhizae observations, nine montfisraacclimatization of previously mycorrhizal
synthesisin vitro conditions withP. tinctorius A - Mycorrhized roots showing a cruciform morpbgy. B -
Mycorrhizae showing a branched architecture. Cssié section made with a freezing microtome showiag
mantle (M) displaying loosely interwoven hyphae hwi few emanating hyphae (arrow). D - Intracellular
hyphal complexes (star) in epidermal cells. E - &df the Hartig net (HN) and of a clamp-connetiiarrow
head). F - Another aspect of the Hartig net (HN)vgihg a cystidium (arrow) and clamps (two arrows).
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Nine months after acclimatization, control plamtsiursery growing on a substrate which
was not previously inoculated showed mycorrhizagebgment when roots were examined
under a stereomicroscope (Fig. 11). Mycorrhizagasious morphologies were found (Figs.
11A to E), some showing a typical cruciform appearance .(HitA), others with a
dichotomous branching (Fig. B), and still others whitish in color (Figs. @1D) or
displaying a coralloid type of branching (Fig.E)1

1000 pm

Figure 11 - Mycorrhizae observations on control plants grayiin the nursery for nine months after
acclimatization. A - Mycorrhiza with a typical clifmrm appearance. Note the emanating hyphae (ajrdvs
Dichotomous mycorrhizae. C - Mycorrhizae with compd structures (arrows). D - Mycorrhizae with white
hyphae (arrows). E - Mycorrhizae showing the coidlbranching morphology.

Twelve months after acclimatization (or 17 montherainoculation treatment), 4 plants
growing in the nursery were removed from the comes and the root systems were
examined for arbutoid mycorrhizae formation througblecular marker techniques. Root
systems from plants previousig vitro inoculated withP. tinctorius or L. deliciosus(in
tubes) were analysed. After PCR with ITS1F and IP8#ers, the reaction products were
sequenced. The sequences were compared to Bladiadat Sequences identification is
reported according to genetic similarity betweea thucleotide sequence and the closest
match in GeneBank. The results on table 6 showGiigeBank Accession number from the
closest sequence; the E-value (probability of ago#tignment with a higher similarity than
that reported) and the similarity percentage (lpses identification that are identical in the
alignment). The best species identification is eebd when there is the highest percentage of
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similarity (>95% of the base pairs that are idaaitiao the alignment) and secondly a lower

probability (E-valuex 0%) of any other alignment.

Table 6- Closest matches between nucleotide sequencesegnénces from the GeneBank

data base obtained using the BLAST search tool.
GeneBank’s E-value Similarity ~ Closest specie
Accession number %
GU998124.1 0.0 99% Thelephora
AY945290.1 0.0 90% Thelephora
AB211272.1 0.0 97% Hebeloma
HQ211740.1 7e-79 94% Hebeloma

The results showed the presence of arbutoid myieaehHowever, these were not from

P. tinctoriusor L. deliciosus but fromThelephoraandHebeloma also basidiomycetes from

Telephoraceae and Cortinariaceae families, reyahygti
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4.5 DISCUSSION

Inoculation with P. tinctoriusin nursery

In vitro plants acclimatized in nursery were watered witheg P. tinctorius mycelium
(vegetative inocula) or dry sporocarps and compavid the control. Different kinds of
vegetative inocula production can be used for dreese or nursery inoculations, such as 1)
the inoculum production in a peat-vermiculite sudist, 2) mycelial suspensions on liquid
medium, 3) mycelial slurries (agar colonies homazgzh in sterile distilled water) and later
injected in the rhizosphere zone 4) the alginateapped inoculum and 5) spore inocula
(Rincénet al, 2001; Parladét al, 2004). Parladét al. (2004) report that the percentage of
colonized plants and the degree of colonizatiorenkesi are dependent on the inoculation
method and the plant-fungal strain interaction. @&dmg to Quinteiro (2005) one of the most
interesting practical applications of induced myb@ation is directly related to the
increasing overall growth capacity of the host tdagiue to an improved water and mineral
nutrient uptake and a better tolerance to biotat @piotic stresses. Our results are consistent
with this conclusion since, after 4 months in ntyseoculated strawberry trees (C1S) grew
much better than control plants. However, the pasieffect of mycorrhization on plant
growth seems not to be a general rule. Thus, Gaatay. (1991) did not find any increase in
growth of seven clones dPseudotsugarooted cuttings inoculated with. laccata or
Hebelomacrustiliniforme Rinconet al. (2001) tested 7 ectomycorrhizal fungi (vegetative o
spore inocula oHebeloma crustiliniformelLaccaria laccata,P. tinctorius, Melanogaster
ambiguus Rhizopogon luteolysfkhizopogon roseoluand Scleroderma verrucosymvith P.
pinea seedlings and were also unable to detected angaserin seedling growth. These
contradictory results may be ascribed to differenicethe physiological conditions of the
plant material or to the different types of funged. In our experiment, after 4 months, only
plants which were treated with spore inocula shosigdificantly higher growth rates than
the control plants. Similar results were obtaingd Ghenet al. (2006) in E. urophylla
inoculated in nursery with spores of the ectomyldaal fungi SclerodermaThe substrate
used in the containers may also influence the nmgczation success. Our assays were
carried out in a mix of peat and perlite. Perlitdpls to maintain a high degree of porosity
(macroporosity) thus enhancing substrate aerasigituation that can facilitate mycorrhizae
synthesis and further growth of the fungi (Gaugtyal, 1991). Substrates usually used in

nurseries, such as composted pine bark and soitureix have been associated to the

144
Mycorrhizal synthesis — Discussion



appearance of pioneer aggressive and highly cotiyeetnycorrhizae, a situation that can
impair further colonization by more interesting dads competitive fungi strains (Rincén
al., 2005; Cheret al, 2006). In our assays, the use of composted anewas avoided and
may have contributed to the success of the myaatioin process. In other species, different
types of substrates have been successfully usédasugotting mix (vermiculite, peat and/ or
sand) inP. pinea(Rincon et al, 2005), andE. urophylla(Chenet al, 2006). However,
further detailed studies must be conducted to ewalin a more precise way the interaction
between substrate and mycorrhizae establishment.

According to Rincoret al. (2001) spore inoculum d®. tinctoriushas been successfully
used in several experiments with differ@musspecies and also witQuercus subeandQ.
rubra. For other species, such Abiesspp.Pinus ponderosandPseudotsuga menziesie
fungus was not effective (Rincdt al, 2001). Our results showed thattinctoriusproved to
be useful forA. unedomycorrhization, promoting a significant increaseheight increment
when dry sporocarps were applied. Moreover, conplaints were fertilized, whereas
inoculated plants were not, this fact may explam similar growth results two months after
acclimatization. According to Quinteiro (2005) mwdozation may help to reduce
application of fertilizers by increasing nutriergtake. This seems to occurAn unedacsince
increased height was higher in mycorrhized plah&ntin those in which a fertilizer was
added to the substrate. In extensive field conaltithis may reduce costs and contribute to a

cleaner environment through the use of more frigadricultural practices.

Field trial observations

Following nursery treatments a field trial was b8tdned with five types of plant material:
inoculated clonal plants (vegetative inocula ang d&porocarps), control plants (not
inoculated), seedlings propagated in the nursedy3amicropropagated selected clones. Only
seedlings and the 3 selected clones were fertilideeh planted in the field. Results, recorded
one year later, showed a survival rate of 97.2%haut significant differences between
treatments. Twenty months after the beginning ef ¢élperiment, plant height and height
increment was higher in both treatments with inated plants (vegetative inocula and dry
sporocarps; P>0.05) than in control plants and Isggd In addition, the control plants
showed the lowest height increment average (P>0T1gse results are in accordance with
those reported by Kosokt al. (2007) showing that mycorrhizatioRifizoscyphus ericae
promotes field establishment afaccinium macrocarpgnstress tolerance and growth,

therefore being an useful tool for the manageméntrop plants. In our experiment no
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differences were found between inoculated treatmehddition of fertilizers is a common
agricultural practice in field plantations by usiagslow release fertilizer. However, as
aforementioned, mycorrhization seems to be a muerdasting option since it is cheaper,
cleaner and improves the physiological conditiohthe plants.

Root analysis indicated that plants of strawberge twere mycorrhized with different
fungi, being one of thenCenococcum geophilumiccording to Inglebyet al. (1990) this
fungal species is the most widely described myceparland easily identified by its black
color with characteristic emanating hyphae (thstkaight, and invariably broken because of
their fragile nature) and mantle surface (compawd aneven) features. This type of
mycorrhizae with emanating hyphae was also obseme8l. unedoroots. According to
Inglebyet al. (1990), the emanating hyphae are absent only heeophilunmycorrhizae
get older. In this condition, others mycorrhiza®vian/black without hyphae may appear
similar (e.g. ITE 5, mycorrhizae identified by lihgte of Terrestrial Ecology, Inglebst al,
1990). Similar conclusions were attained by Richetrél. (2005) who have demonstrated,
through molecular analysis, that #. unedoplants growing in old Mediterrean forest
dominated byQuercus ilex,C. geophilumwas the dominant species in 30 sampled plants.
The same authors were only able to identify thitbercsspecies besid€s geophilumnamely
two Thelephoraceae species dndcybe tigrina The observation oA. unedoroots, twenty
months after field trial establishment, did notwhihe presence d®. tinctorius previously
inoculated under nursery conditions. Fungal pessc is a problem reported by several
authors (Parladét al, 2004; Rincoret al, 2005; Aguedaet al, 2008; Parladét al, 2009).

On the other hand, the presence on the roots obmiyjzae other than the one used for
inoculation may explain the high variability of ptagrowth and hence the lack of
significance.

In our experiments, the use of a non-specific st P. tinctoriusto the field trial
environment might explain its absence in the rott@nty months after field trial
establishment, likely due to the lower competitees of the strain used when compared to
other mycorrhizal fungi. It is critical to know th@reshold colonization level required to
ensure fungal persistence, as well as, screenimgpfistrains for their aggressiveness under
nursery and field conditions, which is a preredaisfor the successful commercial

application of inoculation techniques (Parladél, 2004).
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Inoculation with P. tinctorius and L. deliciosus in vitro conditions

Our experiments showed that after 6 weeks with utaded substrate in vessels the
development ofP. tinctorius mycelium on the substrate was visible to the nakgd.
Moreover, after 5 months on the synthesis tubegngiithe acclimatization process Af
unedo plants, extensive substrate and root colonizabgnP. tinctorius mycelium was
observed. However, similar results were not obskrwgth L. deliciosus Mycorrhizal
synthesis experiments are useful to determine feupdant host compatibility. According to
Quinteiro (2005) there are two relevant applicatiaf mycorrhizae, one directly related to
the promotion of plant growth by enhancing theiygblogical conditions, and other due to
the production of edible mushroonts.deliciosusa fungus producer of edible mushroom is
very well known by its ability to establish mycoiz&e with pine trees (Inglebst al, 1990).
According to Martins (2004), most mycorrhizae funged in nurseries are pioneers, but they
do not have any economic value since they are antbldevelop edible carpophores.
However, they perform important ecological funcipras improving plant growth and
tolerance to environmental stress€enoccocum geophillunHebeloma crustiliniforme
Laccaria bicolor L. laccataand P. tinctorius are the most used fungi in nursery assays
(Martins, 2004; Oliveiraet al, 2010b). The production of edible fungi is lessaleped and
widespread, and has been mainly relate@i@deziaspp., Tuber aestivumT. magnatunand
T. melanosporunproduction due to its high economic value (Qunate2005; Honrubia,
2009b). Some interesting results have been repavitd other species, such &vletus
aereusand B. eduliswith Castanea sativeor Cistus spp. andL. deliciosuswith Pinus
(Martins, 2004; Parladét al, 2004; Aguedaet al, 2008; Honrubia, 2009b)in vitro
mycorrhization withL. deliciosushas been reported for several species naRiela abies
P. contorta Pinus echinataP. halepensisP. mugo P. nigra P. pinaster,P. pinea P.
ponderosaP. radiatg Pseudotsuga menziesk. strobusand P. sylvestris(Parladéet al,
2004). However, data on mycorrhizal inoculationpafes withL. deliciosusunder nursery
conditions are reported only fé. pinea(Parladéet al, 2004). Mycorrhization with another
Lactarius species I{. sanguifluuy seems to be restricted Rseudotsuga menziesind P.
sylvestris(Parladéet al, 2004). Associations betwed@etulaand severalactarius species
(L. glyciosmus, L. pubesceasd L. rufug in natural environments has been also referred
(Ingleby et al, 1990). Fruitbodies observations suggest thaetspscies may be specific to
Betula(Inglebyet al, 1990). Under natural conditions tAeunedagrows in association with
other forest tree species, includi®y pinaster and P. pinea sharing the same forest

environment. Therefore, it seems likely that roofsthese trees might also share some
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mycorrhizae fungi. One purpose of our experimenss w0 determine fungus-plant host
compatibility, betweenA. unedoand L. deliciosusor P. tinctorius, in vitroconditions.
However, arbutoid mycorrhizae, as well as an extensiycelium development were only
observed whelf. tinctorius was tested. The bettar vitro culture ofP. tinctoriuscompared
to L. deliciosusmay explain its better ability to mycorrhizae fatwon. P. tinctoriusshows
an efficient development, consequently easily reacplant roots and establishes the
symbiotic association, hence just 30 days aitewitro inoculation Eucalyptusplantlets
showed good mycorrhizal development (Galiial, 1992). MoreoverP. tinctoriushas an
ubiquitous distribution and tolerates a wide diitgref environmental conditions (Rincét
al., 2001). These data agree with the results we loé@ned which also enabled us to
conclude thaP. tinctoriusgrows fastern vitro thanL. deliciosus.

In our experiments mycorrhizatiodid not cause any detectable loss of vigor in the
strawberry tree plants, even when the substrate raots were totally colonized bk.
tinctorius The treated plants showed a well developed aadched root system with the
presence of secondary roots. Overall, a thick yelboown mantle could be seen with the
naked eye wheR. tinctoriuswas tested. Experiments performed by Giovaneeti. (1989)
in which vesicular arbuscular (VA) mycorrhizal eptigtes were tested oA. unedo
indicated thatonly Glomus microcarpumwas able to establish mycorrhizae with roots
showing longitudinally running hyphae and many rin& vesicles typical of this fungus.
However, seedlings rapidly became stunted and diglin 2 months. The authors also
indicated that the intensive colonizationAfunedoroots byG. microcarpumand the death
of the plants suggest a parasitic more than a sstmkdehaviour of this fungus towards
unedo The genusslomusis well known by its ability to form VA mycorrhigawith several
species such a€orylus avellana(Mirabelli et al, 2009), Juglans regia(Rai, 2001),
Leucaena leucocephal@Puthuret al, 1998),Olea europeaCantoset al, 2009), Panax
quinquefolius(Peterson and Massicotte, 2008yrunus avium(Rai, 2001) andSesbania
sesban(Subharet al, 1998).

During the acclimatization process, we could fihdttwhenL. deliciosuswas tested the
IRi treatment (shoot transfer to the inoculatedssiatbe after root induction) showed a rooting
rate significantly lower than the control plantleisd IRe treatment (shoot transfer after root
expression for 2 weeks). Shoot length of the IRebkts inoculated witlP. tinctoriuswas
significantly higher than that observed with IRedtments. A similar situation was observed
when biomass was evaluatédoreover, IRe allowed for a 100% of both rootinglaurvival

rate, and a more efficient plant grow@<0.01; height increment)lhesefeatures suggest
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that the root development for 2 weeks promoteshéurplantlet development on inoculated
substrate and further acclimatization. These resate consistent with those reported by
Oliveira et al. (2003) in Pinus pinea The authors have found by using rooted shoots
transferred to a inoculated substrate they couletamme the difficulties encountered in the
acclimatization oP. pineamicropropagated plantlets (Oliveieaal, 2003).

When biomass analyses were accomplished no diffesewere found for root biomass.
However, during the initro acclimatization process, it was noticed that roggse neither as
long nor as numerous as in control plants. Howeawat, branching and secondary roots were
common. Similar results were also reported on egtmmhizal fungi of Castaneasativa
micropropagated plants and seedlings (Maréinal, 1996; Martins, 2004). Similarly, when
inoculation with specific fungi strains were tesiadvegetative propagation of conifers the
mycorrhization enhanced root formation as well@s branching ofn vivo cuttings andn
vitro adventitious shoots (Nienet al, 2004). In our case, the biomass ratio (shootfroot
values suggest that the treatment with mycorrhaeluce more balanced plantlets when
compared to the control. Previous experiments Islnevn that root architecture is strongly
related with plant survival during acclimatizatiai micropropagated plants, with plants
possessing a well branched root system displayiglgeh survival rates (Goncalvext al,
1998; Gomes and Canhoto, 2003; Gomiesl, 2003).

Arbutoid mycorrhizae were observad vitro 1 month after inoculation indicating
compatibility betweenA. unedoand P. tinctorius These characteristics combined with
mycorrhizae formation may explain the higher sualirate (100%) observed in our assays.
The positive role of mycorrhization on plant deyeteent following micropropagation has
been reported by a number of researchers. For dgamp/accinium angustifoliumalso an
Ericaceae, mycorrhization was used to improve péalimatization (Ratnaparkhe, 2007).
Other species in which mycorrhization helped to i@ higher levels of plant
acclimatization were, among otherfSastanea sativaMartins, 2010),Corylus avellana
(Mirabelli et al, 2009),Juglans regia(Rai, 2001),Leucaena leucocephal@Puthuret al,
1998),0lea europedCantoset al, 2009),P. pinasterandP. sylvestrigParladéet al, 2004),
Pinus pinea(Oliveira et al, 2003),Rhododendror{Eccher and Martinelli, 2010%esbania
sesban(Subhanet al, 1998),Vaccininium corymbosur(Eccher and No€, 2002) anitis
vinifera (Cantoset al, 2009).

In natural conditions, Giovannegit al. (1989) were able to identify two main types of
mycorrhizae irA. unedo The first type was characterized by a thick blawkntle attributed

to Cenococcum graniformerhe second type of mycorrhizae was characteriged thick
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mantle of closely interwoven hyphae. Histologidaldéees demonstrated that epidermal cells
were completely filled with the mycorrhizal fungus.our study, plants showed mycorrhizae
with a typical arbutoid organization, namely a khimantle, the HN, intracellular hyphal
complexes confined to the epidermis and no evidendA formation. Similar observations
were made by Miunzenberget al. (1992) on arbutoid mycorrhizae &. unedodue to
Laccaria amethysteavhere a well developed mantle, the HN, and a d¢etralar hyphal
complex confined to the epidermis were also presdmse particularities are quite different
from those observed by Fusconi and Bonfante-Fg48l84) on the mycorrhizae & unedo
growing in natural conditions and due to ascomyegfangi where few hyphae occurred and
a true mantle could not be found. Concerning thghhl mantle in arbutoid mycorrhizae
development different observations have been regofthus, irPyrola sp. mycorrhizae, also
classified as arbutoid such as thoseAdfutusand Arctostaphylosthe mature mycorrhizae
are characterized by the presence of numerouscatiméar hyphae, HN, the absence of
sheath and the lack of fungal penetration intodbeex (Robertson and Robertson, 1985).
According to Massicottet al. (1993) inA. menziesjithe outer row of cortical cells develops
a hypodermis showing suberin lamellae in their svalhd a Casparian strip in radial walls,
therefore confining the development of the HN te #pidermis. The same authors also
reported the presence of a variable fungal shéd#sgicotteet al, 1993). In our experiment
the presence of thick yellow-brown mantle was ¢leard the mycorrhizae had a typical
cruciform appearance and a compound structure réigeated branching. This characteristic
was also reported on arbutoid mycorrhizae betweemenziesiand the basidiomycetdéx
tinctorius (Molina and Trappe, 1982; Massicotte al, 1993) orPiloderma bicolor(Smith
and Read, 1997). According to Smith and Read (194%)pattern of branching appears to
arise from precocious initiation of individual leaé roots, rather than by dichotomy of the
root apical meristem as typically seen in ectomsgfurae ofPinus

Nine months after acclimatization (or 14 montheraft vitro inoculation treatment), some
plants in the nursery were examined for arbutoidenhizae and compared to control plants.
All plants (inoculated or not) showed arbutoid myb@zae formation whereas some plants
showed rhizomorphs. According to Ingleby al. (1990) the rhizomorphs are an effective
support to storage and nutrient transport. The ymrtoon of extensive rhizomorphs systems
and their ability to enhance water supply appeatsetrelated to the ability of mycorrhizee
increase drought tolerance (Cairney and Chambé&87)1 The common explanation of
improved water uptake by mycorrhized compared to-mgcorrhized plants is the strongly

increased absorbing surface caused by soil grovayighae combined with the fungal
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capability to take up water from soils with a lowénore negative) water potential
(Marjanovic” and Nehls, 2008). Regardless of howecessful has been the vitro
mycorrhization and plant field behavior it is ofethutmost importance to monitor the
persistence of the inoculated fungi in the fiéd@veral molecular techniques have been used
for intraspecific and specific characterizationttoé inoculated fungal strains (Parlaetéal,
2009). Among them Real-time PCR and Terminal Resin Fragment Length
Polymorphism/T-RFLP have been applied for trackimgydynamics of mycelium in different
experimental conditions such as field persistericth® inoculated fungus in experimental
plantations and competition of the introduced funguth native mycorrhizal fungi (Dickie
and Fitzjohn, 2007; Parladst al, 2009). In the current study, the sequences sesultthe
ITS region were compared with those of the Blastalolase. Twelve months after
acclimatization (or 17 months aftir vitro inoculation treatment) the reaction products,rafte
PCR with ITS1F and ITS4 primers, were sequenced.sHyuences identification showed the
presence of mycorrhizae fungi on plants growinthennursery. However, the analysis of the
sequences amplified showed that the arbutoid migizare were not due t®. tinctoriusor L.
deliciosus colonization but rather a consequence Tofelephorasp. andHebelomasp.
mycorrhization These are also basidiomycete fungi. According tgleloy et al. (1990),
Hebelomamycorrhizae are frequently associated with youegdrof different species, and
may be considered “early stage” fungiebelomaare particularly common on tree nurseries
and greenhouse potting composts, and in these tcomslitend to dominate root systems
impairing colonization by other species of funghelephoramycorrhizae are particularly
abundant on seedlings growing in greenhouses puigeries. These kind of mycorrhizae is
unspecific, are common in a wide range of habitatg] are also considered of the “early
stage” (Garbaye, 1990; Ingleley al, 1990). In additionThelephorais usually dominant, as
fruitbodies are abundant and perennial, spreadpwes throughout the year and well
adapted to extreme temperatures (Garbaye, 199@geTteatures may help to explain our
results observed 12 months after acclimatizatiost@wberry tree plants. Results obtained
by Parladéet al. (2004) inP. pinasterandP. sylvestrisare in line with these datin fact,
they found that one-year old plants growing inniaesery showed levels of colonization with
L. deliciosushighly reduced (50% and 2% f&. pinasterand P. sylvestrisrespectively).
Fungal persistence is a common problem followingconshization and has been often
reported (Parladét al, 2004; Rincoret al, 2005; Aguedat al, 2008; Parladét al, 2009).
The results now reported clearly show tlrat tinctorius can be successfully used to

promote arbutoid mycorrhization l. unedoplants. Moreover, it was demonstrated that this
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fungus improves the survival rate of micropropadgiantlets (P>0.05). These assaysnof
vitro mycorrhization showed that further researcheshacessary before delivery of selected
mycorrhized strawberry tree plants to the farmiergcrease income and to reduce the inputs
necessary for plant growth. Additional assays @nrttycorrhization ofA. unedoplants will

be focused on the selection of more competitiveg&lirstrains and on the threshold fungal
colonization level required to increase the freqiesnof mycorrhization. The optimization of
the mycorrhization process to assure mycorrhizgpersistence during further plant growth
must be also subject of analysis. A molecular stiadgharacterize mycorrhizae formation
and a time-course analysis of the mycorrhized rdwdsh at the cytological and molecular
levels will be also helpful to better understance tinteractions between roots, the

mycorrhizae fungi and other fungi that can intexfetith the mycorrhization process.
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APPENDIX

Appendix Table 1- ANOVA: effect of different inoculation treatmentsith P. tinctorius plus control on
plants’ height increment\{) evaluated 2 and 4 months after inoculation umdesery conditions.

Height increment 2 months after treatment appbcat

Height increment 4 months after treatment ajapibbn

Source SS d.f. MS F p Source SS d.f. MS F p
Treatment| 3.58 2 179 0.261 0.770644  Treatment 565%5.53 2 7€82.12.784 0.000008**
Error 1029.37 150 6.86 Error 3207.14 145 2212

*Significant at 0.05; ** Significant at R0.01; (Treatments tested: C1C - control plants aegbto the C1IM
- myceliumin vitro produced on liquid medium; and C1S - dry sporogavater mixed).

Appendix Table 2 — ANOVA: effect of the different treatments tested two variables: plants height and
height increment evaluated 20 months after figl &stablishment.

Height (H20 months o)

Height increment (Ho months ol H 0)

Source SS df. MS F p Source| SS d.f. MS F p
Treatment| 4512.05 6 752.01 1.153 0.34 Treatment 5.888 6 214.23 0.320 0.93
Error 83492.09 128 652.28 Error 85818.72 128 0.49

Treatments tested: 3 mycorrhizal treatments, Itmdeclones and seedlings.

Appendix Table 3—- ANOVA: effect of the different treatments of noychizal synthesisn vitro conditions
with P. tinctoriusor L. deliciosuson shoots (in vessels), on different variablesting rate (%); number of roots

(NR); length of the longest root (LLR); length bEtshortest root (LSR) and final shoot length (SL).

Treatments: substrate inoculate withPisolithustinctorius

Treatments: substrate inoculate withL actarius deliciosous

Rooting % (arcsine transformation)

Rooting % (arcsire transformation)

Source SS df MS F p Source SS df MS F p
Mycorrhiz. treaf] 3113 2 155.6  0.6738 0.526415 Mycortieat| 2824.16 2 1412.08 4.3385 0.0342*
Error 3002.9 13 2310 Error 4556.64 14 325.47
Number of roots Number of roots
Source SS df MS F p Source SS df M5 F p
Mycorrhiz. treatl 295813 2 147.907  6.0530 0.003]** Mybar treat| 45250 2 22.625 1.5550 0.22001
Error 1759.333 72 24.435 Error 829.333 57 14550
LLR (mm) LLR (mm)
Source SS df MS F p Source SS df M5 F p
Mycorrhiz. treatf 11501.64 2z 5750.82 30.3474 0.0009** Mphiz. treat 18533 2 92.66 0.8297 0.4414
Error 13264.99 70 189.50 Error 6366.20 57 111.69
LSR (mm) LSR (mm)
Source SS df MS F p Source SS df M5 F p
Mycorrhiz. treaf 1298.52 2 649.26 13.1597 0.000¢** Mybdr treat| 274.443 2 137.222 3.53299 0.0558*
Error 3305.57 67  49.3 Error 2213.8683 57 38.840
SL (mm) SL (mm)
Source SS df MS F p Source SS df M5 F p
Mycorrhiz. treat] 7246.3 2 3623.1 11.2743 0.000¢** Mydcamrtreat 1911 2 956 0.837 0.4..75
Error 23138.L 72 3214 Error 6141.6 57 107.7

*Significant at 0.05; ** Significant at R0.01. Treatments tested: IRe, IRi, NI.
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Appendix Table 4 — ANOVA: effect of the different treatments of noychizal synthesisn vitro conditions
with L. deliciosus(in vessels), 6 weeks after shoots transfer tartbeulated substrate on different variables:
shoot biomass; root biomass; biomass ratio (shamt)/r

Shoot biomass (dry matter mg)

Root hiomass (dry mar mg)

Biomass ratio (shoot / root; dry matter)

Source SS df MS F p | Source SS df MS F f Source 8S df MS F p
Mycorrhiz. treat. 79252 2 396.26 3.413 0.04%9* Factor 024 Z 0.0137 0.065 0.9B7 Factor 1228.67 2 614.33 2.8346.078
Error 2786.22 24 116.09 Error  5.0600 24 0.2108 Errcr  520244216.79

*Significant at K0.05; ** Significant at R0.01. Treatments tested: IRe, IRi, NI; (Biomasg: dhratter, after

48hours/65°C).

Appendix Table 5— ANOVA: effect of the different treatments of noychizal synthesisn vitro conditions
with P. tinctorius(in vessels), on shoots 2 months after acclimatizaon different variables: survival rate (%)

and plants’ height increment.

Sunival % (arcsine transformation)

Plants height increment (cm)

Source SS dil  MS F p Source SS df MS F p
Mycorrhiz. treat] 329.450 2 1647 1.197 0.333p Mycorrtreat. 94.009 2 47.005 13.1271 0.00002**
Error 1788.44 13 1376 Error 222.006 62 3.581

*Significant at 0.05; ** Significant at R0.01. Treatments tested: IRe, IRi, NI.
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5 - Genetic similarity studies inArbutus unedo L. (strawberry tree) using
molecular markers

Part of this chapter was submitted to an international jou

Part of theseesults was present in the following congresses:
Oral presentation:

Gomes, F., Costa, .RRibeiro, M.M., Canhoto, J.I 2010. Genetic similarity studies i
Arbutus unedd.. (strawberry tree) using microsatellit28" International Horticultura
Congress, Scree and Horticulture for Peo| (ISHS), Lisboa, pAbst531

Poster presentations:

Gomes, F., Costa, R., Ribeiro, M.M., Figueiredq, @&anhoto, J.M., 201(DNA markers to
study genetic diversity and fingerprint Arbutus unedal. (strawberry tre). XXXV
Jornadas Portuguesas de Genética. SPG, Univ. dwolVBraga, pAbs 70.
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Arbutus unedd.. genotype« genetic and geographic clustering using RAPD mar28"
International Horticultural Congress, Snce and Horticulture for Peoj (ISHS), Lisboa,
p. Abst555.
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5 GENETIC SIMILARITY STUDIES INARBUTUS UNEDQ.. (STRAWBERRY
TREE) USING MOLECULAR MARKERS

5.1 ABSTRACT

The objective of this study was to assess the gemtersity in 27 Arbutus unedo
genotypes from 9 provenances by molecular marlikasdom amplified polymorphic DNA
(RAPD) and microsatellite markers (SSR) were usBde set of 20 RAPDS primers
generated 124 bands, being 71 of them (57.3%) pmiyhic. The expected heterozygosity
was 0.27+0.014. The Lynch (1990) similarity coaffit was used to make an UPGMA
dendrogram, and the tree topology was tested thr@ud/antel test. This test showed a
moderate correlation yet significant (r= 0.64; P¥1). The cluster analysis revealed a
similarity of 83% among trees. In addition, someagpes shared as much as 95% of the
bands. No genotypes could be grouped accordingeio geographical location. Furthermore,
no association was found between genetic similaaitg geographical distances matrices
after a normalized Mantel computed statistic (1810P<0.57).

Some of the microsatellite markers (SSR) frgaccinium(an Ericaceae a&. unedd used
by Bocheset al (2005) and Bassiét al (2006) were tested. Eleven SSR primers were
selected according to the polymorphism level, thelper of alleles pdocus the number of
species amplified, the allele scoring quality ahd tepeat motif. Nine of these primers
produced amplified products, 5 SSBci were polymorphic, with 75% mean expected
heterozygosity, 11.6 mean number of alleles, arfd 61 average polymorphic information
content. A mean homozygote excess was found (Fi$stosignificant. Estimation of null
allele frequency was about 7.6% on average. Thehyh990) coefficient showed a degree
of allele’s similarity between genotypes up to 82¥he Mantel test confirmed the tree
topology (r=0.75; P<0.001). No genotypes were geoupccording to their geographical
origin, in accordance with RAPDs analysis. Mangsttalso confirmed lack of correlation
between genetic and geographical distances matsewell as the absence of correlation
between pair-wise markers matrices (Lynch, 199@dwRed gene flow, due to fragmentary
distribution and/or the reproductive system of gpgcies are plausible explanation for these
results. These markers proved to be useful foh&urgenetic similarity studies, germplasm

fingerprinting and conservation.

Key words: cross amplification; Ericaceae; fingerprRAPDs; SSRs.
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RESUMO

O objectivo do presente estudo foi avaliar a didexde genética entre 27 gendtipos, de 9
proveniéncias, dérbutus unedpcom recurso a marcadores moleculares. Como naesd
moleculares foram utilizados RAPD e microsatélg@SR). Um conjunto de 20 primers
RAPDs gerou 124 bandas, sendo 71 polimdrficas ¢b)/,B heterozigocidade esperada (He)
foi de 0,27+0,014. O coeficiente de similaridade ldach (1990) foi utilizado para a
construcdo de um dendrograma (UPGMA), cuja topaldgi testada através do teste de
Mantel. Este teste mostrou uma moderada correlag@da que significativa (r= 0,64;
P<0,001). A andlise de clusters revelou uma siiddae de 83% entre arvores, chegando
alguns genotipos a partilhar 95% das bandas. Nermnsngendtipos foi agrupado de acordo
com a sua origem geografica. Também, néo foi ermd@tnenhuma associacdo entre as
distancias das matrizes genética e geografica,isideonormalizadas e analisadas pelo teste
de Mantel (r=0,01; P<0,57).

Foram testados microsatélites (SSR) identificadwaaccinium(uma Ericaceae con.
unedq por Bochest al (2005) e Bassit al (2006). Onze primers foram seleccionados de
acordo com o grau de polimorfismo, o0 nimero dealpbrlocus(Na), o nUmero de espécies
em que foram observados produtos de amplificacdquadidade de amplificacdo do(s)
alelo(s) e o tipo de motivo repetitivo. Nove desf@smers produziram produtos de
amplificacdo, 5 SSRoci apresentaram polimorfismo, com 75% de He, 11,6 anédiNa, e
71 % PIC (informacédo sobre o grau de polimorfisn@)alor médio relativo ao coeficiente
de consanguinidade (Fis) foi de 7%, nao signifiwatiA frequéncia de alelos nulos foi
estimada com um valor médio de 7,6%. O coeficidetéynch (1990) mostrou um grau de
similaridade entre genotipos até 82%. O teste dentéllaconfirmou a topologia do
dendrograma (r=0,75; P<0,001). Nenhum dos gendétipbsagrupado de acordo com a
origem geografica, confirmando os resultados olaslersy com os marcadores RAPDs. O
teste de Mantel também confirmou a falta de cogéelaentre as duas matrizes genética e
geografica, bem como a nédo existéncia de correlagfi®@ as matrizes geradas pelos dois
marcadores (Lynch, 1990). O reduzido fluxo genetitmvido a distribuicdo fragmentada da
espécie e/ou o tipo de sistema reprodutivo sdospeis explicagcbes para os resultados
observados. Estes marcadores provaram ser Uteisepardos futuros sobre a similaridade

genéticafingerprintdo germoplasma e a conservacao da espécie.

Palavras-chave: amplificacdo cruzada; Ericaceagefprint; RAPDs; SSRs.
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5.2 INTRODUCTION

The strawberry treeAfbutus unedd..) is an evergreen shrub-like or small tree bgiog
to the Ericaceae family, with a circum-Mediterramelgstribution, growing where frost is not
very usual (Torreset al, 2002). This species, according to the InternalicdDentre for

Underutilized Cropswww.icuc-iwmi.org) (International Centre Underutilized Crops, 2009)

and the Global Facilitation Unit for Underutiliz&pecies (www.underutilized-species.org/)
(Underutilized-species.org, 2008) falls in the gaty of NUCs (neglected or underutilized
crops) is an undervalued fruit tree, with differpotsible commercial usages from processed
and fresh fruit production to ornamental, pharm#caland chemical industrial applications
(Celikel et al, 2008). In addition, it is fire resistant and owgito its pioneer status it is
valuable for land recovery and desertification daoice (Piottet al, 2001).

In Portugal, this species occupies circa 15,50Qviakely distributed across the country
(Godinho-Ferreirat al, 2005), but as far as we know its genetic diversiatus is unknown.
Fruits are usually collected from spontaneous {gglalving plants of unknown genotypes
which are then forgotten until the next year. Thal@ation of germplasm is necessary since
the success of plant breeding and conservationndispen the breath of the available genetic
diversity. In strawberry tree the variation of difént morphological characteristics is
substantial according to a study made in one dpengigion of the country — Algarve
(Cardoso, 2004). Nevertheless, genetic variatideried using the classical quantitative
analysis of phenotypic traits is problematic du¢h® environmental influence, the polygenic
character of some traits, and the time and cost®tteeve the information. Therefore, to
circumvent those problems DNA-based markers hayedlsa overtaken these classical
strategies to obtain the requested genetic vait\ahihd fingerprinting information (Parket
al., 1998; Joshiet al, 1999; Bellet al, 2008; Chawla, 2009). According to Whige al
(2007) three PCR-based molecular marker types baea widely used to analyse genetic
diversity in forest trees: 1) Random amplified potyphic DNA (RAPD); 2) Amplified
fragment length polymorphisms (AFLPs) and 3) Sing@quence repeats (SSRS).

Random amplified polymorphic DNA (RAPD) markers dvased on the use of short
primers of arbitrary sequence to generate PCR &ogtlon products, in low stringency
conditions, from genomic DNA (Williamet al, 1990). This technique does not require
sequence information or laborious cloning, thus thethod’'s speed, sensitivity and
versatility make it suitable for a rapid survey mdlymorphisms. The advantage of this
technique is the simplicity of the system and tleéatively low cost (Rafalski, 1991;
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Namkoong and Koshy, 2001; Chawla, 2009) featuras riake them particularly useful to
evaluate heterozygosity in species for which theliss of genetic variability are scarce or
absent, as inA. unedo (Namkoong and Koshy, 2001). However, RAPDs havmeso
limitations such as their inheritance as dominaatkars, and the extreme sensitivity to small
modifications in PCR protocols making difficult tompare and reproduce results. In spite of
these limitations, RAPDs have been used to evalgatestic diversity in several woody
species such aArgania spinosa(Majourhatet al, 2008), Castanea sativgSeabraet al,
2001), Juglans regia(Niceseet al, 1998), Morus sp. (Bhattacharyat al, 2005), Olea
europaeaBesnardet al, 2001; Figueiredo, 200,/lPrunusspp. (Martinset al, 2001; Quarta
et al, 2001; Ryaret al, 2001) andVitis spp. (Regneet al, 2001)as well asspecies of the
Ericaceae family such &%alluna vulgaris(Borchertet al, 2008),Leucopogorsp. (Zawkoet
al., 2001),Menziesiaspp. (Makiet al, 2002),Rhododendrorspp. (Jairet al, 2000; Milne
and Abbott, 2008) an®&/acciniumspp. (Levi and Rowland, 1997; Burghet al, 1998;
Vander Kloet and Paterson, 2000; Albest al, 2003, 2004; Burgher-Maclellan and
Mackenzie, 2004; Garkava-Gustavsson, 2004; Alsiead, 2005; Debnath, 2007).
Microsatellites (SSR) are currently widespreaarkers for fingerprinting, inbreeding and
genetic structure studies, among others, becaudenfhigh polymorphism, co-dominance,
multiallelism and automation analysis (Goldsteid &chlotterer, 1999; Erikssat al, 2006;
White et al, 2007). Moreover, SSRs are quite polymorphic, Wheakes them useful for
identification of single individuals (Erikssoet al, 2006). Their identification is a very
expensive and time-consuming process, which gdperabuires the construction and
screening of a genomic library. One strategy todase the efficiency of the identification of
microsatellite regions is to transfer SSR marker®ss closely related species (Whittein
al., 1997). Those markers have been successfully tassecreen polymorphism in members
of the Ericaceae family such &alluna vulgaris(Borchertet al, 2008), Erica coccinea
(Segarra-Moraguest al, 2009),Monotropa hypopity¢Kloosteret al, 2008),Phyllodocesp.
(Kameyameet al, 2006),Rhododendrorspp. (Kondcet al, 2009; Taret al, 2009; Wanget
al., 2009; Wanget al, 2010) andvacciniumspp. (Levi and Rowland, 1997; Bocheisal,
2005; Bassikt al, 2006; Bassikt al, 2010; Debnath, 2010; Hirat al, 2010).
The objective of this work was to test 20 RAPD mis and to cross-amplify 11
microsatellites from 1¥acciniumspecies irA. unedagenotypes, in order to develop a set of
markers to suitably fingerprint and uncover gendiiersity in this specidpr breeding and

conservation purposes.
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5.3 MATERIAL AND METHODS

5.3.1 Plant material and DNA extraction

We have defined nind. unedoregions in Portugal and 3 trees were sampled fagh
region (Fig. 1). In two regions (AL and IM, Fig. the plant material was collected from trees
selected based on fruit production and qualityhanothers the trees were sampled in natural
stands were such information was not available.

The twenty-seven trees were sampled as follows. (Ejg 3 in the north, growing on
granitic soils (Gerés Mata de Albergaria - GMA)in6the centre, near Coimbra (C; ESAC
growing on sandstone and calcareous derived s@ilggcessions were from selected trees
growing on schist-derived soils (Serra do Acor &erra de Alvélos - IM and AL,
respectively); 3 in the east, growing on schisivder soils (Serra da Gardunha - PAS); 3 in
the west, growing on calcareous soils (Serra dabda - AJS) and 6 in the south (3 from SE
and 3 from SW, respectively from Barranco Velho &wtdade da Parra — BVN and HPN),
growing also on schist-derived soils. The treesmfi®erra da Gardunha are routinely used as
a source of seeds for plant propagation for a mur@®@de PAS; Fig. 1). In the south region
whereA. unedois widely distributed and with the longest tramiitiof commercial use, six
wild-growing trees were sampled from 2 provenandesn Barlavento and Sotavento,
western and eastern Algarve, respectively.

Young leaves were harvested from adult trees aodght to the laboratory, frozen in

liquid nitrogen and stored at -80°C. DNA was exiedcusing the DNeasy Plant Mini kit
(Quiagen).

165
Molecular Markers — Material and Methods



P" ‘ Spain Provenances| Code Location
I’

Au 7
8’\ GMA Au 10 Gerés, Mata de Albergaria

GMA Au 22
Au 3
17 C Au 1l Coimbra
Au 15
Au 21
C ESAC Au 23 Coimbra
Q- oM Au 27

Au 13
North ESAC O AS IM Au 16 Serra do Agor

Atlantic O Au 24
Ocean C Au 6

PAS Au9  Serra da Gardunha
Au 19
Au 2
AL Au5 Serra Alvélos
Au 17
Au 1
AJS Au 20 Serra da Arrabida
Au 25
Au 4 N
HPN AU 8 Algarve, Sdo Marcos da
Au 28 Serra
Au 12
BVN Au 18 Algarve, Serra do Caldeirdo
Au 26

..
S~

-~
SS

Figure 1 — The map indicates the provenances of the sampladriadafrom different regions of Portugal
whereas the chart gives an indication of the palgrclocations where the plant material was coidcind its
respective code (*Distribution in EuropeAf unedg Bot. Sist. http://luirig.altervista.org/gifeurlii® 724.gif).

5.3.2 Random amplified polymorphic DNA (RAPD)

Twenty arbitrary primers, decamer oligonucleotittesn Operon Technologies Kit C (OPC),
were tested (Table 1). All PCR reactions were mep@s master mixes for each primer to
minimize errors. PCR were performed in a 13.5 gdure containing: 2.5 mM Mgg| 0.2
mM of each dNTPs, 2 uM of primer, 0.5 U of Taq Digalymerase in 1 X reaction buffer
and 50 ng of genomic DNA. The initial denaturatgiap(5 min, 94°C) was followed by 35
cycles of 30 s at 94 °C (denaturation), 45 s aC3ahnealing) and an extension step of 90 s
at 72 °C. At the end of the cycles, a final extenstep at 72°C for 10 min was performed, to
guarantee that all annealed templates were enpaiymerized. The PCR reaction products
were separated by electrophoresis in agarose gébojwith Sybr safe DNA (1.5u1/100 ml).
The amplified products from RAPDs primers were &tggthoresed and bands were

visualized under UV light with the help of fragmesiee standard.
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Table 1 -Sequences of the arbitrary primers from Operon fieldgies Kit C (OPC) used in this experiment.

Primen Sequence 5-3'  Primer Sequence 5-3'  Primer Sequen&& &' Primer | Sequence 5-3'
OPC-1TTCGAGCCAG OPC-6 GAACGGACTC OPC-11 AAAGCTGCGG OPC-16 CACRCCAG
OPC-ZGTGAGGCGTC =~ OPC-f GTCCCGACGA OPC-12 TGTCATCCCC  OPC-17 TCCCCAG
OPC-3GGGGGTCTTT  OPC-8 TGGACCGGTG ~ OPC-13 AAGCCTCGTC  OPC-18 TGBGGTG
OPC-4CCGCATCTAC =~ OPC-9 CTCACCGTCC OPC-14 TGCGTGCTTG  OPC-19 GCTAGCC
OPC-5 GATGACCGCC OPC-10 TGTCTGGGTG  OPC-15 GACGGATCAG (®ACTTCGCCAC

5.3.3 Simple sequence repeat genotyping

Eleven SSRs were selected according to previoudsestperformed in the geni&ccinium
of the same family tha@. unedo by Bocheset al (2005) and Basskt al (2006). The
selection was based on a series of characterigbgsd on that studies, namely the
amplification and polymorphism detected within\I&cciniumspecies, the number of alleles
perlocusof 30 SSRloci evaluated in 1Vacciniumcultivars, the allele scoring quality and
the repeat motif. These characteristics are sunzethion table 2.

Table 2 —Characterization of the eleven primers,(fd M;,) used inA. unedo This selection was based on the
works of Boches (2005), Bochesal (2005) and Bassét al. (2006).

Primers Repeat Primer Sequence (5’ to 3) "Amplification  Allele
motif /Polymorphism  Nb’

M ;- CA169F | (GAT), F- Tag Tgg Agg gTT TTg CTT gg 10/6 5
R- gTT TAT CgA AgC gAA ggT CAA AgA

M, — CA421F| (CT)ys F— TCA AAT TCA AAg CTC AAA ATC AA 11/10 14
R- gTT TAAQgA TQA TCC cGA AgC TCT

M 35— CA855F | (GA)14CGA)s F—CgC gTg AAA AAC gAC CTA AT 12/6 10
R-gTT TAC TCg ATC CCT CCACCT g

M 4, — NA80O (TC)13 F - CAATCC ATT CCA AgC ATg Tg 12 /12 31
R- gTT TCC CTA gAC cAg TgC CAC TTA

M 5 — NA398 (AAAT) s F-TCC TTg CTC CAg TCC TAT Gc 10/7 5
R-gTT TCC TTC CAC TCC AAg ATg C

M¢¢—VCC_K4| (TC)g(TC)12 F—-CCTCCACCCCACTTT CATTA 9/8 14
R- gCA CAC Agg TCC AgT TTT Tg

M ;— CA794F | (GA)1. F—-Cgg TTg TCC CACTTCATCTT 12 /10 10
R-gTT TgA ATT Tgg CTT Cgg ATTC

M g — NA961 (TAC)s F - TCA gAC ATg ATT ggg gAg gT 10/3 6
R- gTT Tgg AAT AAT AgA ggC ggT ggA

M ¢— NA1040 | (TC)y; F- gCA ACT CCC AgACTT TCT CC 10/8 15
R- gTT TAg TCA gCA ggg TgC ACA A

M 10— NA741 (TC)g F-gCCgTCgCCTAgTTgTTg 10/7 14
R-gTT TgA TTT Tgg ggg TTA AgT TTg C

M 11— VCC_12| (CT)u4 F- Agg CgT TTT TgA ggC TAA CA 10/8 10
R- TAAAAg TTC ggC TCg TTT gC

"Amplification and polymorphism within 1®%acciniumspecies and the number of alleles loeus of 30 SSR
loci evaluated in 1¥acciniumcultivars.
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All PCR reactions were prepared as master mixesdoh primer to minimize errors. PCR
were performed in a 13.5 pl volume and similarly the previously described RADP
markers. PCR reaction conditions previously descrilioy Bocheset al (2005) were
optimized forA. unedao improve allele scoring quality. The optimum ealing temperature
(Ta°C) for a primer pair was determined by PCR igridrom 55°C to 65°C. After the initial
denaturation step at 94°C for 4 min, DNA was arggifor 35 to 40 cycles in a thermocycler
programmed for 45s denaturation step at 94°C, adbsaling step at the optimum annealing
temperature of the primer pair, a 45s extensign at&2°C and a final extension step at 72°C
for 30 min in a total of 6 steps. Since the prim@Asl69F and NA741 showed multiple peaks
a touch-down for these primers was tested in PGRtians with 9 steps instead of 6. Two
Ta°C for 30 s were performed (62°C and 57°C foardd 30 cycles, respectively). The PCR
reactions were repeated at least four times inrotmeconfirm the reproducibility of the

results. The conditions used for each primer adecated in table 3.

Table 3— Conditions of the PCR reactions used for theediffit SSRs primers MacciniumandA. unedo

Primers T, (°C)"* Allele size Allele size Allele PCR
rangé (bp) rangé (bp) scoring- 2 A. unedo
M, - CAL169F 62 109-130 109-136 G To 62-57
M, — CA421F 60 180-250 153-230 S, P 35 cycles
M3 — CAB55F 64 250-300 225-258 G 40 cycles
M 4 — NA8O0O 60 230-290 180-287 S, M 40 cycles
Ms — NA398 56 210-240 211-232 G 40 cycles
Mg - VCC_K4 62 150-300 169-300 S 40 cycles
M, — CA794F 60 220-290 141-226 S 40 cycles
Mg — NA961 60 205-220 176-201 G 35 cycles
Mg — NA1040 60 180-270 173-263 S 40 cycles
M1o— NA741 58 240-290 247-300 S To 62-57
M1 —VCC_12 62 200-275 205-245 S, P 40 cycles

'Bocheset al. (2005) and“Bassil et al. (2006) for Vaccinium species. J°C) - Optimum annealing
temperature. Allele scoring quality (G- good; Ssttr; P- split peaks; M-multiplici). To - Touch-down
PCR reactions. See text for more details.

The success of the PCR reaction was verified imosgagel and observed under UV light
as indicated in the previous section for the RAB&tion.

For allele scoring and sizing, fluorescently labélforward primers (FAM, HEX, or NED)
and unlabelled reverse primers were used. The R@&ion’s products were diluted with HI-
DI formamide for denaturation, and ROX marker wddeal. The amplified products were
denatured and visualized in an automatic sequgAdgir 310 Applied Biosystems) and the
results were scored using Genescan software (ApBliesystems).
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5.3.4 Diversity estimates

5.3.4.1 Random amplified polymorphic DNA (RAPD)

The 20 RAPD (OPC) fragments obtained for all theg2rotypes were scored in the form
of a binary matrix where 1 represented presenceOaalbisence of a band. This matrix was
used to evaluate pair-wise genetic similarity, gited with the Lynch similarity coefficient
(Lynch, 1990) and an unweighted pair group withlthanetic average method (UPGMA)-
based dendrogram was built using tmesys-pc software package (Rohlf, 1997), version
2.02i (http://www.exetersoftware.com/). The rellapi of the generated dendrogram was
tested through a Mantel test by bootstrap analygis 1000 permutations. The Mantel test
statistic was computed to measure the degree eafiarship between geographical and
genetic distance using tivxcomp module of thenTsys-PC software package, version 2.02i.

The genetic diversity analysis was carried out gisihe AFLP-SURYV, version 1.0,
software. The diversity parameters comprised thmbar of polymorphicloci and the
expected heterozygosity (He) also called Nei's géimersity (Nei, 1987). The geographical
distance matrix between every two individuals washpared with the genetic similarity

distance matrix known as the Lynch coefficient (€lyn1990).

5.3.4.2 Microsatelliteg(SSRs)

The diversity parameters and the polymorphic infation content (PIC) (Botsteiat al,
1980) were computed in ti#e unedogenotypes per microsatellite polymorphaci using the
Cervus 3.0 software (Marshadt al, 1998). The diversity parameters comprised thebarm
of alleles (Na), the observed heterozygosity (Hbg expected heterozygosity (He) (Nei,
1987), and the fixation index (Fis) (Weir and Catken, 1984). The magnitude of
inbreeding can be measured by comparing the agtapbrtion of heterozygous genotypes in
a population (Ho) with the proportion that would peoduced by random mating in an
idealized Hardy-Weinberg population (expected loatggosity, He). This measure, called
the inbreeding coefficienis symbolized by Fis, and defined as Fis=1-(Ho/Hdjerefore,
Fis measures the reduction in heterozygosity kaddt a random mating population with the
same allele frequencies. The polymorphism inforamationtent value is commonly used in
genetics as a measure of polymorphism for a madars The PIC values mealoci

169
Molecular Markers — Material and Methods



uninformative if < 0.30, moderately informativedf3—0.59 or highly informative i 0.60
(Mateescuet al, 2005).

Hardy-Weinberg equilibrium (HWE) was tested for ledmcus (Markov-Chain method).
The Null allele frequencies (Null) perloci were estimated by using a maximum likelihood
EM algorithm. Linkage disequilibria (LD) tests wererfoemed for allloci combinations.
The HWE test, Null and LD were computed with tligenepopsoftware. Genetic similarity
was accessed using (the same coefficient descabede for RAPDs) the Lynch coefficient
(Lynch, 1990), computed with thersys-pc software. This coefficient is based on bands or
alleles sharing and measures the expected DNAasityilof two unrelated individuals, such
as similarity due to chance, by state, not by dagscof relatives (Lynch, 1990; et al,
1993). Therefore, it is well adapted to our sangphmd to the current genetic diversity study
based on RAPDs and SSRs markers. A UPGMA-basedagnath was constructed in which
reliability was tested through a Mantel test, ascdbed above. The Mantel test was also
used to measure the degree of relationship betgeegraphical and genetic distances and to
test the relationships between the two moleculakera matrices.
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5.4 RESULTS
5.4.1 Random amplified polymorphic DNA (RAPD)

From 20 RAPDs (OPC) tested 19 showed amplificatmoducts and 16 showed
polymorphic profiles. As an example, Fig. 2 illadegs the amplification products of the

c-i:_)'ﬂtifol

Figure 2 — The agarose gel of the amplified products from GPRAPD marker after electrophoresis and
visualized under UV light. Polymorphic bands ardigated by yellow and rose arrows whereas mononmorph
bands are signaled by blue arros.unedogenotypes are referred from Al to A28. A14 and APS samples
of the same genotype and 0 is the control withddAD

The group of 19 RAPDs that showed amplificationdueis generated a total of 124 bands,
57.3% of which were polymorphic (71 of theei) as indicated in table 4.

Table 4— Resume of the results obtained with the 20 OR@grs used in RAPD analysis Af unedo

Primer | Number of Range size Polymorphic bands

OPC bands (bp) number (%)
OPC1 7 500 - 2000 4 (57.1 %)
OPC 2 6 200 - 1200 2 (33.3 %)
OPC 3 8 400 - 1500 5 (62.5 %)
OPC 4 9 400 - 2000 5 (55.6 %)
OPC5 pe300 - 300 - 1500 3 (50.0 %)
OPC 6 9 300 - 2100 6 (66.7 %)
OPC7 4 400 - 1450 2 (50.0 %)
OPC 8 4 400 -1200 0 (0.0%)
OPC9 5 650 - 1700 2 (40.0 %)
OPC 10 10 300 - 1500 8 (80.0 %)
OPC 11 13 220 - 1600 12 (92.3 %)
OPC 12 8 400 - 2000 6 (75.0 %)
OPC 13 9 500 - 1700 4 (44.4 %)
OPC 14 5 650 - 2100 1 (20.0 %)
OPC 15 0 - -
OPC 16 7 400 - 1900 5 (71.4 %)
OPC 17 1 1600 0 (0%)
OPC 18 5 300 - 1800 3 (60.0 %)
OPC 19 7 540 - 1900 3 (42.9 %)
OPC 20 1 400 0 (0%)

total 124 200 - 2100 71 (57.3 %)
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In figure 3 the UPGMA dendrogram built up with geaesimilarity pair-wise values
calculated with the Lynch similarity coefficient yhch, 1990) is displayed. The cluster
analysis revealed a similarity of 83% among genegyp@\dditionally, some genotypes shared
as much as 95% of the bands, however without aistens geographic pattern as can be seen
with the genotypes Ad and Ayy (from BVN and ESAC provenances; see Fig. 1 fothier
details).

083 0.86 0.89 0.92 0.95
Lynch 1990

Figure 3- Genetic similarity analysis of 2X. unedogenotypes using the Lynch coefficient (1990) bamed 9
of the 20 primers that showed amplified PCR prosluct

The Mantel test confirmed the UPGMA tree topologpd a moderate correlation yet
significant was obtained (matrix correlation: r=0.6<0.001). The expected heterozygosity
(He) was 0.27+£0.014 (SE). No genotypes could bemgd according to their geographical
origin. The Mantel test confirmed that there was cwrelation between genetic and

geographical distances matrices (matrix correlatier®.01; P<0.57).
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5.4.2 Microsatellites (SSRs)

The results of SSRs analysis using eleven prinre/s unedoare shown on table 5. The
primers pairs are characterized based on the repesif, the optimum annealing
temperature, the existence of amplification proswantd polymorphism, anthe allele size
range. Nine out of the eleven microsatellites prariested produced amplified products in all
the screened genotypes. The primers M3/CA855F abtV®IC_K4 lacked to cross amplify
in A. unedo and they had both repeat motif type such as (§6BJA)s and (TC)g(TC)12,
respectively, unlike the other primers (Table 5) Srimers had di-nucleotide, two had
trinucleotide and one had a tetranucleotide repeatsf. Five SSRIoci were polymorphic

(Table 5) all of them composed of di-nucleotidesas motif (CT, GA and TC).

Table 5 — The primer pair's characterization {b Mj;) with reference to thé. unedooptimum annealing
temperature (Ta°C), the existence of amplificaporducts and polymorphism (+) and the allele simage (bp).

Ta Labeled Amplification Allele size
Primer pair Repeat motif Forward P Polymorphism
(°C) : products range (bp)
primers

M ; — CA169F (GAT) 62-57 6 FAM - blue + . 103-114
M , — CA421F (CT)s 60 NED - yellow + + 150-211
M3—CAB55F | (GAJ(CGA)s X HEX -green  nyll alleles null alleles
M 4— NA8O0O0 (TC)s 58 NED - yellow + + 169-278
M 5 — NA398 (AAAT)s 55 6 FAM - blue + . 210
Mg—VCC_K4 | (TC)(TC)r2 X 6 FAM -blue  nyl alleles null alleles
M ; — CA794F (GA) 60 HEX - green + + 283-294
M g — NA961 (TAC) 60 HEX - green + - 186-208
M o— NA1040 (TC), 60 6 FAM - blue + . 171-239
M 10— NA741 (TC) 62-57  NED - yellow + 165-172
M 11— VCC_I2 (CT)4 60 HEX - green + 174-274

Partial amplified products, referring to few indiuials, from four SSRoci (M1, M2, M5
and M8), after visualized and scored in an autarsgguencer and the Genescan software,
are displayed in Fig. 4. Theci M1, M5 and M8 are monomorphic and tleeus M2 is
polymorphic. They were labeled with the followirgnvard primers: FAM: M- CA169F and
Ms- NA398; HEX: Ms- NA961; NED: M, - CA421F.
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Figure 4 - The amplified products from SSRs: A - Polymomppirimer M-CA421. B and C - Monomorphic
primers (M- CA169F; M- NA398 and M- NA961) visualized in an automatic sequencer (8RB0 Applied
Biosystems) and scored using Genescan softwardigpBiosystems). The genotype code and the aflae
(bp) are noted. Red peak refers to the ROX marker.

The five polymorphidoci showed 75% of mean expected heterozygosity andof#iean
observed heterozygosity. The mean number of al{dleywas 11.6, ranging from 6 to 22 per

locus (Table 6). The Ho was inferior to He for ddici indicating a putative heterozygote
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deficit. Indeed a mean homozygote excess was f¢r#g, albeit not significant (Table 6).
The results showed that 4 S&Ri were in HWE equilibrium (after Bonferroni correanti).
Additionally, the estimation of null allele frequan(F Null) was about 8% on average (Table

6) what could explain, at least partially, the hetggote deficiency observed.

Table 6 - Diversity parameters obtained for the 5 SSR polyhic loci found inA. unedo Na refers to the
number of alleles pdocus He to the expected heterozygosity, Ho is the feseheterozygosity, Fis represents
the fixation index, and PIC the polymorphic infoitioa content.

Locus Na He Ho Fis P-value Sig. Nyl PIC
M2-CA421F 22 0.90 0.85 0.05 0.2018 NS 0.0546 0.88
M4-NA8QO 9 0.79 0.78 0.02 0.0146 NS 0.0534 0.75
M7-CA794F 7 0.78 0.69 0.11 0.0159 NS 0.0985 0.73
M10-NA741 6 0.57 0.56 0.03 0.004 NS 0.0868 0.51
M11-VCC_12 14 0.73 0.62 0.16 0.0007 * 0.0887 0.70

Mean 11.6 0.75 0.70 0.07 0.0474 0.0764 0.71

Sig.refers to the significanaesulting from the HWE test (after Bonferroni cattien) NS - not significant and
*- significant. Null refers to null allele frequency estimates.

The mean polymorphism information content (PIC) @a&l. Fouloci showed PIC values
higher than 0.60 which indicates their usefulnesdighly putative indicators of diversity
(Table 6). The linkagdisequilibriumtest showed that all tHeci are independent. THecus
M2- CA421F displayed values higher than the avera@gealleles, He=0.90 and a high PIC
value (88%). By contrasipcusM10-NA741 showed the lowest PIC value (51%), nurndie
alleles (6), and expected diversity (0.57).

Pair-wise genetic similarity analysis using the tlyrcoefficient showed that the level of
alleles sharing between genotypes ranged from 2498286 (Fig. 5). The Mantel test
confirmed the tree topology (r=0.75; P<0.001). Adiog to the Lynch coefficient, the
genotypes Agand Auys (from HPN and AJS provenances), andsAad Au, (from AL and
BVN provenances) shared as much as 82% allelesetAewthese genotypes did not show a

consistent geographic pattern clustering (seelFigr further details).
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021 0.36 0.52 0.67 0.82
Lynch 1990

Figure 5- Genetic similarity analysis of 2&. unedogenotypes using the Lynch (1990) coefficient based
SSRs polymorphitoci.

No genotypes could be grouped according to thewmgggphical origin, which was
confirmed by the Mantel test (matrix correlatior0r09; P<0.17). The lack of consistence
between genetic and geographic distances is censigith the RAPDs results. Mantel test
also confirmed the absence of correlation betweanwse molecular markers (RAPDs and

SSRs) matrices (matrix correlation: r=0.05; P<0.69)
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5.5 DISCUSSION

RAPDs have been used to analyse genetic diversiseveral species. Different studies
have reported the use of RAPDs for single genotygestification (Erikssoret al, 2006),
cross species amplification, mainly within spec{€aubitz and Moran, 2000) and for
linkage mapping (Cerverat al, 2000). For the first application referred, wedigseset of 20
RAPDs markers to the molecular characterizatior20fA. unedogenotypes. The same
approach has been applied to different specieselgral authors. Majourhadt al (2008)
used 19 RAPDs markers (OP) for the characterizaifd38 Argania spinosdree accessions
(from 3 fruit types). Likewise, Alberet al (2003) identified 32/accinium myrtillusclones
using RAPDs and AFLP markers and Kapteyn and Si(2002) used 22 RAPDs for the
characterization of 19 accessions Ethinacea(Asteraceae). In our experiment the OPC
primers generated a total of 124 bands, ranging fRB90 to 2100 bp. Nineteen RAPDs
markers tested out of 20, generated 42.7% of monammbands, polymorphism on about
71 of theloci (57.3%) and the average for the expected heteosityg(He) was about
0.27£0.014. Similar results are referred by Agraand Tuinstra (2003) when carrying out
the analysis in 22 sorghum genotypes using 32 RARZy found 40% of monomorphic
bands. While, Majourhatt al (2008) working inArgania spinosaree found an higher level
of genetic diversity, in a total of 146 RAPD band40 (95.8%) were polymorphic. An
higher level of genetic diversity was also foundgbnath (2007) working in 48accinium
macrocarpon genotypes 14 primers generated161 polymorphic RAPD bands. On the
contrary, Schnelleet al. (1998) on their studies iDryopteris remotdound a reduced level
of polymorphism, in 22 genotypes using 19 RAPDsnkithe 19 primers tested only 12
generated amplification PCR products and from tlwedg 4 showed polymorphism. A total
of 67 bands were scored, being only 12 polymorgtands (18%), which revealed a low
genetic diversity amonD. remotagenotypes from different locations (18%) compéacedur
experiment (57.3%). Figueiredo (2007) studied tlemegic variation in790lea europea
genotypes using 20 RAPDs (OP) and reported thattotal of 114 bands generated only 46
of them showed polymorphism (31.9%) and the avedddke expected heterozygosity (He)
was about 0.10+0.012, lower than we observed iregperiment (0.27+0.014). According to
the author this low polymorphism was probably daetite samples’ origin, as they were
closely located. Another study refers that witheaf 5 RAPDs (OP) markers (in a total of
16 tested) 61 bands were generated, being 24 pobynwo(39%), in 66Prunus species
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(Quartaet al, 2001). Even though, the polymorphism level (39%gs lower than we
obtained in our experiment (57.3%), they report thevas possible to discriminate about 39
Prunusgenotypes. Other studies indicated that RAPDs enarwere suitable to characterize
genotypes. Seabrat al. (2001) using 8 RAPDs (OP) showed that thastanea sativa
genotypes of fruit orchards (40 trees) were lesterénciated than genotypes (41 trees)
collected in high forest and coppice stands. Kaptyd Simon (2002) using 22 RAPDs for
the characterization of 19 accession€ohinaceawere able to obtain a total of 17 RAPD
markers which distinguish among commercialighinacea species. Additionally, their
results allowed identifying the presence of speaifiulterants in botanical samples used for
medical purposes. Martiret al. (2001) using RAPDs to characterize the geneticabdiiy

of 40 Prunusamygdaluscultivars, found out high levels of polymorphisrhieh revealed the
inter-varietal differences.

The results from the current study point out anantgnt polymorphism level found
amongA. unedogenotypes with the RAPDS primers tested (57.3%mofphic loci and
27% of He). Additionally, the cluster analysis raksl a similarity (Lynch coefficient) of
83% among individuals, which tree topology was sufgdl by a moderate correlation yet
significant (r=0.64; P<0.001). Some genotypes shae much as 95% of bands. However,
the genotypes were not grouped according to thatrimndistance. A geographical consistent
pattern was not found as confirmed by the Mant! (ie=0.014; P<0.57). Similar results were
achieved by Agrama and Tuinstra (2003) when scngeBR sorghum genotypes using 32
RAPDs. These authors reported a value of 0.61 nétiyesimilarity between accessions, and
some genotypes shared even 95% of the bands. Tiedation of pair-wise genetic distances
with geographical and race data was also low (I80.&imilarly, the genetic distances
between pairs of 3%accinium myrtillusclones were not related to the spatial distances
between them (Alberet al, 2003). Likewise, Schnelleet al. (1998) also found no
geographical pattern of genetic variation in a UPGH/halysis when analysing the genetic
variation in 22 individuals oDryopteris remotafrom different locations using RAPDs. On
the other hand, other studies have reported a gmodelation between genetic and
geographical matrices distances. For instance, Hgurgt al. (1998) screened 26 wild
Vaccinium angustifoliumclones using RAPDs. According to this study claete of
genotypes correlated fairly well with the geographiigin of the clones. Similarly, Besnard
et al. (2001) could distinguish between 1(Rea europaeaaccessions (of 113 genotypes,
90%) from different collections and orchards arotimel Mediterranean Basin with 3 RAPDs

primers. Many of the RAPD profiles were consistenth the geographical distribution
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pattern of the species since they were correlaiéiul tive country or region of origin of the
accessions. The genetic diversity studies by RAR&}yais in 48V. macrocarporgenotypes
reported by Debnath (2007) referred that UPGMA ysial separated the wild clones and
three cultivars into five main clusters. Furthermyathe geographical distribution explained
10% of total variation as revealed by analysis ofaoular variance. Likewise, Escaravage
al. (1998) found that the genetic distance obtainetvéen clone pairs dRhododendron
ferrugineumwas related to the geographical distance.

Lopeset al. (2010) also used RAPDs to characterizeA38unedogenotypes from two
provenances in NE and centre east of Portugal. Anactotal of 20 RAPDs, only 7 produced
a polymorphic profile. In our study a higher degoégpolymorphism was found since from
the 20 RAPDs tested, 19 showed amplification prtgland 16 showed polymorphic profiles
(57.3% polymorphic bands). These differences mayexgained by the largest area of
distribution of the plant material used in our expents. A much lower diversity was
observed iMA. unedopopulations in Tunisia (He = 0.216), in this case to deforestation
followed by species’ fragmentation and consequentidneck and genetic drift (Takrouni
and Boussaid, 2010), with the lowest diversity Isvieund in the populations with the
highest habitat destruction.

For single genotype characterization more than #ecotar marker must be used to
strongly support the data obtained. SSRs are péatlg attractive for distinguishing among
cultivars as they are co-dominant and the levgbaymorphism detected bpci is higher
than that detected with other molecular markers diMigi et al, 2007). The molecular
characterization of a species for the first timaitaborious task, especially if we want to
identify SSRs in the genome. Cross-species amplificationngnspecies from the same
genera is a relevant alternative. For instance,n@@aand Tiwari (2009) developed 15
polymorphic SSRoci in Panicum maximumwhich amplified in 5 other species from the
same genera and then after were used in intergpécdeding programme. Similarly cross
amplification approaches have been reported inispémom Ericaceae. Eleven polymorphic
SSRs were developed and revealed polymorphiduioimotropa hypopitysA subset of those
primers amplified in the congenbtonotropa unifloraand in 5 other closely related genera
(Kloosteret al, 2008). Kameyamat al.(2006) refer that 1 of the 13 SSR primers developed
for Rhododendron metternictoross amplifiedP?hyllodoce aleuticandPhyllodoce caerulea
(also Ericaceae). However, according to Gupta ardshhey (2000), low amplifying
capacity of genomic SSRs in related genera has tmrted in many crops. Still, several

authors report successful studies in Ericaceae Everop species, as it éaccinium Bassil
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et al. (2010) used SSR isolated from domeStacciniumin V. calycinum, V. myrtilluandV.
reticulatum other endemic species, 18 SSRs cross-amplifiedappeéared polymorphic in
most of the genotypes evaluated. In the caseAofunedothe RAPD analysis was
complemented by a SSR study in which nine primexsebbped forvVacciniumwere used
(Bocheset al, 2005; Bassilet al, 2006). From these primers, five showed to be lizigh
polymorphicloci (PIC > 0.60), with a mean number of alleles (Nl@) 16, ranging from 6 to
22 perlocus Bocheset al. (2005) found a similar polymorphism level with g#hglelocus
SSRs in 12/acciniumaccessions, with 8.16 average allele number, rgnigom 2 to 15 per
locus This suggests that cross amplification is a Usgdproach to evaluate genetic diversity
even when species from different genexeb(itusandVacciniun) were used. Otherwise, Tan
et al. (2009) tested 11 SSRs for the characterizatio’OdRhododendron sims(Ericaceae)
genotypes. Of the 11 SSR markers, 8 displayed pmiyhic products. The average allele
number was 7.1 pelocus (ranging from 6 to 9). In their experiments thepected
heterozygosity varied from 0.28 to 0.94 (with arerage of 0.75) whereas the observed
heterozygosity ranged from 0.55 to 0.87 (with aerage of 0.60) and consequently with
higher values (ranging from -17% to 63%) of theafign index (Fis). In the case Af unedo
we have found that the expected heterozygosity QH&s) was identical but within narrow
limits (0.57 to 0.90). Besides, the observed hetggosity (Ho=0.70) was higher reflecting
an inferior homozygote excess measured by theidixaindex (Fis=7%) although not
significant. High Fis values reflect the differeacdetween observed and expected
heterozygosity due to its loss of heterozygosity assult of non-random mating of parents.
Cipriani et al. (2001) report high polymorphism level in fruit ceoppecies using 26 SSRs,
with the following number of alleldglcus 9 to 17 inActinidia; 5 to 15 inVitis and with a
lower polymorphism level, 2 to 8 iRrunus persicaSimilarly result is referred by Kengt
al.(2001). The authors used 15 SSRs invEBus x domesticaultivars. The total number of
alleleslocusranged from 4 to 13 (with an average of 8.7).

It must be emphasized that the strawberry treed useur experiments were collected in
different stands, producing an assembly unlikelyiiton the Hardy-Weinberg equilibrium
(HWE) even though only onkcus (VCC_12) displayed deviation from what the Hardy-
Weinberg equilibrium would anticipate. The presentenull alleles is another factor that
may contribute to the deviation from HWE. Indedtk null allele frequency estimates (F
Null) was about 7.6%, on average. Fernaredes. (2008) screened 60 genotypes with three
SSRs in &inus pinasterclonal seed orchard, and found the following diigrparameters

(mean values): 11 of Na; 0.71 and 0.79 for Ho aedéspectively, and 9.1% for Fis. Almost
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all genotypes (58) were identified with the 3 SS&kers. This latter study reported a similar
high genetic diversity compared to our experimentes 5 polymorphic SSRs showed the
following mean values: Na=11.6; Ho=0.70; He=0.7% annsequently an inferior value for
Fis about 7%. Taet al. (2009) using 8 SSRs for characterization ofR2Gimsiigenotypes,
report that 3 of 8oci showed significant deviation from HWE after applyiBonferroni
correction, as well as null alleles {ull), which frequencies, for thosel@ci, ranged from
15% to 44%. These high frequencies of null allels contribute to the deviation from HWE
and explain the high range values of the fixatiwtex (Fis) even the negative (-17%, related
to the higher Ho values than He). In our experintBet FNull estimate was inferior 7.6%
(ranging from 5.3% to 9.9%), as well as Fis indé3o}.

Our results indicated that the mean PIC showedalhahalysedoci may be considered as
informative (PIG 0.30). Moreover, 4 SSRoci were found to be highly informative
(P1C>0.60). Similarly results have been reportecsbyeral authors. In the study of Agrama
and Tuinstra (2003) with 22 sorghum genotypes P& content of 28 SSR markers ranged
from 0.23 up to 0.81 with an average of 0.62. Adowg to the authors 75% of the S8R
were highly informative (PIC>0.60). In Fernand#sl. (2008) the PIC content &f. pinaster
genotypes was also higher than 60% being considegtdly informative for the 3 SSRci
used, and directly correlated with He, but not with. The results obtained i. unedg
showed that the lowest PIC value (0.51) obtaineth wihe NA741 primer is directly
correlated with the lowest values of Na (6), H®@).and He (0.57). On the other hand, the
locus(CA421F) with the highest PIC value (88%), the mp&rmativelocus also displayed
the highest values for genetic diversity paramet&ta=22, Ho= 0.85, He=0.90 and
P1C=0.88. These results suggest that the formengrriNA741) could be discarded for
further studies of genetic diversity analysis mastoerry tree.

The Lynch (1990) coefficient (band sharing) for SSRowed allelic similarities between
genotypes until a maximum of 82%. The Mantel tegipsrted the tree topology (r=0.75;
P<0.001). However, no genotypes could be groupedrdmg to their geographical origin
suggesting that physical distance is not the mamtof contributing to the genetic diversity
observed irA. unedo These data are in line with the results obtalme&APD analysis. The
Mantel test also confirmed a lack of correlatiotwiE®en genetic and geographical distances
matrices, for both RAPD and SSR markers. Levi amaviRnd (1997) also reported that
genetic similarity among genotypes (for both RAPDd &SSR markers) did not group
according to theV. corymbosungeographical distance. Similar results were reubthy

Ciprianiet al. (2001) inPrunus persicanalysed with 26 SSRs, since the genotypes catld n
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be grouped according to their geographical origlowever, a good correlation between
genetic and geographical matrices distances hasfbard for other species. For example, in
Vitis vinifera Filippetti et al. (2001) were able to characterized the geneticrsityein 53
Vitis viniferaaccessions using 6 SSRsi and the genetic cultivar dendrogram matched the
geographical distribution of the varieties. In stb@rry tree, the lack of correlation between
genetic and geographical distances matrices, fir bwrkers (RAPDs and SSRs) may be
related to a reduced gene flow between plants altieet species mating system as well as to
the fragmentary distribution &. unedan Portugal.

The results so far obtained in strawberry sugdegt$SRs are more effective than RAPDs
to evaluate genetic diversity. In fact, the He eald5%) for SSRs is considerable higher than
the same value found for RAPDs (27%). This obseyaas consistent with the higher levels
of polymorphism usually displayed by SSRs thougmameorphic bands were used in the
RAPDs analysis. These results support the datanagltdy Agrama and Tuinstra (2003) in
sorghum who reported that RAPD primers were lessynparphic (with 40% of
monomorphic bands) than SSR markers (with an aeevbd.5 alleles per primer and 0.62 of
PIC value).

The Lynch similarity coefficient (Lynch, 1990) wakso used to evaluate which of the two
markers was more effective to assess genetic dyericcording to this coefficient, the
genetic diversity found with SSRs was also muclhéighan with RAPDs. In fact, similarity
values for SSRs varied between 21 and 82% wheoed2APDs the variation was between
83 and 95%. Also, the genotype differences reaehathximum of 79% with SSRs being
much lower when the evaluation was based on RARD%J. Similar results were published
by Agrama and Tuinstra (2003), who report that #verage genetic diversity between
sorghum genotypes was higher when it was estimaied) SSR markers (similarity of 0.44)
compared to RAPD (similarity of 0.61).

Attempts to find a correlation, between the SSR #mel RAPD pair-wise similarity
matrices were unsuccessful. This absence of ctimelevas also verified by Majourhat al.
(2008) inArgania spinosaHowever, the results reported by Agrama and Tan®003), in
22 sorghum genotypes, pointed out to a high cdroelgr=0.79) between the SSR and the
RAPD pair-wise similarity matrices. Similar resudte referred by Hurtadet al(2001) since
high correlations were found between RAPDs and AP Prunus armeniacagenetic
analysis.

Equally important are the correlations between -pése genetic matrix and relevant

guantitative traits with economic, environmentaladiaptive value. For instance, Ryainal.
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(2001) used RAPDs in 26 heritageunusamygdalusaccessions. They found a mismatch
between selection traits (kernel or nut weights)l genetic clustering. According to the
authors, this mismatch was probably due to thegmslic nature of the interest traits. The
establishment of a marker-assisted selection sy&tetie economically important crops or
ornamental phenotypes is of great interest to lmgegorograms. For instance, two candidate
RAPD markers in coupling of the trait bud-flowerimgnenotype in the ornament@hlluna
vulgaris were identified by Borchert and Hohe (2009). Malac markers can be applied in
other studies in plant breeding. Debnath (2010)Bestolin and Cipriani (2010) reported the
employment of molecular markers in micropropaggikhts for the assessment of genetic
fidelity, uniformity, stability, and true-to-typeese among donor plants and tissue culture
regenerates. The germplasm genetic diversity isiarinformation, due to its potential in
strategic breeding program. Zawlebd al (2001) used markers in a rare and endangered
speciesLeucopogon obtectugEricaceae), they referred that germplasm managesued
conservation should concentrate on maintaininghtk levels of genetic variability through
mixing genotypes and promoting outcrossing. Theosjip decision can lead to a genetic
diversity reduction. Borcheret al. (2008) reported that the narrow gene pool deteote
Calluna vulgarisandErica spp. using RAPD and SSR may be related to jutidioaflicts
between breeders. In the last few years there argy meports of combination of classical
breeding and modern biotechnological approacheshwave unlimited scope in agriculture
and forestry (Milne and Abbott, 2008). Marcucci tAoét al. (2003) used molecular data
information (AFLP and SSR) to generate informatadoout genetic diversity dtucalyptus
dunnii accessions to design a clonal seed orchard. Simgproaches are reported fgr
angustifolium(Burgher-Maclellan and Mackenzie, 200%), macrocarponDebnath, 2007)
andVitis species (Regneat al, 2001). The prior knowledge of the geographicatrdution

of genetic diversity level is needed to preserve species genetic diversity and to plan a
conservation strategy (Derorgt al, 2002). Molecular markers contribute to define
conservation strategies in the species, as wellmay develop tests for seed origin
identification and breeding programs (Vakal, 2010).

The results so far obtained A unedohave shown that 16 RAPDs and 5 SSRs primers
displayed a high degree of polymorphism; being RS8ighly informative for a marker
locus In conclusion, these markers proved to be useflich results and further studies can
be applied for genetic diversity germplasm fingenimg, to evaluate the genetic uniformity
of thein vitro propagated plants, to evaluate germplasm variglbditbreeding programs and

conservation purposes and to develop marker-adsstection system.
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6 GENERAL DISCUSSION

6.1 DISCUSSION

As stated in the previous chaptefs,unedois an under-exploited crop in Portugal and
other Mediterranean countries and in Ireland wiltegeows spontaneously as a bush or small
tree. The plant has no tradition of breeding asdigie by local populations is based rather in
traditional habits than in agricultural practicegogorted by the selection and culture of the
best producing trees (Celikelt al, 2008). However, in some regions, farmers andlloca
population are becoming increasingly interestethia culture as a fruit crop or ornamental
tree with the consequent demand of high-qualitytphaaterial (Celikekt al, 2008; Zizzoet
al., 2010). Moreover, this species is quite importarthe centre region of Portugal where it
is well adapted to the environmental conditionsgailso a fire resistant plant that may help
to reduce the impact of the common fires occurdagng the dry season. This forested area
is densely populated with pine®ifus pinaster)and eucalypts Hucalyptus globulush
situation favoring fire propagation thus reduciralbfarmer incoming and genetic diversity
(S. Silva and Harrison, 2010). Considering thigagibn, forestry associations have began to
useA. unedoin forestation programs as a broadleaf for pratacand firebreak to slow or
stop propagating fires, to improve ecosystem quadind for hunting projects. To support the
increasing interest of farmers for this specieadsessary to select and propagate the most
promising plants in order to be able to deliverhhgality plant material that can increase
profits of the land owners interested in investinghis species. During the last couple of
years, selected. unedoplants obtained through micropropagation in our kave been
delivered to several farmers and are now in thie.fiBesides, local authorities and farmers
associations have became increasingly aware gbdtential of this tree and have started to
pay more attention to its potential both as an gy ecological species and as a fruit crop.
In fact, is nowadays common in the centre regiofaftugal the organization of meetings
and seminars related with the culture and prodnatibA. unedo Attempts to isolate and
characterize secondary metabolites are anotherolvagsearch in this plant and some data
seem to indicate that the plant has a great patefioti extracts production with antioxidant
activity, such as total phenolic and flavonoid ems$ (Kivgcak and Mert, 2001; Pabuccuoglu
et al, 2003; Andradest al, 2009; Oliveiraet al, 2009; Séet al, 2010). These extracts show
high values of interesting compounds when compavigd other species described in the
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literature (Andradest al, 2009). The antiaggregant propertiesfofunedoextracts in human
platelets have been reported and might be usedhfortreatment and/or prevention of
cardiovascular diseases (El Haouetrial, 2007). The experiments aiming to evaluate food
qguality have also been performed. Fruits show agiounts of sugars (fructose, glucose,
sucrose and maltose), minerals, vitamins (C andrig) a large variety of compounds with
antioxidant ability, such as phenolic acids inchgligallic, gentisic, protocatechuic, p-
hydroxybenzoic, vanillic and m-anisic acids (Ayezal, 2000; Pawlowskaet al, 2006;
Demirsoyet al, 2007; Ozcan and Haclseferogullarl, 2007; Palktuél, 2008; Oliveiraet
al., 2010a). Fructose and glucose among the sugansyitiand malic acids among the non-
volatile acids and gallic acid among the phenotitls were found to be major compounds
contributing to the taste of the fruits (Ayaial, 2000).

Studies presented in Chapter Il and Il have predidnportant insights concerning the
establishment of an effectiwe vitro propagation system fa&. unedathrough axillary shoot
proliferation from adult trees selected accordmghieir fruit production and quality. In a first
set of experiments the different phases of the opiapagation process were optimized.
Later on, both the role of the genotype and thecefbf different growth regulators were
evaluated.

Thein vitro establishment of adult explants from woody pldras proven to be a difficult
task in many species (George and Debergh, 2008c@r2008). However, propagation from
adult trees is the only way to assure the genetadity of selected trees. Although juvenile
explants, such as those obtained from seedling®wng plants are easier to establish and
propagatein vitro, their genotypes are unknown thus impairing thiectiveness of the
micropropagation process. The correct choice ofettdant is another factor that can affect
the success of plant tissue culture experimentor@ge 2008). Plants growing in field
conditions are usually contaminated with differdgpes of microorganisms a major
drawback forin vitro establishment. To overcome this difficulty, a coomrpractice is to
maintain a stock of plants growing in controllechditions to avoid extensive contamination
during thein vitro establishment assays. It is also known that explaken from stock plants
at different times of the year may not give repmbie results in tissue culture experiments a
situation that can be related to the variationhenamount and diversity of microorganisms
present in the tissues or to seasonal changeg ilevkls of endogenous growth regulators in
the stock plants (Preece, 2008). To overcome thm#ations, epicormic shoots from adult

selected trees were used as donor explants fasthblishment phase (Chapter I). The main
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advantage of using these epicormic shoots is elateéhe possibility of using them all over
the year since shoots can easily sprout in a @ilolwamber under controlled conditions.
Moreover, disinfection of this type of plant magdris easier than using field growing
explants (George, 2008).

The results so far obtained indicate that the epiaoshoots developed on branches of
selected trees, are a good source of establishexgrants, and shoot tips are more efficient
than nodal segments (Chapter I1).

The success of plant tissue culture for plant pgapan is greatly influenced by the type
of the culture medium used (George and De KlerlQ820In our assays the FS medium
combined with the micronutrients of the MS mediuave the highest multiplication rates
(Chapter IlI) when compared with Anderson or MS pedlat half-strength (1/2 MS). Besides
the basal medium, the PGRs have also a crucialrbapze during the multiplication stage.
Cytokinins are generally used to promote axillahpa formation (Chawla, 2009). The
developing shoots can be further used to initiaesv ncycles of multiplication thus
contributing to the high number of plantlets ob&airthrough this technique. This positive
role of cytokinins on shoot proliferation has bed¢so confirmed in several Ericaceae species
(Goncalves and Roseiro, 1994; Jaakola, 2001; Metetl, 2002; Almeidaet al, 2005). To
optimize the micropropagation processdinunedoseveral cytokinins in combination with an
auxin (NAA) were tested (Chapter Ill). The inclusiof auxins on the multiplication media
must be used with precaution since this type ofrtoore can promote callus formation from
which adventitious shoots can develop. Contrardy the shoots arising from axillary
meristems, adventitious shoots may display some &frgenetic or epigenetic modifications
that can be responsible for the appearance of dones: among the regenerated plants
(Machakoveet al, 2008). The assays performed withunedoindicated that 8.9 uM kinetin
gave the best rates of multiplication. However, tbsults were not significantly different
from those obtained with BA or zeatin. When TDZ wased or NAA was tested in
combination with a cytokinin callus growth was uguabserved and its formation increased
with the number of subcultures (Chapter Ill). Samiftesults have been reported when BA
and TDZ were tested for shoot proliferation Tfia platyphyllos(Chalupa, 2003). In our
experiments these calli seem to have a low morpfiogeotential since, in the conditions
tested, adventitious shoot formation was seldomemiesi through the appearance of
underdeveloped shoots showing abnormal leaf foonafChapter Ill). Organogenic callus
formation has been used to the propagation of abwgrecies and, once proved that the

plantlets obtained are genetically uniform, couddam alternative fan vitro strawberry tree
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propagation. According to Preece (2008) shoot fam@liion is sometimes difficult to achieve
and often the explants tend to growth without coeisible branching. In these conditions,
propagation can be achieved by segmentation dcdtibets and culture of the nodal segments.
This situation can be the result of the strong @piominance occurring in the tissues or of
unbalanced combinations and/or concentrations @i/ regulators, mainly cytokinins. The
way how micropropagated cultures behawevitro can be also the result of the type of
explants used. Thus, proliferation occurs moreihgaghen explants from juvenile material
are used whereas elongation seems to be more commadult-derived explants. This aspect
was frequently observed in some selected adult tgpes of A. unedo Therefore, shoot
length was one of the variables used to evaluat@ibliferation rate (Chapter Il and Il1).

Several works have indicated that the genotypletibnor plants is of utmost importance
for micropropagation and other aspectsronitro cultures (Chalupa, 2003; GajdoSatéal,
2007; Ostroluckat al, 2007; Gahan and George, 2008). The results autaiith different
lines of A. unedoalso showed that the genotype influences not shbot proliferation but
also the rooting ability of the proliferating shediChapter Ill). As these factors were also
extensively dependent on the PGRs present in tlhereumedia it is plausible to assume that
different genotypes possess different levels ofogedous auxins and/or cytokinins or
display different sensibility to PGSs that influertbeir behavioin vitro. Further research on
A. unedo micropropagation is necessary to better understdued interaction between
genotype and PGRs am vitro morphogenesis. In particular it would be interestio follow
the endogenous levels of auxins and cytokines dwfimot proliferation and rooting.

Rooting is a crucial step to the micropropagatiancess. Root formation is a complex
process that is influenced by a large number otofa¢c such as genotype, type and
concentration of PGRs and culture conditions (Mgl@amd Dolan, 2002; Van Stadenhal,
2008). The results obtained in Chapter Il andsibwed that the highest rooting rate was
achieved when shoots were treated with IBA for @tsperiod followed by subculture on an
auxin-free medium containing charcoal. Treatmentk wuxin have been used to stimulate
adventitious root formation although shoots of sospecies can root on media without
auxins (Machakovat al, 2008; Preece, 2008). In our experiments a pe@sitineraction
between IBA and rooting ability was found (ChagtgrA ten day period of contact to IBA
showed to be more appropriate for rooting, and tf@amacclimatization should not occur
before 35-40 days on the root development mediuith@wt auxin). Several authors have
pointed out that the cytokinins used during thetiplitation stage may negatively influence

root primordia induction and further developmenaf\VStaderet al, 2008). Our results are
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not in line with these data since it was obsenret the number of roots formed per shoot
showed a positive influence with BA concentrati@hépter 1ll). A promoting effect of the
cytokinins used on the multiplication media on figrt rooting has been occasionally referred
with Eucalyptus (Bennett et al, 1994) and in fruit-tree rootstocks (Nemeth, 1979)
Machakovaet al (2008) suggested that the induction of rhizogenasually requires an
adjustment in the endogenous levels of auxins gtakinins.

The success of acclimatization of rooted shoot&gvieng hardening and transfer to field
conditions is a necessary condition for the impletagon of any reliable micropropagation
method (George and Debergh, 2008). Our resultcanelithat for plant acclimatization in
greenhouse, perlite (100%) without fertilizer ig thest substrate to obtain a large percentage
of acclimatized plants (Chapter Il). After 5 weeksroot development medium, shoots were
healthy, rarely showed callus formation at the sth@se or apical necrosis, and consequently
were successfully acclimatized (Chapter I, Il aw). Histological studies indicated that
adventitious roots of strawberry tree had a deegimrnear the vascular tissues probably
from the secondary phloem and/or from the camlomakz These two features (callus absence
and root origin) are probably linked to the acclilation success. Roots originated from
more peripheral tissues were never found (ChapteAh origin from or near the vascular
tissues is required since the adventitious roogsiarclose association with the vascular
tissues of the stem, which means that a good \as@annection shoot/root is present,
contributing to the acclimatization success andi feairvival (Smithet al, 1991; Smithet al,
1992; Ziv and Chen, 2008). According to this, theddf trial established showed a survival
rate of 96.8% one year after plant transfer tafmdnditions (Chapter V).

The data presented in Chapter IV provide infornmaibout the compatibility betweeén
unedo clones andP. tinctorius or L. deliciosusduring in vitro conditions. Inoculation
treatments withP. tinctoriusin nursery conditions followed by a field trialtaslishment
were also evaluated.

A review of the literature about mycorrhizae clggbints out to a positive and critical
component in crop systems because these symbiwtgs fnay increase plant growth, plant
reproductive capacity, plant water stress toleraara plant health through antagonistic and
competitive effects on pests and pathogens. Theyals® enhance the plant’s resistance to
other abiotic stresses as salinity and soil text(@®ltapeh et al, 2008). Thus, the
mycorrhizae can improve not only the field plamvseal but also their nutrition (by nutrients

and water uptake) and consequently production. r@evactors may affect this type of
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symbiosis such as the host genotype, the struahdenorphology of roots, the type of fungi,
the specific cultivar—fungus response and the actesn with other microorganisms
(Goltapehet al, 2008). Our results revealed a redudedvitro growth of L. deliciosus
compared td°. tinctorius Any pathogenic or harmful effect, for both fungias observed in
plantlets. The presence of arbutoid mycorrhizae moath after inoculationn vitro was
observed only whei®. tinctoriuswas tested. These showed a tick mantle, Hartigandt
intracellular hyphal complexes, both confined te @pidermis (Chapter IV). These features
are similar to other descriptions of arbutoid myhmae found in the literature (Smith and
Read, 1997; Peterson and Massicotte, 2004). Myizatibn has been used in several species
to facilitate acclimatization of micropropagatedmets (Oliveiraet al, 2003; Parladét al,
2004; Ratnaparkhe, 2007). The results obtainethenaissays oA. unedomycorrhization
showed that a preliminary phase of root expressfanduced shoots, before shoot transfer to
inoculated substrate enhances mycorrhizal synthiesgeliciosuscompared td°. tinctorius
showed a reduceth vitro growth, therefore periods for both substrate ifatton and
mycorrhiza synthesis must be accordingnt@itro fungi growth. It was also observed that a
system in which test tubes instead of vessels wsed is more suitable for root development
and mycorrhization, probably due to substrate desgpnFinally, it was clear that vitro
inoculated plantlets displayed a more branched sgsitem, a feature which may explain the
higher rates of acclimatization occurred in theagsswith these plants. However, arbutoid
mycorrhizae were never observed withdeliciosus the edible fungi we tested (Chapter V).
L. deliciosusis known by its natural symbiotic association wiimus (Inglebyet al, 1990).
When forest species share the same natural envenainthere is a chance they share some
ectomycorrhizal fungi (Richardt al, 2005). AsA. unedousually grows in association with
other forest tree species, such as pines and wakslecided to test mycorrhizal synthesis
either withL. deliciosusor P. tinctorius in vitroconditions.

All plantlets were acclimatized in greenhouse, udahg those inoculated withP.
tinctorius, which had shown the presence of arbutoid mycoahilfo confirm mycorrhizae
formation onA. unedagplants it was necessary to test the persistentteeahoculated fungi in
field growing plants. Molecular techniques as srgfirain conformation polymorphism
(SSCP) and Terminal Restriction Fragment Lengttyiotphism (T-RFLP) have been used
for the identification of mycorrhizal fungi (Dickiand Fitzjohn, 2007). Real-time PCR has
been applied for tracking the dynamics of the myoelin different experimental conditions:
field persistence of the inoculated fungus in ekpental plantations and competition of the

introduced fungus with native mycorrhizae (Parlatéal, 2009). Twelve months after
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acclimatization (or 17 months aften vitro inoculation treatment withP. tinctoriug,
ThelephoraandHebelomawere characterized by molecular markers technigqueasculated
plants (Chapter V). Both mycorrhizae are partidylaaggressive and well-known on
nurseries (Garbaye, 1990). For further researc a@ssential to perform more frequently root
cuts to check for arbutoid mycorrhizae and use oulde markers to identify the types of
fungi occurring after acclimatization proceduresingal persistence is a severe problem
reported by several authors (Parlatéal, 2004; Rincoret al, 2005; Aguedaet al, 2008;
Parladéet al, 2009). According to Parladét al (2004) it is essential to evaluate fungal
strains for their aggressiveness under nurseryittons in order to achieve a successful
mycorrhizal synthesis.

In nursery two inoculation treatments wigh tinctorius (vegetative inocula produced in
liquid medium and dry sporocarps) were tested amapared to control plants. After 4
months, plants from both inoculation treatmentsagdtbincreased growth than control plants.
Twenty months after a field trial establishment Hbahycorrhizae inocula treatments
improved plant growth compared to control plantd #erttilized seedlings (Chapter 1V). Our
results agree with those observed \la macrocarponby Kosola et al. (2007). The
mycorrhization contributes to reduce the applicatod fertilizers and biocides a situation
with positive impacts , on reducing inputs and emwnental pollution (Quinteiro, 2005).
Parladéet al.(2004) report that the inoculation method andplamt-fungal strain interaction
are of significant importance for the percentagecofonized plants and the degree of
colonization observed. Still, it is critical to kwahe threshold colonization level required to
ensure fungal persistence. Further studies areedetedselect competitive fungal strains, to
evaluate plant-fungal strain interaction and thimiaation level required to ensure fungal
persistence.

As a whole our studies represent a first step fgcarrhizal synthesis iA. unedowith
edible fungi. One of our goals is to increase tb@enemic value to the species, considering
the interest of the fungi for culinary uses. Tilmieame source may encourage the cultur&.of
unedoand enlarge the area occupied by this speciea.rAsult, the continuous area occupied
by P. pinaster or E. globulus monocultures, which are quite fire proneness, ban
considerably reduced. Additionally, unlike the abaeferred monocultured. unedocan
contribute to create local employment and to redbeeabandon of rural areas a situation.
The people presence in the country associated tveghrequirement to keep the orchards
properly for fruit harvesting contributes to thedwetion of helophyte vegetation, usually

associated with forest fires.
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Studies presented in Chapter V provide informatbout the genetic diversity of 2¥.
unedo genotypes from 9 provenances analysed through culale markers (RAPDs and
SSRs). The set of 20 RAPDs primers (OPC) showeploRimorphic bands (57.3%). Eleven
microsatellite markers were selected accordingp¢orésults reported by Bochetsal (2005)
and Bassikt al (2006) inVaccinium The expected heterozygosity for SSR was muchehigh
(75%) than the same value found for RAPDs (27%)s Dhservation is consistent with the
higher levels of polymorphism usually displayed $$Rs (Agrama and Tuinstra, 2003;
Erikssonet al, 2006). Five SSR markers showed polymorphism. fEpeoducibility was
confirmed in 4 PCR reactions. From Hlti tested the most robust and polymorphic was the
locus CA421F which displayed values higher than the ayer 22 alleles, He=0.90 and a
high PIC value (88%). By the contrarpcus NA741 showed the lowest PIC, number of
alleles, and expected diversity. According to tlksuits 4 primers showed to be highly
informative (PIC>0.60) and can be selected forhirtstudies. Our results point out to an
important polymorphism level found among the &7 unedogenotypes. The knowledge
acquired represents a first step for future reseambich should include a larger number of
genotypes and provenances. The knowledge of gesmpthversity is crucial information
due to its potential in strategic planning of flreeding towards species biodiversity and
sustainability (Zawkoet al, 2001; Erikssoret al, 2006; Borchert and Hohe, 2009). For
instance, Zawkoet al (2001) refer that conservation and managementeafcopogon
obtectus(Ericaceae) should concentrate on maintaininghtgk levels of genetic variability
through mixing genotypes and promoting outcrossirige opposite decision can lead to the
reduction of genetic diversity.

The cluster analysis for RAPDs revealed a simiylakiynch coefficient (Lynch, 1990)
from 83% of similarity among genotypes up to 95%ijah tree topology was supported by a
moderate correlation yet significant (r=0.64; P€Q)0 The same Lynch coefficient (Lynch,
1990) revealed for SSRs a similarity among treesnf21% up to 82%, as well supported by
a superior correlation (r=0.75; P<0.001). Theseltesagree with previous information about
heterozygosity, because expected and observedhggersity were higher with SSR markers
(75% and 70%, respectively) and consequently gigmiflarity was inferior to RAPD values.
However, for both markers no genotypes could beiged according to their geographical
origin suggesting that physical distance is not ri@n factor contributing to the genetic
diversity observed i\. unedo Several factors may explain these observations.ldw gene

flow is probably associated with the matting systeyninsects and the species fragmentary
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distribution. On the other hand, the seed dispdogahnimals, particularly birds and the
human intervention could explain the similarity moubetween some genotypes far apart
geographically. Similar results are referred byl&dr and Musolf (2000) as the landscape
fragmentation was a cause for genetic diversit@lethrionomys glareolusAccording to the
same authors not only the old geographic barri@rser§) but also more recent fragmentation
of landscape (highways) have a relevant effect @megflow and consequently on genetic
diversity and genetic substructuring of populatioBs the other hand, a high level of gene
flow due to seed dispersal by animals, birds anchdns (El-Mousadik and Petit, 1996;
Ribeiro et al, 2001; Jordan@t al, 2007) may also contribute to the high genetiedity

observed.
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6.2 FINAL REMARKS

Over the course of the past five years a lot obrefhas been put in the selection,
characterization an¢h vitro propagation of strawberry tree. In spite of thexsiderable
amount of data so far obtained, and as it happeasy scientific project, the work is never
finished and new approaches can be taken to imptfowsedobreeding and to explore is
potential as a crop. As G. Bernard Shaw once st&eiénce never solves a problem without
creating ten more'Thus, further studies on this species must be pdrstying to develop
new strategies oin vitro propagation such as organogenesis and somaticyegemesis.
Preliminary studies have shown that some tissues thee potential to produce organogenic
callus from which shoots can be produced. Attertptsetter understand hot unedocells
can embark into an organogenic pathway of regeoerahust be carried out. In a similar
way, the ability of strawberry tree tissues to ugdesomatic embryogenesis is an aspect that
might open new perspectives in terms of cloning brekding. The results so far obtained
have indicated that young leaves from micropropayahoots of seedling or mature origin
can be induced to form somatic embryos which méet adult selected plants can be
vegetative propagated. As it is well known, sevevabdy plants have been propagated
through somatic embryogenesis. However, in moshefcases, the multiplication process is
effective only when juvenile material of unknownngéypes, such as zygotic embryos or
cotyledons have been used. The ability of adulivdetissues ofA. unedato embark into an
embryogenic pathway is being explored.

Large-scale propagation is absolutely requiredrtmpce a great number of propagules
that can be distributed to those interested ircthure ofA. unedo Moreover, the cost of the
propagated material must be competithwea visother types of clonal propagation. Thus, an
evaluation of the costs of the process must berntaildn and attempts to reduce costs must
be pursued. For example, more effective rootinghoas (one-step rooting) that can avoid
the use of two culture media would be of particutéerest.

The analysis of a group &. unedoindividuals by molecular markers showed a wide
genetic diversity. These studies are importanivduate the degree of diversity of a species
but more analyses must be carried out with an as@@ number of trees to correctly
determine the extent of diversity. Moreover, thetadies must be complemented by
experiments trying to better understand the matysiem in strawberry tree. The biology of
pollination as well as the development of seeds famits and their dispersal are poorly

characterized and further studies must focus osetsabjects. Crossing and selection of new
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traits are absolutely required for the developnwdrdultivars but this can only be achieved if
the biology of reproduction of a given species isllvknown. Besides their potential to
evaluate genetic diversity, molecular markers aefw tools in plant breeding. Marker-
assisted selection has been increasingly appligdetselection of particular traits, such as
drought-tolerance, fruit quality and productivigithough trees are much more difficult to
manage than annual crops, due to their long juggmdriods and heterozygosity, one can
envisage the application of molecular techniquedte selection of traits related with fruit
quality. Molecular markers are useful to apprise itdividuals that should be a focus for
conservation purposes and to estimate those forase-breeding population. Finally,
molecular analyses can also be used to evaluatgethetic uniformity of plants obtained
through axillary shoot proliferation or any othetvitro cloning method.

Field analysis of the micropropagated plants istl@o point that deserves further
attention. In our experiments we have producedgelamount of plants; some of them are
now growing and will produce fruits sooner. Anatysif fruit productivity and quality of
these trees must be carried and compared withrigmal trees in order to determine if the
selection was effective or not. Preliminary resideem to indicate that micropropagated
plants displaying precocity when compared with tdagropagated by other ways.

Mycorrhization is an interesting approach in maspegts. It can increases the rates of
plant acclimatization followingn vitro propagation, can reduces costs in terms of testti
and pesticide application and may represent an rit@pbincome through the production of
edible mushrooms. Further studiesAarunedamycorrhization must be centered in particular
aspects in order to make the process more effeditugs, it will be necessary to optimize the
inoculation methods by dosage experiments to obtasximized root colonization.
Experiments aiming to ensure fungal persistencesdsgening fungal strains and/or other
fungi for their competitiveness under nursery araddf conditions are also required. To
confirm mycorrhizae formation oft. unedagplants it is necessary to test the persistentieeof
inoculated fungi in field growing plants. Thus, maollar markers should be useful for the
identification of mycorrhizal fungi.

The northern and centre interior regions of Portwga hardly survive for much longer
based exclusively on the monocultures of pine ardlgpts. We must be able to increase the
biodiversity and plant biomass discontinuity, fastthat can contribute to a healthier forest,
improve the conservation of natural resources aetigmt forest fires. This would be more
relevant if simultaneously it would be possibleiorease employment and profits of local

populations. The use of strawberry tree is notagelit the only solution, but could help in the
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midst of other opportunities such as beekeepingrigm and leisure and landscape
fragmentation through agricultural practices.

Plants are an interesting source of bioactive camgs that have been used in the
pharmaceutical, cosmetic and food industries. Tdtergial ofA. unedoand of other species
considered as underutilized crops only know statset explored on this perspective.vitro
culture systems can be effective ways to produteresting chemicals and the insights
already obtained witiA. unedoin vitro culture can be useful to explore this species as a
source of bioactive compounds. Preliminary assay® hndicated that callus cultures Af
unedohave the ability to convert hydroquinone into dmpua compound with interesting

pharmaceutical applications.
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