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Abstract

Onion @llium cepal.) cultivation in low input and organic farmingsgems is hampered
by Fusarium basal rot (FBR) and the limited abiliiyonion to take up nutrients like
phosphorus. The symbiosis with arbuscular mycoattizngi (AMF) contributes to plant
acquisition of phosphorus, among other benefités PtD research studied the potential
contributions fromA. fistulosumandA. royleito breed onion cultivars with resistance to
FBR and enhanced benefit from the symbiosis withFAMhe genetic basis of these traits
was studied in arA. cepax (A. roylei x A. fistulosuh population. A collection of
Fusariumisolates was analysed using AFLP markers. The atmstdant species wés
oxysporumwith isolates clustered in two clades) followgdF proliferatum.The Allium
species were screened for FBR resistance usin.omeysporumsolate from each clade,
and oneF. proliferatumisolate. Allium fistulosumshowed high levels of resistance to
these three isolates aAd royleiintermediate levels of resistance. High level aistance
from A. fistulosumwas dominantly expressed in theroyleix A. fistulosumhybrid and
the tri-hybrid population. A molecular linkage mdmsed on AFLP markers was
developed for théA. roylei x A. fistulosunimybrid. A QTL for FBR resistance from.
roylei was mapped on chromosome 2, and a QTL fforfistulosumon chromosome 8.
Each QTL separately had significant effect on FBR kid not confer complete
resistance, thus more QTLs from fistulosumremain to be discovered. Regarding
Allium-AMF relationship, a first step of research studigdnetic diversity and
colonization levels of naturally occurring AMF, cparing organic and conventional
onion farming in the Netherlands. All plants weodonized with 60% average arbuscular
colonization. Onion yields were positively correldtwith colonization. AMF phylotypes
were identified by rDNA sequencing. The number bflptypes per field ranged from
one to six. TwaGlomusA phylotypes were the most abundant, whereas othdotgbes
were infrequently found. Organic and conventionalds had similar number of
phylotypes and Shannon diversity indices. A fewaoig and conventional fields had
larger number of phylotypes, which suggested tpatiic environmental conditions or
agricultural practices influence AMF diversity. Thenetic basis for the response to AMF
in the tri-hybrid Allium population was evaluated in two independent greasdo
experiments. The weights of mycorrhizal plants weignificantly larger than the non-
mycorrhizal plants. Mycorrhizal Responsiveness (MRJs negatively correlated with
plant weight in the non-mycorrhizal condition andsatherefore considered unsuitable as
an index for plant breeding purposes. Two new ieslievere proposed: mycorrhizal
benefit (MB) and mycorrhizal breeding value (MV)ri-Rybrid genotypes showed
transgressive segregation for plant weight, MB, &hd Two QTLs fromA. roylei for
these traits were detected on chromosomes 2 aAdQBIL from A. fistulosumfor MV
(but not MB), plant weight and the number of steondAe roots was found on linkage
group 9. Positive correlations between plant weighobting system and benefit from
mycorrhiza were observed, which open prospects dmbine these traits in the
development of more robust onion cultivars.
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Chapter 1
General Introduction

Onion @Allium cepal.) is one of the main vegetable crops worldwidéhwespect
to its production and economical value. This i® dle case for Uruguay and The
Netherlands (FAOSTAT 2008). Onion cropping systamsally make use of
large amounts of inputs, and high-yielding cropdedy rely on chemical control
of diseases and large use of fertilizers (BoschaSand Currah 2002). In the last
decades, a number of risks and negative consequearicine use of synthetic
chemicals in agriculture have been identified (leabet al. 2002). Therefore,
agricultural systems involving more sustainable svaf/productions like organic
and low-input agricultural systems gained intefesimmerts van Bueren 2003).
In organic and low-input agricultural systems, cyogld is more in balance with
other considerations like sustainability of the cagcosystem, management of
biodiversity, and reduced impact on environmentsgiay et al. 2007).

In this context, the search for a broader crop tieneackground by
combining or introducing new genetic variation emtes possibilities for more
sustainable agricultural systems (Stuthman 200&thErmore, another biological
interaction that has received increasing attentiogustainable agriculture is the
symbiosis between crops and arbuscular mycorrtitrayi (AMF). Arbuscular
mycorrhizal fungi usually improve the performandetioeir host plant species
under sub-optimal growing conditions (Atkinson et2002, Van der Heijden et
al. 2008), with benefits such us improved uptakelodsphorus and protection
against diseases (Gosling et al. 2006). Plant gewatiation that could allow a
better exploitation of the interaction with AMF Hye host has been described for
various crops, including onion (Powell et al. 1983gnetic variation for benefit
from the mycorrhizal symbiosis opens opportunif@sbreeding. However, the
practical exploitation of this variation in plameeding is still in its infancy.

This introductory chapter deals with general aspecomprising the
background to this thesis research: utilizatiosé#cies that are close relatives to
onion in breeding, breeding for resistance to ordagal rot caused dyusarium
species, and the relevance of plant genetic vanafi the benefit from AMF for
developing more robust onion cultivars.
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Chapter 1

The use of allied species for onion breeding

Allium cepal. (sectionCepa;sensu Friesen et al. 2006) is a species domesticate
probably 3000 — 4000 years B.C. and not found & whid (Shigyo and Kik
2008). Onion is attacked by several air- and soilb diseases (Entwistle 1990,
Maude 1990), and breeding for resistance has madeofithe limited genetic
variation present within the crop. Although somédvand cultivated species that
are related to onion can be regarded as imporemarvoirs of resistance genes
(Table 1), breeders only made limited use of th€he first successful example
of the use of wild relatives in onion breeding vttas introgression of resistance
from A. royleito downy mildew caused byeronospora destructaiScholten et
al. 2007). This and other introgressions may leadatbreakthrough in the
management of onion diseases in the near futundéleo et al. 2002).

Many factors are responsible for the limited useadfited species in onion
breeding in comparison to other cultivated cropci®esuch as potato. The most
important factors are the long juvenile phase abonthe long generation time,
and the difficulties to make successful crossegeéially the presence of
interspecific barriers has despaired breeders gKiB2). Crosses between onion
and otherAllium species have been carried out, but few intergpecibsses
yielded seeds and a subsequent offspring with Mari@vels of fertility. Allium
vavilovii is completely interfertile with onion, whereasfistulosum, A. altaicum
A. galanthum, A. pskemensand A. roylei show intermediate levels of
interfertility (Van Raamsdonk et al. 2003). Hybribetween onion and more
distant species have been obtained via embryo eednu proved to be sterile
(Keller et al. 1996).

Molecular markers andn situ hybridization techniques were applied to
analyse genome recombination in interspecific ldgyrand enabled the precise
detection of introgressed chromosome segments €f¢em et al. 1998,
Khrustaleva and Kik 1998, 2000, Van Heusden eP@00a, Khrustaleva et al.
2005, Scholten et al. 2007).

The amplified fragment length polymorphism (AFLP®&)arker system,
which was applied in this thesis, was used befor&llium research to develop
linkage maps (Van Heusden et al. 2000a, De MelBR00 locate QTLs (De
Melo 2003, McCallum et al. 2006, 2007), to studycombination and
chromosome organization (Khrustaleva et al. 20@8)ta reconstruct phylogeny
of the genusAllium (van Raamsdonk et al. 2000, 2003). The strengthAFafP
systems is that it covers the whole genome, dodsrequire prior DNA
information, and gathers a large number of datatpd¢Klaas and Friesen 2002).

12



General Introduction

Table 1. Resistance fromAllium fistulosumandA. royleito onion diseases (partly based
on Kik 2002).

Disease Response References
Allium roylei
Botrytis squamosa High resistance De Vries et al. 1992a

(putatively one single Walters et al. 1995
dominant gen)

Peronospora destructor Complete resistance (one Kofoet et al. 1990

single genpPdl) Van Heusden et al. 2000a
Scholten et al. 2007
Colletotrichum Partial resistance Galvan et al. 1997
gloeosporioides (putatively polygenic)
Allium fistulosum
Botrytis squamosa High to complete Bergquist and Lorbeer 1971
resistance Currah and Maude 1984
Walters et al. 1996
Fusarium oxysporum High resistance Holz and Knox-Davies 1974
Phoma terrestris High resistance Ludwig et al. 1992

Netzer et al. 1985
Porter and Jones 1933

Colletotrichum High resistance Galvan et al. 1997
gloeosporioides

Urocystis cepulae Resistance Felix 1933

Allium roylei Stearn

Allium roylei (Syn. A. lilacinum Royle ex Regel, noi\. lilacinum Klotzsch)
(2n=2x=16) was collected by V.B. Sharma from the &allege in India at
Mysore, Himalayas (McCollum 1982). This accessiaoovin originally as C502
and later as Pl 243009 is still the singleroylei source available worldwide, as
further attempts to collect the species were uressfal (De Vries et al. 1992b).

However, recently newA. roylei accessions collected in the Western
Himalaya (India) were reported, which were founcaimaltitude range of 2000-
3500 m, and occasionally cultivated and used asraiment (Pandey et al.
2008).

Allium roylei was successfully crossed with onion by Van der ivéaal De
Vries (1990). It is a conspicuous species, havigl lesrossability with onion but
with morphological characters typical of speciebging to sectioRhiziridium
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Chapter 1

sensu lato short plant with narrow filiform leaves, cylinddl leaf section
sometimes solid, and reticulate bulb tunics (Fhitemd Friesen 2002)t was
included in sectionCepa based on nuclear and cpDNA markers, although
carrying at the same time a considerable numbesyofapomorphies with
Rhiziridium (Klaas and Friesen 2002, van Raamsdonk et2803). As a
conseguence, it has been proposedAhabylei may have a hybrid origirsénsu
Hanelt 1990, Frisch and Friesen 2002), althoughdhggestion has been refuted
by phylogenetic analysis on the basis of rDNA (Ghidze et al. 2007).

Allium royleiis resistant to important onion diseases (Tahlé&&)AFLP linkage
map was developed for this species, using a papnlabtained from a cross with
A. cepa(van Heusden et al. 2000a). The resistance to yiomitdew Pd1 gene)
has been mapped in the distal region of the long afr linkage group 2 (Van
Heusden et al. 2000a), which was proven to be cisome 3 via genetic analysis
of monosomic addition lines (Van Heusden et al.a2)0

Allium fistulosum L.

Allium fistulosum(2n=2x=16) or Welsh onion is a cultivated specidss species
is also known as Japanese bunching onion, greem,ceid scallion. In Asia, it is
grown to a large extent and used as a typical chgne in the local cuisine.
Allium fistulosundoes not develop bulbs (Inden and Asahira 1990).

Allium fistulosumis certainly the species where the largest numifer
attempts have been made to cross it withcepain order to exploit disease
resistances and physiological features (Kik 20@th species have the same
chromosome number, similar cpDNA restriction patseand similar karyotypes
(Havey 1991), but apparently differ enough to pam@n almost completely
sterile inter-specific hybrid. Although some sesdobtained after selfing, the
inter-specific hybrid backcross programs provedéo problematic, and onion
cultivars with beneficial traits fromf\. fistulosumhave been never developed
(Villanueva Mosqueda et al. 2000). Heteromorphigalents and disturbed
synapses in the centromeric region were observadgimeiosis of interspecific
hybrids, whilst chiasmata frequency was reducezbimparison with both parents
(Stevenson et al. 1998). In backcrosses with onoy a limited number of
progeny plants were obtained with irregular segiegadue to the occurrence of
nuclear-cytoplasmic incompatibility (Mangum and fieggf 2005).

In order to introgresé. fistulosumtraits into the genetic basis of onioA,
roylei may act as a bridge species (Khrustaleva and Ki&8.1 2000). The
intermediate size of thA. roylei genome (28-30 pg-cé)l betweenA. cepa(32-
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General Introduction

33.5 pg-celt) andA. fistulosun(22.5-23.5 pg-cel) genomes may partly explain
its effectiveness as bridge species (Ricroch &0fl5).

The tri-hybridA. cepa x (A. roylei x A. fistulosdirallows the simultaneous
exploitation of two onion-related species, in aepool approach, as coined by
Hermsen (1992). Progeny plants of the first crossvbenA. cepaand theA.
roylei x A. fistulosunmybrid showed high binding of bivalents arms (82)&84h
occasional inversions in meiosis, and intermedpailen fertility (Khrustaleva
and Kik 1998). The second backcross generation wition showed high
frequency of recombination points randomly disttdzlialong the chromosomes
(Khrustaleva and Kik 2000). Pollen fertility in greny plants was variable, but
seemed to be a trait that can be selected for.oAg¢h it has not been
demonstrated that all the chromatin frofn roylei or A. fistulosumcan be
introgressed, the potential value of this bridgessrpopulation for onion breeding
is evident (Kik 2002).

The tri-hybrid A. cepa x (A. roylei x A. fistulosiinmvas used to study the
inheritance of rooting traits fron\. fistulosum,traits that contribute to the
development of more robust onion cultivars. QTLsendentified using an AFLP
linkage map (De Melo 2003). This example of idecdifion of QTLs and
molecular markers linked to target traits can assitrogressions fromA.
fistulosum and A. roylei into the onion gene pool, by following specific
chromosomal regions in segregating populations rgtisaet and Moreau 2004).

Breeding for resistance to Fusarium basal rot

Sources of resistance

The genetic analysis of resistance to Fusarium|Basa(FBR) in the tri-hybrid
A. cepa x (A. roylei x A. fistulosums)the first core subject of this thesis. FBR is
spread worldwide in tropical and temperate regiaifecting onion and other
cultivated Allium species.Fusarium oxysporunf. sp. cepaeis regarded as the
causal agent (Entwistle 1990). Otlrarsariumspecies affecting onions have been
also reported (Entwistle 1990, Du Toit et al. 2003)e pathogen infects the roots
or the basal plate of the plant. Further infectoéroulb scales only occurs late in
the season, with major losses being observed dpistharvest storage. Isolates
of this pathogen may differ in aggressiveness évéille 1996, Ozer et al. 2003),
but research on the presence of genetic variatichis onion pathogen has not
been carried out before.
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Chapter 1

Cramer (2000) has reviewed FBR in the context eéding for resistance. Onion
host resistance has been exploited in several imgegrograms located in
different regions along the world. Among 331 onioultivars in the United

States, 52 were reported as having some FBR mesistay the vendors (Havey
and Wehner 1999). They mostly belong to long dap)(Bnd intermediate day
(ID) onion groups (Lopez and Cramer 2002). In otdeexplain the genetic basis
of resistance to FBR, a number of hypotheses haga put forward (summarized
by Cramer 2000), ranging from a single gene to ipleltgenes, including

cytoplasmatic effects. However, no resistance gaas ever mapped on a
molecular linkage map.

Although vyield losses can be significantly redudsdhost resistance, the
response is not absolute, and the most widely growtivars are susceptible.
Moreover, FBR resistant cultivars did not alwaysdee as such when grown in
different regions (Valdez and Galmarini, pers. qorBreeders and growers are
concerned about FBR, and higher levels of resistanit be welcome Allium
species related to onion may carry genes for esgistto FBR, but these have
hardly been studied as sources of resistance.

Screening methods

The expression ofusariumresistance irA. cepaaccessions depends upon the
conditions of the screening procedure. Plant agheatnoment of inoculation or
infection is a relevant factor of variation, asmgerating seedlings and bulbing
plants are much more susceptible than plants teahahe non-bulbing growing
stage (Cramer 2000).

A seedling test under controlled conditions hasmnb&gplied as a fast, easy
and reliable procedure (Krueger et al. 1989, Loped Cramer 2002, Ozer et al.
2003, Stadnik and Dhingra 1995). The necessargledion with field resistance
(e.g., reduced postharvest losses) was assumedghthecant information is
available on this issue. The quality of the sees i® also an important factor of
variation, because accessions that have poorly igatimg seeds behave as
susceptible (Cramer 2000). An important constrainseedling tests for genetic
analysis is that susceptible genotypes die evasrdeimergence, thus they cannot
be fingerprinted.

Screening assays using adult plants under cordratienditions in the
greenhouse have been described less frequently @@ Knox-Davies 1974,
Stadnik and Dhingra 1995). Field screening is pobbdahe most commonly
applied test in commercial breeding companies.dRasie is evaluated at harvest
by visual estimation of infections on onion badalgs. Slicing the basal plate to
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examine internally developed infections (dark tovm areas within the basal
disc) is an effective method to characterize treetien of onion germplasm to
FBR (Gutierrez and Cramer 2005). The evaluatiopostharvest losses is used to
a large extent by breeding companies (Cramer 2000).

Breeding onion for better exploiting
the benefit from mycorrhiza

Arbuscular mycorrhizal fungi in sustainable agriculture

The analysis of the possibilities to enhance thaebe from arbuscular
mycorrhizal fungi (AMF) in onion by means of breegliis the second core
subject in this thesis. The focus in this sensalgs on the contribution from.
fistulosumandA. royleito broaden the genetic variation of the onion gana.

Interactions with AMF are widespread among mosttlamilies, comprising
the majority of agricultural crop species. AMF afgigate symbionts with very
low host specificity. As a result of the symbiosiéviF take carbon and energy
from the host plant, which usually grows bettemtanon-mycorrhizal plant due
to the improved acquisition of nutrients (particlyfaphosphorus) and water
through the fungal partner (Mosse 1973, Strible§(9

Industrialized agricultural systems developed durithe 20th century
disregarded the benefits from mycorrhiza (Barkeale2002). Under high-input
agriculture, nutrients are available in large amsuand AMF do not play a role
in yield enhancement (Van der Heijden et al. 200Byen more, AMF
colonization can be inhibited by the high interpabsphorus status of the host
plant or by high phosphorus availability in thelgbletrick et al. 1996, Ryan et
al. 2000). However, in the context of organic ama-input agricultural systems
there is room to re-consider the role of AMF, bessaavailability of nutrients in
these systems does not rely on external suppliebs,shortages may frequently
occur (Gosling et al. 2006; Ryan and Graham 20B@)thermore, the symbiosis
with AMF can result in other benefits for the criopthe frame of sustainable
agriculture, like protective effect against pathmggPozo and Azcén-Aguilar
2007) and soil aggregation (Jastrow et al. 1998).

Agriculture and diversity of arbuscular mycorrhizal fungi

Agricultural soils hold lower AMF diversity than ngal ecosystems such as
woodlands and grasslands (Helgason et al. 1998)amalysis of diversity in
arable lands showed that the number of AMF genedaspecies was negatively
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related to the degree of intensification of theoagcosystem (Oehl et al. 2003).
Several factors have a negative impact on AMF conities, like frequent
tillage, rotation with non-mycorrhizal crop specid®e occurrence of bare fallow
periods, and the use of fertilizers and fungicideskberg and Koide 2005,
Gosling et al. 2006). For example, speciedcdulosporaandScutellosporavere
rare in soil samples from highly intensively martgeils (Oehl et al. 2003). As
AMF diversity decreases, son@omusspecies become dominant in agricultural
soils, particularly G. mosseag(Helgason et al. 1998) an. intraradices
(Mathimaran et al. 2005). One of the explanatianghat these species tolerate
tilage-induced disruption of the hyphae, and ham abundant and fast
production of spores (Boddington and Dodd 2000sdant al. 2002).

Does AMF species diversity contribute to agricudtuyields? AMF species
diversity is correlated with aboveground diversityplant communities in natural
ecosystems (Van der Heijden et al 1998). In adrical systems, hypothesis on
the role of AMF diversity refers to the complemewtaction of taxa differing in
their functionality and optimal ecological conditg with differences in timing of
activity during the growing season (Merryweathed ditter 1998, Hijri et al.
2007) and soil depth (Oehl et al. 2005). In sevstatiies, organic agricultural
systems had crops with larger AMF colonization amoculum potential than
crops in conventional agricultural systems. ThesHerdnces were often
explained by the lower P availability of the sqi3ann et al. 1996, Ryan et al.
2000, 2002). Whether the adoption of organic fagmmay lead to a difference in
AMF diversity, however, has been studied to a lesséent (Hijri et al. 2007).
Chapter 4 of this thesis aims to contribute to tiysc.

Plant genetic variation for the benefit from mycorthiza

Host plant genetic variation for the benefit fronyaorrhiza has been described
between cultivated species (Plenchette et al. 1383jvell as between cultivars
and breeding lines in several cultivated specidthaigh the development of
cultivars with enhanced response to AMF was claimmeda way to achieve
successful and stable yields in low-input agria@tgRyan and Graham 2002,
Barker et al. 2002), the benefit from mycorrhiza hat been a selection criterion
applied in breeding programs yet. A factor prevemtihe practical utilization
could be the difficulties to measure the benebtrfrmycorrhiza when comparing
plant genotypes, as discussed in Chapter 5.

The interaction between plants and AMF is partl{edained by the genetic
background of both partners. These genetic backgiowetermine, firstly, a
compatible interaction (Gollotte et al. 2002, Barkeal. 2002). In a time-course
process, this involves recognition events, thebdistament of the symbiosis, and

18



General Introduction

its functionality. Genetic variation among planinggypes for the benefit from
mycorrhiza could be the result of differences icognition events, which may be
translated into differences in the timing and degoé colonization. Root cells
harbouring arbuscules are completely re-programnredtheir functioning
(Massoumou et al. 2007), and differences amongtgpas may occur.

Another hypothesis explaining differences amongipdgenotypes is that they
differ in the functioning of the symbiosis. Althdugprimarily supported by
specific biochemical pathways involving carbon anideral transfer, particularly
phosphorus (Strack et al. 2003), this efficiencgusth be finally expressed in an
agricultural context as increased plant biomass.

Genetic variation in the efficiency of the symb#osbuld also be influenced
by plant traits, like the morphology of the rootisgstem (Lynch 2007). The
larger and denser the rooting system, the lower lbgefit will be from
mycorrhiza because the plant itself can take up@mautrients from the soil
(Zhu et al. 2001, Wright et al. 2005). PlantsApidropogon gerardiwith smaller
rooting system invested proportionately more in sienbiotic association than
plants with larger rooting system (Schultz et &02). Plant potential growth and
efficiency of the plant to take up nutrients magoatiminish the benefit from
mycorrhiza (Kaeppler et al. 2000). Genetic varmatfor such plant traits may
interfere with evaluation of the benefit from mydora and the set up of
breeding schemes.

The benefit from mycorrhiza can be measured aslifference in total plant
biomass (fresh weight, dry weight) in comparisorataon-mycorrhizal control.
‘Mycorrhizal responsiveness’ (Janos 2007) is a comlgn used index. It is a
dimensionless ratio, based on the difference imtptiry weight between a
mycorrhizal and non-mycorrhizal plant, in relatiom biomass of mycorrhizal
(Plenchette et al. 1983) or non-mycorrhizal (Babal €1993) plant:

DW= DWas 200
DW,,,

MR =

Because the main contribution of AMF is the enhdrfeecquisition by the plant,
the benefit from mycorrhiza can also be expressedhe literature as the
improvement in P content (P mass fraction x biomn&Smith 2000, Janos 2007).
Nevertheless, improvements in phosphorus uptakeoti@utomatically result in
an increased plant growth (Li et al. 2006).
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As responsiveness of a plant genotype dependsthpoR availability in the soil
(Mosse 1973, Stribley 1990, Wright et al. 2005),wids suggested that the
phosphorus concentration in the soil should becatdid when responsiveness is
evaluated (Plenchette et al. 1983). Furthermorepslg2007) warned that the
comparison of plant species or genotypes at aesipgbsphorus level may be
misleading, because genotypes may differ in thegponse curves along a
gradient of P levels in the soil. However, scregranlarge set of genotypes in a
range of P levels could be expensive. FurthermBrdevel is not the only
environmental factor influencing the benefit fromyaarrhiza (Sawers et al.
2008). Therefore, screening in a single environmeith one P level can be a
valuable first step in a breeding programme.

As discussed before, plant genotypes differ algbérability to grow in a P-
deficient environment in the absence of AMF (Wrightal. 2005). Janos (2007)
proposed to exclusively use the expression AMF deégecy (which had earlier
been treated as equivalent to mycorrhizal respensiss) to indicate the threshold
P level below which a genotype cannot grow withmyitorrhiza (Figure 1).

-— - -

Plant

weight with AMF

no AMF

Dependency '/

AT

Pd Pmax

P level in the soil

Figure 1. Typical plant response curves along a gradier®® dévels with and without
mycorrhiza (based on Janos 2007). Mycorrhizal nesigeness varies as a function of the
P level in the soil. Mycorrhizal benefit (MB), whicwas defined in this thesis as the
weight difference between plants with and withoytcorrhiza, varies with P level in the
soil. The soil P level where benefit is largesPis, Dependency is the minimum P level
in the soil (R) below which the plant is not able to grow withowgcorrhiza.
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Genetic analysis of the benefit from mycorrhiza

Few studies have analyzed the genetic basis ob#mefit from mycorrhiza.
Hetrick et al. (1993, 1995) studied the geneticdda$ AMF responsiveness in
wheat. As most modern wheat cultivars had lowepaesiveness than old
accessions, they suggested that modern breedingtiast in wheat could
inadvertently have selected against AMF responsisenThis indirect selection
would be driven by environments not conducive to FANe.g. high nutrient
availability, intensive tillage, use of fungicidesyhich lead to a low
responsiveness, as plant genes involved in thesaation are not selected for
(Hetrick et al. 1993). However, an alternative exgition could be that low
responsiveness of modern cultivars may be thetreStheir ability to grow in a
nutrient-deficient environment in the absence of AMy selection for yield
stability across different environmental conditiqiaeppler et al. 2000, Sawers
et al. 2008).

Kaeppler et al. (2000) studied the genetic basisAMF responsiveness in
maize using inbred lines in a soil with low P aahility. Responsiveness was
negatively correlated with plant weight under noyeorrhizal conditions. This
means that inbred lines with larger biomass inntbe-mycorrhizal control had
lower responsiveness, because growth improvementidad by the action of
AMF was proportionally lower. The use of ratio \abies with a non-constant
denominator may lead to incorrect conclusions beeanf the effects of other
traits acting as co-variables (Righetti et al. 200his problem associated with
the use of ratios should be taken into account wheasuring the benefit from
mycorrhiza for breeding purposes, and will therefdse discussed in the
framework of this thesis.

Variation in AMF responsiveness was reported amamgon cultivars
(Powell et al. 1982)Allium fistulosumhighly benefitted from the inoculation with
AMF, and differences between cultivars were obskrae well (Tawaraya et al.
2001). Thus, the question arises whether speciasedeto onion such aA.
fistulosumor A. roylei may contribute to enhanced benefit from mycorrhiza
onion by broadening the genetic basis for thist.tréhis issue will also be
addressed in this research.
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Aims and outline of this thesis

This thesis aims to contribute to a more sustamadgriculture via the
development of onion cultivars that harbour a higkistance to Fusarium basal
rot, and an improved benefit from arbuscular mylwiaal fungi. To this end, the
diversity of Fusariumspecies pathogenic to onion was studied, andeistance
to FBR inA. fistulosumandA. royleiwas analyzed. Furthermore, the diversity of
AMF communities in agricultural fields was analyzadd the genetic basis of the
exploitation of AMF inAllium species was studied.

In Chapter 2 the resistance to Fusarium basal rotAllium species was
investigated using differerftusariumisolates. A collection oFusariumisolates
from Uruguay, The Netherlands and other countries regions of the world is
analyzed using AFLP markers. This is the first gsial of genetic diversity of this
onion pathogen based on molecular markers, andfitee comprehensive
screening of onion related species for resistan&BR.

Chapter 3 presents the genetic analysis of the resistané¢ausarium basal
rot in a tri-hybrid population ofA. cepa x (A. roylei x A. fistulosumj
greenhouse screening was performed using clonatipagatedin vitro plant
material. A molecular linkage map based on AFLPkaes was developed for the
A. roylei x A. fistulosunparent, on which QTLs for resistance to FBR were
located.

In Chapter 4, the diversity of AMF in onion cultivation in Théetherlands is
described, with the aim to compare organic and eotignal cultivation. Besides
the analysis of AMF diversity, this chapter givasight in the relevance of AMF
in agricultural soils in the Netherlands, and @kevance for onion cultivation.

Chapter 5 presents an evaluation of the benefit from mycaelin onion and
relatedAllium species. A genetic analysis was carried out basdtie evaluation
of the response to AMF of tri-hybrid genotypes. Nawlices to measure the
response to AMF are proposed, and QTLs for thediean are located on the
AFLP linkage map of thé. roylei x A. fistulosunparent. The potential value of
this benefit in relation to measured plant traitgliscussed. Besides experimental
data and results foA. fistulosumand A. roylei this research contributes to a
theoretical framework for breeding for the bengbim mycorrhiza.
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A general discussion of the findings of this thasipresented i€hapter 6. The
value of the tri-hybrid population for onion breegliis discussed, based on the
results obtained in this PhD research. Other topidressed are the genetic
variation in Fusarium isolates pathogenic to onion, the significanceAMF
diversity for agriculture, and the benefit from ropdiza as a goal in breeding
programmes. Emerging future research lines arecatell, like introgressions

schemes for the traits investigated in this staahyl the analysis of the interaction
between AMF andfusarium.
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Chapter 2

Genetic variation amongFusarium isolates from onion and
resistance to Fusarium basal rot in relateddllium species

Abstract

The aim of this research was to study levels abtasce to Fusarium basal rot in onion
cultivars and relatedllium species, by using genetically differdatsariumisolates. In
order to select genetically different isolates fitisease testing, a collection of 61
Fusariumisolates, 43 of them from onioilium cepd, was analysed using amplified
fragment length polymorphism (AFLP) markers. Onignlates were collected in the
Netherlands (15 isolates) and Uruguay (9 isolate®), received from other countries and
fungal collections (19 isolates). From these igdaP9 were identified &5 oxysporum
10 asF. proliferatum,whereas the remaining 4 isolates belongeH.tavenaceunandF.
culmorum The taxonomic status of the species was confirrbgd morphological
examination, by DNA sequencing of the elongatioctda 1« gene, and by the use of
species-specific primers fdfusarium oxysporum, F. proliferatynand F. culmorum
Within F. oxysporumjsolates clustered in two clades suggesting diffeorigins ofF.
oxysporumforms pathogenic to onion. These clades were ptéseeach sampled region.
Onion and six relatedllium species were screened for resistance to Fusarasal bot
using oneF. oxysporumisolate from each clade, and oRe proliferatumisolate. High
levels of resistance to each isolate were found.idistulosumand A. schoenoprasum
accessionawvhereasA. pskemense, A. roylendA. galanthunmshowed intermediate levels
of resistance. Among fivé\. cepacultivars, ‘Rossa Savonese’ was also intermediate
resistant. Regarding the current feasibility fdragressionA. fistulosum, A. royleandA.
galanthumwere identified as potential sources for the transf resistance tGusarium
into onion.

T This chapter is published as

Galvan GA, Koning-Boucoiran CFS, Koopman WJM, Bungefsonzalez PH, Waalwijk C, Kik C,
Scholten OE (2008). Genetic variation améngariumisolates from onion and resistance to
Fusarium basal rot in relatédlium species. European Journal of Plant Pathology 88154 2.
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Introduction

Fusarium oxysporunschlecht.: Fr. f. spcepae(H.N. Hansen) Snyder & Hansen
causes basal rot of onioAlljum cepal.) (Entwistle 1990). The fungus infects
the roots or the basal plate of the bulbs. Furihfection of bulb scales occurs
later in the season, and most severe losses and foypost-harvest storage. The
fungus is spread worldwide, and also infects othdtivatedAllium species, such
as garlic (Entwistle 1990).

The forma specialicepaeis one of the host-specific groups within
oxysporuma complex and diverse species with large diveiisitgpecific host-
ranges as well as non-pathogenic forms (Kistler719Blumerous studies have
been conducted to describe the genetic diversityhisf species, although no
markers related to pathogenicity were found (Baagteal. 2000a, Recorbet et al.
2003). Comparisons of sequences of the elongatactof n and the
mitochondrial small subunit rDNA led to the ideid#tion of three different
clades (O’'Donnell 1998, Baayen et al. 2000a), eamtsisting of isolates from
several formae speciales. Studies on genetic diyar Fusariumisolates from
onion are not yet available.

Variation in aggressiveness betweEn oxysporumisolates pathogenic on
onion was reported before (Villeveille 1996, Ozeale 2003, Valdez et al. 2004).
Variation amongFusarium isolates might explain differences in response of
resistant selections, as was suggested by C. Galraad J. Valdezpers. conj.
when partially resistant onion cultivars bred ine thUSA appeared to be
susceptible in Argentina. This observation mightapeindication that variation
among isolates exists and could be a factor towtrdstargeted selection for
resistance against specific isolates.

RecentlyF. proliferatum (Mats.) Nirenberg was found affecting onion (du
Toit et al. 2003, Stankovic et al. 2007) and gaffbmgan et al. 2003). Other
Fusariumspecies were reported in the past as minor onitimogans (Entwistle
1990), butF. oxysporums the most frequently found species causing obasal
rot.

Within A. cepa,only partial resistance . oxysporunt. sp.cepaehas been
found, which is being exploited in breeding prognaes (Cramer 2000).
Although this has resulted in the development dfivars with reduced post-
harvest and yield losses, breeding efforts are iogg@s there is still a need for
further improvement.
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In species related to onioAl{jum SectionCepa (Mill.) Prokh.) high levels of
resistance to several diseases have been foun@(&). Resistance to Fusarium
basal rot was reported A& fistulosum(Abawi and Lorbeer 1971, Holz and Knox-
Davies 1974). More recent reports, however, shothatlA. fistulosumcan be
affected byF. oxysporum(Shinmura et al. 1998; Navia and Gémez 1999)Fand
redolens(Shinmura 2002). No reports are available abougestng for resistance
to Fusarium basal rot in othaflium species related to onion.

The aim of the current research was to study leg€Elsesistance in onion
cultivars and relatedllium species to genetically differeRusariumisolates. In
order to know whether or not isolates differ gesaty and belong to different
species, a collection ofusarium isolates originating from onions grown in
different regions of the world was studied by tise of amplified fragment length
polymorphism markers (AFLP). The taxonomic statustle isolates was
investigated morphologically and confirmed by DNAegsencing of the
elongation factor X gene, and by the use of species-specific primers f
Fusarium oxysporum, F. proliferatunand F. culmorum.Two F. oxysporum
isolates, one from each clade, and dneproliferatumisolate, were taken to
screen for levels of resistance to Fusarium bastainr onion cultivars and six
relatedAllium species.

Materials and Methods

Fungal collection

A collection ofFusariumisolates was set up by sampling onion fields dochge
sheds in Uruguay in 2003, and the Netherlands @4 28s well as by kind supply
from researchers and institutes from various caesifTable 2). This collection
includes 43 isolates from onion, three from gathc sativurp and one from
shallot @. cepacommon grou@ggregatum In addition,Fusariumisolates from
other crops were included as controls (Table 2).

Slices of basal plates or diseased roots, 5 to @nctangth, were surface
disinfected by immersion for one minute in 70 %aeibl, one minute in NaOCI
(15 gl™), two times in sterile water, and incubated inriPdishes on a blotter
(25°C, 3-7 days). From rotten bulbs, pieces of riyoe were isolated with a
needle from the borders of the lesions that appeigreotten bulbs. Hyphal-tip
colonies from root lesions, basal rot, or bulb ve¢re first isolated in water-agar
(34 g agait™), and then maintained on potato dextrose agar (RD¥oid Ltd,
England).
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Table 2 Collection ofFusariumisolates from onion and other host species included
the study of genetic diversity &lusariumusing AFLP markers.

Identifi- Testof  Date of Country and place Host, organ
cation?® patho- collec-  of collection
genicity®  tion
Fusarium oxysporum isolated from onion (f. sp.cepae) and Allium crops
93.816" + 1993  The Netherlands Onion
CBS 148.25 + 1925 n.if Onion
CBS 192.35 + 1935  Germany Onion
CBS 193.35 + 1935  Germany Onion
DSM 62306 + n.i. United States, California Onion, bulb
EZA® + 2004  Australia Onion
Fo Ech" + n.i. France Shallot
Foc 06 + n.i. Turkey Onion, seed
Hue-2 n.d. 2004 Spain, Huelva Garlic, basal plate
Hue-3 n.d. 2004 Spain, Huelva Garlic, basal plate
Hue-5 n.d. 2004 Spain, Huelva Garlic, basal plate
LJC 10081 2004 Argentina, Buenos Aires Onion, fleshy scales
LJC 10045 + 2004  Argentina Onion, fleshy scales
LJC 10164 + n.i. United States, Texas Onion
LJC 10165 + n.i. United States, Texas Onion
LJC 10159 + ni.  United States Onion
NL 102-1 + 2004 The Netherlands, Schoondijke Oniont
NL 102-2 n.d. 2004  The Netherlands, Schoondijke oBnioot
NL 104-2 + 2004 The Netherlands, Kerkwerve Onioot r
NL 106-2 + 2004 The Netherlands, 1Jzendijke Onrioot
NL 106-3 n.d. 2004  The Netherlands, 1Jzendijke @nioot
NL 106-4 + 2004 The Netherlands, 1Jzendijke Onioot
NL 109-2 + 2004 The Netherlands, Langeweg Onioat, ro
NL 132 + 2004 The Netherlands, Wageningen Oniosabpalate
NM 1% + 1999  United States, New Mexico Onion
NM 2-4% + 2004 United States, New Mexico Onion
NM 2-5* + 2004 United States, New Mexico Onion
NM 2-7% + 2004 United States, New Mexico Onion
UR 07 n.d. 2003 Uruguay, Canelones, La Paloma Qnomt
UR 16 + 2003 Uruguay, Canelones, Progreso Onienh§l scales
UR 17-3 + 2004 Uruguay, Canel6n Grande Onion, flesfales
UR 17-5 + 2004 Uruguay, Canelon Grande Onion, fleslales
UR 17-8 + 2004 Uruguay, Canelon Grande Onion, fleslales
F. oxysporum f. sp.lilii
Fol 11¢ n.d. n.i. The Netherlands Lily
Fol 4¢ n.d. ni.  The Netherlands Lily
F. oxysporum f. sp.lagenariae
UR 13' n.d. n.i. Uruguay Pumpkin
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Table 2 (cont)

Identifi- Test of Date of Country and place Host, organ
cation ? patho- collec- of collection

genicity®  tion
F. oxysporum f. sp.loti
UR 15' n.d. n.i. Uruguay Birds-foot trefoil
F. oxysporum f. sp. tulipae
Fot 10° n.d. 2003  The Netherlands Tulip
Fot 13¢ n.d. 2003  The Netherlands Tulip
Fot 47¢ n.d. 2003  The Netherlands Tulip
Fot 67¢ n.d. 2003  The Netherlands Tulip
Fot Yoko3® n.d. 2003 The Netherlands Tulip
Fusarium proliferatum
LJC 10013 + 2004 Argentina, San Juan, Pocito Onion, flesiayes
LJC 10023 + 2004 Argentina, San Juan, Pocito Onion, fleslayesc
LJC 10033 + 2004  Argentina, Mendoza, Maipu Onion, fleshylesa
NL 109-1 n.d. 2004 The Netherlands, 1Jzendijke @nioot
NL 131-1 + 2004  The Netherlands, Wageningen Orbasal plate
NL 131-2 + 2004  The Netherlands, Wageningen Orbasal plate
NL 131-3 + 2004  The Netherlands, Wageningen Orbasal plate
UR 01 + 2003 Uruguay, Canelones, Las Piedras Ofleshy scales
UR 03 n.d. 2003 Uruguay, Villa Nueva Sauce OnitesHy scales
UR 06 n.d 2003 Uruguay, Villa Nueva Sauce Onieeds
Fusarium equiseti
UR 09' - 2003 Uruguay, Canelones, Progreso Pumpkin
Fusarium verticillioides
MRC 826™ n.d. n.d. South Africa Maize, kernels
Fusarium avenaceum
UR 04 + 2003 Uruguay, Canelones, Canel6n Grande Orleshy scales
UR 10' n.d. 2003 Uruguay, Canelones, Progreso Pumpkin
Fusarium graminearum
Fg 820¢ n.d. n.i. The Netherlands Wheat, kernels
Fusarium culmorum
IPO39¢ + n.i. The Netherlands Wheat, kernels
NL 110-1 + 2004  The Netherlands, Zeeland, StroodorpOnion, root
NL 110-2 + 2004 The Netherlands, Zeeland, StroodorpOnion, root
NL 110-3 + 2004 The Netherlands, Zeeland, StroodorpOnion, root

2 In the identification codes, a figure behind alsldistinguishes isolates obtained from differemnps or bulbs in
a single field or storage shed. (+) pathogenic;+) non-pathogenic; (n.d.) not determined. (n.i.ymformation
available.? Plant Research International, Wageningen Urtie. Netherlands$. Provided by Centraalbureau voor
Schimmelcultures, the Netherlanddty Deutsche Sammlung von Mikroorganismen und Hlien,
Braunschweig, Germany?, by Dr. K. Posthuma, Enza Zaden, Enkhuizen, Thiaétkands" by Dr. C.
Alabouvette and Dr. N. Gautheron, C.M.S.E.- INRA0Rj France;' by Dr. N. Ozer, Univ. of Trakya, Turkey;
by Dr. C.R. Galmarini and Dr. J. Valdez, INTA Lai@ulta, Argentina;* by Dr. C. Cramer and Dr. Muhyi, New
Mexico St. Univ., USA.' Laboratorio de Fitopatologia, Fac. de Agronorbiiaiy. de la Republica, Urugua$).
Provided by Dr. W. Marasas, M.R.C, South Africa.

29



Chapter 2

Pathogenicity was tested on onion cultivar “"TexaslyEGrano 502" by the
seedling test described by Krueger et al. (1988yed replications per isolate
were tested, each consisting of 30 seeds sown at-sherilized sand, and
inoculated with a suspension of conidial(® sporesnl®, 1:10* sporesy™ dry
sand). Isolates were considered pathogenic when ntivaber of emerged
seedlings significantly differed from a non-inodeld control (analysis of
variance, p<0.05). Pathogenic isolates were indudethis research, as well as
six isolates that were not tested (Table 2).

Amplified Fragment Length Polymorphism analysis

Fungal isolates were multiplied in 100 ml flasksntaining 50 ml of potato
dextrose broth (PDB, Difco, Madison, USA), and gnofer five to seven days in
a shaker rotating at 100 rpm in the dark, at 18F@hgal tissue was harvested,
dried by vacuum filtration through a nylon membraaed lyophilized overnight.
For AFLP analysis, fungal DNA was isolated from ify of lyophilized
mycelium ground in 2 ml tubes. Cells were lysedibgubation with 450ul
Puregene Cell Lysis Solution D5002 (Gentra Sysnndapolis, USA) for one
hour at 65°C, followed by addition of 150 of Puregene Protein Precipitation
Solution D-5003, and centrifugation at 14.000 rpor 6 min. DNA was
precipitated by mixing the supernatant with 300 chilled isopropanol, and
centrifugation at 14.000 rpm for 10 min. at 4°C. ®ellets were washed with
300 yl 70% ethanol, dried and dissolved in 100 Tris-EDTA. RNA was
degraded with 5u of RNAse A solution (37°C, 30 min). 400 ng of DNA
suspension was used for AFLP reactions.

AFLP® fingerprinting (Keygene B.V., The Netherlands) wdsne as
described by Vos et al. (1995) using 400 ng of &iMNA and two combinations
of restriction enzymesEcoRI-Msd and EcdRI-Psti. Pre-amplification was
performed in a volume of 20 using primers without extra-nucleotides; E5'-
GACTGCGTACCAATTC-3) — RBiL (5-GTAGACTGCGTACATGCAG-3)
and By — My (5-GATGAGTCCTGAGTAA-3'). For selective amplificain
three primer combinations were used: E03E) — P16 (RBL +CC); E15
(EootCA) — M14 (Myo+AT); and E15 — M23 (My+TA).

The primers P16 and E15 were fluorochrome-labdRi2i700 (Westburg BV,
Leusden, The Netherlands). Reactions were perfoimed ul containing 5ul
aliquot of the pre-amp template (v/v 1/20), 50 mdabelled primer, 0.5 pmol
labeled primer, 0.2 mM of all four dNTPs, and 0.Z'&g polymerase (SuperTaq,
Enzym Tech., The Netherlands) in PCR buffer (Supiéeb, Enzym Tech., The
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Netherlands). From each sample, @5was loaded on a 5.5% denaturing
polyacrylamide gel (5.5% Gel Matrix, KB Plus, Wastlp, The Netherlands), and
gel electrophoresis was performed in a Li-Cor DNAakysis System (Li-Cor
Biosc., Lincoln, USA). Images were scored manufidtythe presence or absence
of bands, mainly in the range of 100-500 bp, areddhta were transformed into
binary matrices.

Cluster analyses were performed in TREECON 1.3 (dWer Peer and De
Wachter 1994) using Nei and Li's (1979) dissimifargoefficient and UPGMA
(Unweighted pair-group method using arithmetic ages). In comparative
studies, the combination of these methods resultéuk best fit of the tree to the
distance matrix, expressed by the highest cophemetirelation (Mace et al.
1999, Koopman et al. 2001). Support values for tbees in the trees were
calculated in 1000 bootstrap replicates. In eaghiaate, the original data set is
re-sampled, and a new tree is constructed basetheme-sampled data set.
Subsequently, the bootstrap value for a certaineniod the original tree is
calculated as the percentage of trees from thamgked data sets that show that
particular node (Felsenstein, 1985). The data nedrivere analyzed separately
for each primer combination, and combined fortaiée primer combinations.

Determination of fungal species

Species-specific primers were used to confirm éxemomic position of isolates
in the collection.Fusarium oxysporunsolates were identified using the primer
set CLOX1F/2R (Mulé et al. 2004), which generate$34 bp productF.
proliferatum using the primer set TH5F/6R, generating a 330 pbpduct
(Waalwijk et al. 2003); an&. culmorumusing the primer set FCO1F/R, giving a
570 bp product (Nicholson et al. 1998).

In addition, DNA amplification and sequencing oé thranslation Elongation
Factor b gene (EF-&) was performed, according to Geiser et al. (2084et of
23 isolates were selected as representatives sfectualong the phenetic tree
obtained by AFLP (see Figure 2). The EFdene was amplified using primers
combination efl/ef2, which generate a 660 bp prodlise amplified template
was sequenced, the 23 sequences were submittedlA8TBquery using the
database http://fusarium.cbio.psu.ednd their phylogenetic relationships were
analysed. The 23 sequences were deposited in thenbla Center for
Biotechnology Information (NCBI) databases (AccessNumbers EU220393 to
EU220415).
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Table 3. Allium accessions included in the screening for resistétmé&usarium basal rot.

Name Accession or Cultivar Origin
SectionCepa
Allium cepa Texas E. G. 502 (SD) Vikima Seeds, Denmark

Pantanoso del Sauce (ID)  Universidad de la Repyblica
Montevideo, Uruguay

Rossa Savonese (LD) Bavicchi SPA, Italy
Rijnsburger (LLD) Bejo Zaden, The Netherlands
Jumbo (LLD) Syngenta Seeds, The Netherlands
Allium fistulosum PRI 97166 H.B. Odessa 84236, Ukraine
W37802 Botanical Garden, Wageningen
University, The Netherlands
WO00501 Botanical Garden, Wageningen
University, The Netherlands
UR 2003-1 Cultivated, Maldonado, Uruguay
Allium vavilovii PRI 97202 H. B. Chorog, wild origin, Tajikistan
Allium roylei PRI 98202 USDA Beltsville C 502, USA
Allium galanthum PRI 99358 USDA Beltsville 82550, USA
Allium pskemense CGN 23459 H. B. Alma-Ata 65448, Kazakhstan
SectionSchoenoprasum
A. schoenoprasum CGN 21442 Centre for Genetic Resources, The

Netherlands

@ Onion cultivar types, according to the daylengiguirement for bulbing. SD: short day (about 10R).2
ID: intermediate day (12-13 h); LD: long day (13414 LLD: long-long day onion types (more than 34 h

Screening for resistance in onion and related Allim species

Three Fusarium isolates were selected to study the response ef dinion
cultivars and nine accessions from six relafdium species (Table 3). The
Fusariumisolates were selected on the basis of the AFLMgtietree. One
isolate was taken from each of the major groupmetya UR17-5 and NM2-4
belonging to each clade & oxysporumand isolate NL131-2 belonging fa
proliferatum (Figure 2). Allium species belong to SectioBepa, except A.
schoenoprasumwhich belongs to the closely related Sect®choenoprasum
(van Raamsdonk et al. 2003). Because of the limiachber of available
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seedlingsA. schoenoprasum, A. pskemerg®lA. vaviloviiaccessions were only
tested with isolates UR17-5 and NL131-2.

Seedlings were grown in sterilized pot-soil anch$fdanted 38 days after
sowing to 0.5 litre pots containing the same salbst{one plant per pot). The
experimental layout consisted of twelve plants gmession-isolate combination,
and twelve water-inoculated controls. Plants wesedomized within each
Fusarium treatment, separated from the other treatmentgravent cross
contaminationAllium vavilovii, A. pskemenssdA. schoenoprasunvere tested
with two isolates because of shortage of seedlings.

EachFusariuminoculum was produced as a suspension of conideireu
from 10-15 day-old colonies grown on PDA, filtergnlough cheese-cloth, and
adjusted to 3 10° conididml ™. All plants were inoculated twice, 10 and 21
days after transplanting, by pouring each time 4@fnthe suspension into each
pot. Average daily temperature during the test edrfigom 22 to 27°C.

Plants were harvested by carefully washing the ®oih the roots under
running tap water. Onion cultivars ‘Texas E.G. 5@2d ‘Pantanoso del Sauce
CRS’ were evaluated 67 days after transplantingabse they showed plant
maturity. Other accessions were assessed betweeranfll 98 days after
transplanting. A disease index (0-3) was estahiigbescore the plants based on
the necrotic proportion of the basal plate, asofed: 0, no symptoms; 1, slightly
infected (less than 20% of the basal plate wasiet; 2, moderately infected
(20-50%); 3, highly infected (more than 50%) anttem bulbs or plants. The
presence oFusariuminfections in basal plates was confirmed by exatnim of
the developed colonies after incubation in a mdmstmber at 27°C during seven
days, and observations under dissection microscope.

Analysis of the disease index data concerned tfiagfiof a Proportional
Odds Model using Genstat 9th Ed. (Lawes Agricultdiraist, Rothamsted EXxp.
St., UK, 2006). The disease infection was scoredawmrnordinal scale of four
classes. Such ordinal data cannot be analyzed tinel@ssumption of normality.
These data can be modelled by reference to an lyimdetatent variable and
threshold values associated with the ordinal sc@Pesportional Odds Model,
McCullagh and Nelder 1999). These parameters (ibtdsvalues and means)
were estimated by the maximum likelihood methodx(@nd Hinkley 1979) and
the result is presented as an analysis of devi@ietele 5). The classes need not
to represent equidistant measures of infectiomrdler to improve the balance in
the number of observations among the classes, sé@im@nd 3 (moderate and
severe infections) were merged into one clisaddition,A. schoenoprasumvas
excluded for its biased scores (as Fosarium infection was scored in this
accession).
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At harvest, also the number of roots per plant vimgestigated. It was
hypothesized that a dense rooting system may imfliehe ability of a plant to
survive Fusariuminfection. The relationship between Fusarium basalindex
and the number of stem-borne roots was analyzexdj lisiear regression.

Results

Cluster analysis of Fusarium isolates

The AFLP analysis of the fungal collection yieldediotal of 470 bands: 126 for
EO01-P16, 167 for E15-M14 and 177 for E15-M23. Fgdrshows the phenetic
relationships amongusariumisolates for the combined data set, including all
three primer combinations. Trees generated for thdividual primer
combinations (data not shown) had a similar topplog the species level,
indicating consistency among the data from theviddal primer combinations.
The majority of the onion isolates (89 %) clusteiretivo main groups with high
bootstrap support, namely the oxysporumand theF. proliferatum groups
(Figure 2). The Nei & Li distance between theseugsowas 0.77. Thé.
oxysporungroup comprised 43 isolates, 29 derived from oname from shallot,
and three from garlic (38llium isolates in total). The othé&: oxysporunisolates
were obtained from tulip, lily, pumpkin and birdsst and were included initially
as controls. This group, with bootstrap values 1000, and 99% for the
individual primer combinations, was confirmed d&s. oxysporum by
morphological characteristics, by testing with species-specific primers, and by
sequencing the EFelgene.

Within F. oxysporumisolates clustered in two main clusters supporiethb
topology of all three primer combinations. Isolatdstained in Uruguay were
present in both clusters, and isolates obtainglddriNetherlands too (Figure 2).

0

isolates, based on AFLP markers from three prinr@nhkinations. Bootstrap valu
greater than 70% (1000 replicates) are shown att@/branches. Nei and Li distances
shown on top. Isolates from onion Allium are presented in bold font, and the other ones
in italics. Isolates used in the screening forstasice are indicated by gray shaded boxes,
whereas those isolates followed by an asterisk aegeenced for the elongation factar 1
geneF. oxysporuntClades were termed according to O’Donnell etk0998).

Figure 2 (opposite page)lJPGMA dendrogram of genetic relationships amémugarium
je
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Figure 3. Division of numbers of plants pédlium accession scored in each disease
index (DI) class after inoculation of individualgpits byFusarium oxysporurisolates
UR17-5 and NM2-4, andr. proliferatum NL-131-2. DI classes are based on the
estimation of the affected proportion of the bgsate: (0) no symptoms; (1) slight
infection, <20%; (2) moderate infection, 20-50%) &Rvere infection (>50%) and
rotten plants.
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Table 4. Summary of all pairwise differences of spec#iium-Fusariumcombinations,
based on estimated distribution means of the Ptiopat Odds Model.

Allium Accessions Nr of plants Group$

NM 2-4 (Fusarium oxysporum Clade 3)°

A. fistulosumn37802 12 a

A. fistulosumN00501 12 a

A. fistulosunPRI97166 12 a b

A. fistulosumJR2003-1 12 a b c¢

A. galanthum 11 a b c

A. roylei 7 a b c

A. cepacv. ‘Rossa Savonese’ 12 b c

A. cepacv. ‘Texas EG502’ 12 c d e f g

A. cepacv. ‘Rijnsburger’ 11 d e f g h i
A. cepacv. ‘Pantanoso del Sauce’ 12 g h i
A. cepacv. ‘Jumbo’ 12 h i
UR17-5 Fusarium oxysporum Clade 2)

Allium schoenoprasufm 11 -

A. fistulosumnN37802 12 a

A. fistulosumJR2003-1 12 a

A. fistulosumN00501 12 a

A. roylei 6 a b

A. pskemense 6 a b c

A. fistulosunPRI197166 12 a b c

A. cepacv. ‘Rossa Savonese’ 12 b c d

A. cepacv. ‘Jumbo’ 12 c d e f g h

A. galanthum 6 c d e f g h i
A. cepacv. ‘Pantanoso del Sauce’ 10 d e f g h i
A. vavilovii 10 e f g h i
A. cepacv. ‘Texas EG502’ 12 g h i
A. cepacv. ‘Rijnsburger’ 11 i
NL131-2 (Fusarium proliferatum)

Allium schoenoprasufn 12 -

A. fistulosumN00501 12 a

A. fistulosumJR2003-1 12 a

A. fistulosumn37802 12 a

A. fistulosunPRI197166 12 a b c

A. cepacv. ‘Rossa Savonese’ 12 b ¢

A. roylei 7 b ¢ d

A. pskemense 11 b ¢ d e

A. cepacv. ‘Rijnsburger’ 12 c d e f

A. galanthum 9 c d e f

A. vavilovii 11 c d e f g h

A. cepacv. ‘Texas EG502’ 12 f g h i
A. cepacv. ‘Pantanoso del Sauce’ 12 h i
A. cepacv. ‘Jumbo’ 12 h i

@ Combinations in a group with the same letter dodiffer mutually. Comparisons between combinations
with no letter in common differ significantly atehevel of 5%, ranking from most resistant (levelamost
susceptible (level i) reaction.A. schoenoprasum, A. pskemereed A. vavilovii accessions were only
tested with isolates UR17-5 and NL131%2. Because of the requirements of the statistical modle
schoenoprasunwas not included for its biased scores fusariuminfected plants were observed in this
accession).
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Table 5. Accumulated analysis of deviance for the distiiru over disease index classes
(Proportional Odds Model), testing the effect\dium accessiond;usariumisolates and
their interaction.

Sequentially added d.f. Deviance Mean Deviance Chi-
terms to the model Deviance Ratio Square
Fusarium isolates 2 7.2 3.60 3.60 0.027
Allium accessions 12 140.6 11.72 11.72 <.001
Isolate x Accession 16 27.8 1.74 1.74 0.034
Residual 30 39.0 1.30

Total 60 214.6 3.58

Some closely related onion isolates (Nei & Li distalower than 0.10) originated
from the same region: e.g. isolates NL102-1, NL2063 (The Netherlands).

However, isolates originating from different couedr also showed high genetic
similarity, e.g. EZA (Australia) and LJC-10081 (&rgina). In addition, high

similarity was found for some isolates obtainednfrdifferent host plants and
locations, e.g. UR17-5 (onion, Uruguay) and HuddaBlic, Spain).

The F. proliferatum group (bootstrap 100% in each primer combination)
consisted of ten onion isolates originating frongémtina, Uruguay, and The
Netherlands. Species identification was confirmed/ Imorphological
characteristics, species-specific primers, and exerjng the EF-d gene. The
isolates clustered closely together (largest Nei L& distance 0.27).F.
proliferatumisolates were obtained from infected seeds, amu fnfected basal
plates of bulbs collected in the field and afteratie. When collecting bulbs it
was not possible to discriminate between symptasmased byF. proliferatumor
F. oxysporum

Three isolates collected in one farm in the Ne#drm&$s (NL110-1, -2, -3)
joined withF. culmorumisolate IPO-39This taxonomic position was confirmed
also by morphological characteristics, by testintipthe species-specific primers,
and by sequencing the Ek-Dene. The onion-isolate UR04 and the pumpkin
isolate UR10, both from Uruguay, were identifiedragvenaceunby sequencing
the EF-1 region.

Resistance in Allium species

Three Fusariumisolates were used to screen for levels of resistan onion
cultivars and six relatedllium species. For thdllium accessions, large and
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significant differences were observed in the ovatiatribution of the number of
plants over the disease index (DI) scores (Tabkgure 3).

In addition, significant differences between isetatind significant isolate x
accession interactions were observed, but not @srapt as the difference
betweenAllium accessions (Table 5). The aggressiveness of ealateisvas very
much dependent on specific isolate-accession catibirs, although the onion
cv. ‘Rijnsburger’ was the only one with a distritmut of DI scores significantly
different between isolates (Table 4). In genefalschoenoprasurand the four
accessions OA. fistulosunmhad consistently the lowest DI scores when evatliat
for their resistance to the threasariumisolates (Table 4, Figure 3). On the other
extreme of the spectrum, four of the five oniontigats andA. vavilovii had
consistently the highest DI scores. Among themgmomv. ‘Pantanoso del Sauce’
was the most diseased, being different fromAalfistulosumaccessions for the
three isolates. Interestingly, variation in DI sspmwas found within the onion
germplasm tested, as cv. ‘Rossa Savonese’ contgiaets resistant to all three
Fusariumisolates. Considering the resistance observedheratild relatives of
onion, namelyA. roylei, A. pskemensand A. galanthum,DI scores were
intermediate between those Af fistulosum—A. schoenoprasuand those of the
four susceptible onion cultivars. The mean numliepots for each accession in
the controls was found to be negatively correlatét the disease indices (linear
regression, data not shown; NL131-2: p<0.001; NM2p40.065; UR17-5:
p<0.016). For example, large numbers of roots wersd in A. fistulosum
accessions (29 roots per plant on average)farmkpacv. ‘Rossa Savonese’ (28
roots per plant), whereas ‘Pantanoso del Saucexd$ E.G. 502’, ‘Rijnsburger’,
and ‘Jumbo’ had 8, 8, 10, and 14 roots per plaspeetively.

Discussion

To identify sources of resistance, bioassays shbaldlone with the relevant
fungal species or strains. Therefore, in the fiatt of this research we studied
genetic diversity in a collection ofusarium isolates from onion to select
genetically different isolates. AFLP fingerprintiftas been applied to study
pathogen diversity in several pathosystems, beiteglanique able to distinguish
clusters of isolates at the species level. Examplesomparative AFLP studies
areFusariumin asparagus (Baayen et al. 2000b) and in cag8aralyopadhyay
et al. 2006). In the first part of this researcle, showed that a significant part of
the diversity in AFLP markers was found among sgeciFour species were
identified that originated from onionF. oxysporum, F. proliferatum, F.
avenaceumandF. culmorum AFLP clustering was in complete agreement with
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the species identification using the species-sjpegifrkers, and the sequences of
the EF-k gene.

Fusarium oxysporuris assumed to be the causal agent of onion basalnd
was indeed predominantly present in the collecti@ur results showed a
significant diversity amondr. oxysporumisolates from onion, grouped in two
main clades, namely Clade 2 and Clade 3 (O’Doretell. 1998), as supported by
the position of isolates Fol4 in Clade 2, and FdLClade 3 determined earlier
by Baayen et al. (2000a) (Figure 2). Somexysporunisolates collected in one
region were found to cluster closely together, sstjgg a clonal origin (e.g.,
NL109-2, NL106-4). In contrast, diversity was atdmserved at the regional level.
For example, isolates from a sampled region fetlifferentF. oxysporunclades
(e.g., NL109-2, NL106-3), leading to genetic vaaatin a single location or a
single field. The finding of multiple vegetative rapatibility groups (VCG)
within f. sp. @pae(Swift et al. 2002), likewise, indicated genetariation in this
forma specialis, because VCG can be consideretbtsat clonal lineages in &
oxysporunpopulation (Kistler 1997).

This diversity suggests that varioks oxysporunstrains may have evolved
towards pathogenicity in onion. In the same waygy®a et al. (2000a) postulated
non-monophyletic origins for various formae spexsadf this species. In addition,
they found closely related isolates that originatesin different host species
(Baayen et al. 2000a), as was found in the presssgarch when comparing
isolates from onion with those from pumpkin, lilgnd other host species.
Although our observations are based only on AFLRkera, Baayen et al.
(2000a) showed that similarities based on nucleat mitochondrial DNA
sequences corresponded with those based on AFLiersar

Genetically similarF. oxysporumisolates were found originating from
different countries (e.g., Hue-3 from Spain and @Rlfrom Uruguay) as well as
from different collection times (e.g., CBS-193.33lected in 1935 in Germany,
and 93.816 collected in 1993 in The Netherland$kesg findings may be the
result of human activities, such as the transportabf seeds and bulbs with
immigration drifts and commerce. However, this aamy be regarded as a
hypothesis.

Fusarium proliferatumwas also present in a substantial proportion obroni
samples originating from different continents. Tiecies was reported on onion
in USA (du Toit et al. 2003), Serbia (Stankovicagt2007), and Argentina (J.
Valdez,pers. con). In garlic, this species was reported in Hund&iynay, 1990)
and USA (Dugan et al. 2003). In addition to thexgorts, our results support that
F. proliferatumis another relevant species causing Fusarium batsal
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Fusarium culmorumfound on a farm in the Netherlandsas been reported
before as a pathogenic species of onion in Mexidonfes et al. 2003). In leek
(Allium porrumL.), F. culmorumis known to cause leek rot disease (Blancard et
al. 2003; Koike et al. 2003f-usarium avenaceuris known to cause rot of
pumpkin fruits Cucurbitasp.), which are cultivated in rotations with oniand
garlic (P.H. Gonzéalez, Uruguaynpublished data It is not known to which
extentF. culmorumandF. avenaceuntould be relevant species in the basal rot
disease of onion, or merely have onion as an atiemhost (Dhingra and Coelho
2001).In order to test the resistance of onionivans andAllium species, we
selected for a first and general screening onénsiiram eachF. oxysporunsub-
group and one fromF. proliferatum. All tested onion cultivars appeared
susceptible td-usariumbasal rot, with moderate to high levels of infent on
average. An exception was ‘Rossa Savonese’, canfirmesults obtained by
Ozer et al. (2004). The high number of roots panplbf this accession might
partially explain this response. Every onion adogskad also plants without any
infection. As onion is an outcrossing crop, eaclteasion is genetically
heterogeneous, which may explain the finding oistast plants within the set of
cultivars tested. In that case, recurrent selecbbmon-infected plants may
gradually result in populations with larger projpams of plants resistant to
Fusarium.This approach has resulted in the successful dprednt of selections
with higher levels of resistance (Gutierrez and n@¥a 2005, Cramer 2006).
Alternatively, non-infected plants may be the resil escapes from infection
during the screening assay.

Allium fistulosumaccessions were affected at a very low incidefitese
results are in agreement with Holz and Knox-Dayi&¥4), who found very low
levels of infection iPA. fistulosumcaused by &. oxysporunf.sp. cepaeisolate,
compared to a set of onion cultivars. One of tlitedinces betweeA. cepaand
A. fistulosumconcerns the rooting system, which is much deasdrlarger for
the latter (De Melo 2003Allium fistulosumalso differs fromA. cepain the lack
of bulbing and dormancy. These morpho-physiologichfferences might
influence the response teusariumbasal rot, leading to mechanisms of escape.
Allium fistulosumkeeps actively growing, developing new roots, asdchaesult
may overcomd-usariumroot infections. In contrasfj. cepastops growing after
bulb formation, and root and basal plate tissueste senescent. However, the
complete absence dfusarium symptoms in a large number & fistulosum
plants may suggest the presence of true resistgaiast-usariumisolates from
onion.

High level of resistance was also founddinschoenoprasumvhere only root
infections were observed. Intermediate levels distance were found iA.
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roylei, A. galanthumandA. pskemenséllium vavilovii, which is closely related

to the cultivatedA. cepa (Van Raamsdonk et al. 2003), showed a larger
proportion of susceptible plants. This accessios dalenser root system than
onion, showing that plants with a larger and demseting system may also be
susceptible.

Within A. cepa studies have been done to investigate the irimeedt of
resistance td-usarium oxysporunf. sp. cepaeand a range of hypotheses have
been proposed (reviewed by Cramer, 2000). As nailddt mapping of any
source of resistance to Fusarium basaloroa molecular linkage map has been
developed yet, however, it remains difficult to gioct how complicated it will be
to introgress the resistance present in wild nedatinto onion elite lines. Transfer
of resistance frorA. schoenoprasumndA. pskemenseould be very difficult, as
Van Raamsdonk et al. (2003) showed that interdpebifbridization between
these species and onion did not result in viabtgygmies. FoA. fistulosumA.
roylei andA. galanthunbetter opportunities are present (Kik 2002).
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The genetic basis of resistance to Fusariubrasal rot in the
tri-hybrid population Allium cepa x (A. roylel x A.
fistulosum)®

Abstract

Allium fistulosumandA. roylei are potential sources of resistance to Fusariusallbat
(FBR) in onion. The genetic basis of resistancEB&® was studied in an inter-specific tri-
hybrid populatiorA. cepax (A. royleix A. fistulosum An offspring of 83 genotypes was
clonally propagatedh vitro to obtain replications for the screening assagréenhouse
test was performed, with eight non-inoculated kgtés and eight FBR inoculated
replicates per genotype. An aggressikasarium oxysporumisolate was used as
inoculum. Symptoms were scored as wilting beforéwst, infections of basal plates of
the plants at harvest, and after four weeks storbgehis last evaluation, internally
developed lesions were scored after slicing thealbpkte. A molecular linkage map
based on AFLP markers was developed forAheoylei x A. fistulosurmparent, with 111
markers allocated on the expected eight linkagauggo Resistance to FBR frow.
fistulosumwas dominantly expressed in tAeroylei x A. fistulosumparental hybrid and
in the tri-hybrid population. FBR reduced the weighA. cepa and susceptible tri-hybrid
genotypes in comparison to non-inoculated cont@fe QTL for FBR resistance frof
roylei was identified on a distal region of chromosomar®j one QTL fronA. fistulosum
was identified on the long arm of chromosome 8.sEh®vo QTLs showed additive effect,
and together accounted for 31 and 40% of the tedalation for FBR incidence and
severity at harvest; and 31 and 29% after storagpectively. Each QTL separately had
significant effect on FBR but did not confer contpleesistance, thus, more QTLs frém
fistulosumremain to be discovered. The Area under Diseasgress Curve (AUDPC)
summed up for differences in timing of the diseeesgarding wilting during the season,
harvest and post-harvest scores. Four QTLs for AODWere located, the two QTLs
identified before and two additional ones on chreames 4 and 8 frorA. fistulosum
QTLs for FBR resistance from. fistulosumandA. roylei are a promising step towards
the development of onion cultivars resistant to FBR

" This chapter will be submitted as

Galvan GA, Burger K, Keizer LCP, Hoekstra RF, Kik&holten OE. The genetic basis
of resistance to Fusariubasal rot in the tri-hybrid populatighlium cepax (A. royleix
A. fistulosum
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Introduction

Fusarium basal rot (FBR) is a cosmopolitan impdrsail-borne disease in onion
(A. cepal.) (Entwistle 1990). The major causal agenfisarium oxysporum
Schlecht. emend. Snyder & Hansen f.cgpaeHansen (Entwistle 1990). Genetic
variation amongF. oxysporumisolates pathogenic to onion was observed by
AFLP markers, and isolates were grouped in two majades (Chapter 2).
Fusarium proliferatumMats.) Nirenb. was also found to cause FBR (Dii &b

al. 2003, Chapter 2).

FBR may cause plant death at seedling stage, grodihction during the
season due to root rot and infections of the bpkdk of the bulb, and bulb
rotting during storage. Although FBR may occur inwéde range of soll
temperatures, the optimum is 25-27°C (Entwistle()9®s a consequence, in
temperate climates the largest incidence appeasnmimer and at the end of the
season. In many regions FBR is mainly a post-hamisgase, which results in
significant economic losses of up to 40-50% of thevested product (De Visser
1999). FBR becomes severe under continuous oniamofompping. Rotation
with non-host crops alleviates the spread and aslew of the disease, but rotation
is not always possible. Chemical control is ingffex and, if used, it causes
environmental pollution. It is only applied as seedting.

Resistance to FBR is the more practical and enmeally friendly
alternative. Most onion cultivars are susceptiblal the development of resistant
onion cultivars is a permanent effort (reviewed@namer 2000, Shigyo and Kik
2008). Inheritance of host resistance to FBR wadistl with the use of several
breeding populations, and diverse genetic contiydtesns were proposed
(reviewed by Cramer 2000). In most cases, geneti@aion for the response to
FBR among onion cultivars or breeding lines wasoleEd on a quantitative basis
and resulted in partial levels of resistance (Grgeet al. 2005, 2006). In a short-
day onion population, Cramer (2006) reported aizedlheritability of 0.65 and
0.60 for FBR severity and incidence respectivelgtilhow no studies have been
published describing the genetics of resistandeBt@ by the identification of loci
on a molecular linkage map.

As only intermediate levels of resistance have bémmd in A. cepa
resistance to FBR was investigated in related speiti Allium sectionCepa
(sensu Friesen et al. 2006). High levels of resg#aagainsFusariumisolates
pathogenic to onion were found An fistulosuniL. (Holz and Knox-Davies 1974,
Chapter 2), whereas intermediate levels of resiswmwere found i\, roylei
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Stearn. These responses were observed againstsblades belonging to two
different F. oxysporunclades, and &. proliferatumisolate (Chapter 2Allium
fistulosumandA. roylei can thus be considered as potential sources istarse
to FBR in onion. In the past, direct introgressafriraits fromA. fistulosuninto
A. cepahad been hampered due to high levels of steofitthe progeny hybrids
between these species (reviewed by Kik 2002). rterspecific barrier can be
overcome by the use k. roylei as bridge species betweén cepaand A.
fistulosum It was shown that with the obtainedl cepax (A. roylei x A.
fistulosum tri-hybrid, the introgression of traits fromA. fistulosuminto the
genetic basis of onion was possible, as well asstimellitaneous exploitation of
these two onion-related species (Khrustaleva akdLB98, 2000).

Molecular markers can facilitate the introgressibrraits segregating in this
tri-hybrid population, being of great help for badees. A first AFLP linkage map
for an A. roylei x A. fistulosumhybrid genotype was described by De Melo
(2003). The aim of the current research was toysthé inheritance of FBR
resistance frond\. fistulosumandA. royleiin a tri-hybridA. cepax (A. royleix A.
fistulosum population, by scoring FBR symptoms and FBR déffean plant
weight in comparison to a non-inoculated contreatment. QTLs linked to FBR
resistance were located on a molecular linkage mwiaphe A. roylei x A.
fistulosumparent.

Materials and methods

Plant material

A tri-hybrid population was developed as descriliyd Khrustaleva and Kik
(1998). First,A. roylei (accession CGN 20520) was crossed wiithfistulosum
(accession CGN 14763). One specific hybrid genoggeved from this cross
(PRI 91021-08, hereafter referred to as RF-hybsid$ chosen as pollen donor in
a cross with cytoplasmic male-sterile onion linesnf the Rijnsburger group.
Consequently, a population 8f cepax (A. roylei x A. fistulosum was built up
(hereafter referred to as tri-hybrid populationdck tri-hybrid genotype has a set
of chromosomes fromA. cepa and a set of chromosomes frénroylei or A.
fistulosum or recombinants between them (Khrustaleva and X9R8).

An offspring of 97 tri-hybrid genotypes was usedd&velop a molecular
linkage map of the RF-hybrid based on AFLP mark&hss offspring consisted
of two sets or sub-populations. One set was derik@d a cross made in 1996
(42 genotypes) and used by De Melo (2003). Therskset was obtained from
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crosses made in 2003 and 2004 (55 genotypes). &lvesat was produced to
extend the available population and, by this meémamprove the molecular
linkage map and the analysis of FBR resistance.bétin sub-populations, the
same RF-hybrid genotype PRI 91021-8, vegetativebpagated, was used as
pollen donor on different male-sterile onion plarAs a consequence, only the
RF-hybrid is present as parental genotype acr@ssvtiole tri-hybrid population.

We assumed thaf. cepaplants used in these crosses can be regarded as
completely susceptible to FBR and therefore theg dibt contribute to
guantitative variation for FBR resistance in thénybrid population.

Screening for resistance to FBR

A greenhouse experiment was carried out to screenFBR resistance. It
comprised 83 tri-hybrid genotypes (28 from the snomde in 1996, and 55 from
2003-2004), the parental species and the RF-hylmidorder to have clonal
replications, each tri-hybrid genotype was intrashlia vitro using sections of the
basal plates as initial explants, as described éyRlo (2003)In vitro plantlets
were clonally multiplied by successive divisionglué basal plates.

Plantlets grown for 3-4 weeks vitro, with 2-3 leaves and well-developed
roots, were transferred to trays containing a pgtthixture (2:1 steamed peat-soil
and sand), and placed in a greenhouse compartoreatcdlimatization. The trays
were covered with a transparent lid which was prsgively opened. After four
weeks, eight to ten replications per genotype Yiddial plants) were transplanted
to pots (3.3 litres, soil mixture as the trays)ested with Fusarium Eight
replications were kept as non-inoculated continlgrder to evaluate FBR effects
on plant growthFusariumand control treatments were not randomized togethe
to avoid cross-contamination. For each treatmeanmtpl were randomized over
three blocks.

Fusarium oxysporuni sp.cepaeisolate ‘EZA’ (Chapter 2) was selected to
be used for inoculations in the screening assagusecof high aggressiveness in
seedling tests. The isolate was maintained andptiett on potato dextrose agar
(PDA) in Petri dishes at 24°C. To generate an itaded soil, four PDA discs of 5
mm in diameter fromFusarium colonies were placed on top of 250 ml jars
containing an autoclaved mixture of peat soil antiftakes as growing medium
(100 g oat-flakes per litre of peat soil). Thess jaere incubated for four weeks
at 24°C. Then, the content of the jars was mixeavilp the potting mixture in a
1:200 ratio to generateFusariuminfested soil. This mixture was stored for two
weeks at 27°C before transplanting. The fifalsarium concentration was
estimated as-504 cfug™ dry soil, by quantification of colonies on wateyaa
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after serial dilutions of two samples randomly takeom the infected soil. In
addition, four and eight weeks after transplantgtiosuspension of conidia {5’
conidiaml™, 20 mtpot®) was poured into each pot to ensure the developofen
the disease later in the season.

The initial temperature of the experiment was $&t1a18°C (day and night
respectively) and gradually increased from thedthilt the seventh week to a
final 28-20°C daily regime. Wilting plants were elnged and weekly scored from
the fifth week after transplanting. Severely wiltpthnts were harvested in
advance, and evaluated as described below. FBReimcé for each genotype
along the season was calculated as the proportianlted plants (confirmed as
infected byFusariumafter incubation in humid chamber).

The experiment was harvested 13 weeks after trantpl). Table 6 lists
variables used to score FBR symptoms, and to aB&#®ffects on plant growth
by comparison with the non-inoculated control. Tleels of FBR were
expressed as a severity index, on an ordinal $aate0 to 3 (0: no symptoms; 1:
slight infection with necrotic areas usually inelal points; 2: intermediately
infected basal plates; 3: severely infected oerofilants and bulbs). Plant height,
number of leaves, and number of stem-borne roote wecorded. Total plant
weight was determined, as well as the partitiole@aves and bulbs/false-stem. For
non-bulbing genotypes, a portion 5 cm in lengtimfibie basal plate was taken as
false-stem. After evaluation, bulbs and false-stemee stored during four weeks
at 24°C in order to investigate further developmehthe disease. Then, FBR
severity was scored as was done at harvest, awdbgisthe observation of
internally developed infections after slicing theshl plate (Gutierrez and Cramer
2005).

As A. cepaand some tri-hybrid genotypes showed wilting dyitime season,
and in order to account for differences in the tignof FBR expression, the area
under disease progress curve (AUDPC) was calculbiedumming up the
incidence of wilted plants along the weeks, plusRFBcidence at harvest and
after four weeks storage.

Tri-hybrid genotypes segregated for their degreleutibing. The relationship
between bulbing ability and FBR resistance wasyaea because bulbing has
implications for breeding purposes. Genotypes efgbpulation were classified
into four categories regarding the mean bulbing exd

(BI = BulbDiameer/ NeckDiamedr ), as follows: null (Bl = 1.0 to 1.6), low

(1.6 to 2.4), medium (2.4 to 2.7), and high (> 2d&gree of bulbing. The
distribution of FBR resistant genotypes along gdbclasses was analyzed using
a Chi-Square test.
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Table 6. List of variables used to score FBR symptoms, tandssess the effect of FBR
on plant growth.

Disease variables

* FBR incidence at harvest (cumulated proportion whgtomatic plants at
harvest)

» FBR severity at harvest (scale 0-3)

* FBRincidence after storage (cumulated proportiosymptomatic plants)

» FBR severity after storage (scale 0-3)

e AUDPC (area under the cumulated progress curvEB®& incidence)

Plant variables

» Plant height (length from the basal disc till thp bf the longest green leaf)

*  Number of green leaves per plant

*  Number of roots per plant

e Total fresh weight

e Leaves fresh weight

« Bulb fresh weight (for non bulbing genotypes, tlwtdom 5 cm of the false-
stem)

Statistical analysis

FBR incidence at harvest, and four weeks after dsiyvwere considered as
binomial variables and analyzed by a generalizeghli model using Genstat 9th
Ed. (Payne et al. 2006). The analysis of FBR sgvedncerned the fitting of a
Proportional Odds Model, as described in ChaptefFHs implied that ordinal
scores for FBR severity were modelled by referetwean underlying latent
variable and threshold values associated with tdaal scores (McCullagh and
Nelder 1999). These parameters were estimated kirmam likelihood (Cox and
Hinkley 1979). In order to improve the balance l@dw classes in the number of
observations, as required by the model, scoresd23afmoderate and severe
infections) were merged into one class. Thus, tifagses were modelled (0, 1,
2+3). In addition, for the same purpose, tri-hylehotypes completely resistant
were excluded of the analysis, as they only couteilwith FBR scores = 0. An
arbitrary score was assigned to these genotype®Tdr analysis, as the lowest
modelled score (for genotypes having only one capdi slightly infected) minus
twice the estimated standard deviation.
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Table 7. Amplified fragment length polymorphism (AFLP) adeys and primers used in
the ligation and pre-amplification steps, and tiseiquences.

Adapters EcoRl adapters  5-CTCGTAGACTGCGTACC-3'
3'- CTGACGCATGGTTAA-5
Msel adapters 5-GACGATGAGTCCTGAG-3’
3-TACTCAGGACTCAT-5’
Pstl adapters 5-CTCGTAGACTGCGTACATGCA-3’
3-TGTACGCAGTCTAC-5’

Universal primers EO0O0 5- GACTGCGTACCAATTC-3’
MO0 5'- GATGAGTCCTGAGTAA-3’
P00 5'- GACTGCGTACATGCAG-3

Primer pairs in the Pre-Amplifications

EO1 (E00+A) - M02 (M00+C)
P01 (POO+A) - MO1 (MOO+A)

P01 (PO0+A) - MO2 (MO0+C)

AFLP mapping and QTL analysis

DNA was isolated from young leaves of each tri-iyhyenotype, the parental
lines and the RF-hybrid, following the miniprep fmool described by Van
Heusden et al. (2000a). AFLP® (Keygene B.V., Théhldands) reactions were
carried out according to Vos et al. (1995). Twotrieson enzyme pairs were
applied, namelfecaRI/Msd and Psti/Msd. Because of the large genome size in
Allium species, the pre-amplifications were done witleéhselective nucleotides
(+1, +2) (Table 7), and the selective amplificatiomith seven nucleotides (+3,
+4) for the EcoRI/Msd enzyme pairs, and six (+3, +3) for the Pstl/Msel
combinations (van Heusden et al. 2000a). A tot@2oprimer combinations were
used in the selective amplifications (Table 8). RFlfragments originating
exclusively fromA. royleior A. fistulosumwere scored using Quantar (Keygene
B.V., The Netherlands). AFLP fragments were nameddascribed by Van
Heusden et al. (2000b). For instance, E38M52G-202fers to restriction
enzymesEcd and Msd, primers E38 and M52, ‘G’ identifies the additadrvth
selective base, ‘202’ is the estimated length efftagment, and ‘F’ or ‘R’ means
that the marker is specific féx. fistulosumor A. royleirespectively.
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Table 8. Primer pairs used at the selective amplificatiand number of amplified
fragment length polymorphism (AFLP) markers frémroylei andA. fistulosumlocated
on the linkage map.

Primer pairs Markers in the linkage map
A.roylei A fistulosum Total

E35 (EO0+ACA)  M52A (MOO+CCCA) 0
M52C (M00+CCCC)
M52T (MOO+CCCT)

E36 (EO0+ACC)  M52A (MOO+CCCA)
M52C (M00+CCCC)

1
0
;
E37 (EO0+ACG) M52A (MOO+CCCA) 8 2
0
2
0

1
3
1
1
9
1
M52G (M00+CCCG) 1
E38 (EO0+ACT)  M52G (M00+CCCG)

M52T (MOO+CCCT)

P31 (POO+AAA)  M33 (MOO+AAG)
M35 (MOO+ACA) 5
P35 (POO+ACA)  M32 (MOO+AAC) 6
M33 (MOO+AAG) 5
M34 (MOO+AAT) 1
M35 (MOO+ACA) 3
3
1
2

3
4

16
10
12

P LPANRPONR

M36 (MOO+ACC)
M47 (MOO+CAA)
M50 (MOO+CAT)
P38 (POO+ACT)  M47 (MOO+CAA) 1
M48 (M00+CAC) 3
P43 (POO+ATA)  M36 (MOO+ACC) 1
M51 (MOO+CCA) 1

Total 22 59 52 111
Average 2.7 2.4 5.0

H

N o NWok (J'Im(J'Ioo
D .[>|\)I
(.ﬂNUO N w o

A linkage map for the RF-hybrid was calculated gsininMap® 3.0 (Van Ooijen
and Voorrips, 2001). Population-type was set tddidpand linkage groups were
separated with a threshold LOD4. Kosambi’s mapping function was used to
calculate map positions of the markers on the tiskgroups. Linkage groups
were assigned to chromosomes on the basis of AFafRars in common with
previous maps (Van Heusden et al. 2000a, De Me@BRMMarker order was
fixed for Chromosomes 5 and 8 according to Khrestalet al. (2005). Skewed
segregation of a chromosomal region was definechveltiemarkers in the region
had a deviation in segregations towards the sammenpdChi-Square test,
p<0.05).
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Analysis of quantitative trait loci was done usi@pQTL® 4.0 (Van Ooijen et
al. 2002). Kruskal-Wallis test was used to detegnire association between each
individual marker in the map and the target tra@3.Ls were identified by the
multiple QTL mapping (MQM) procedure (Jansen, 198&)sen & Stam 1994),
and were regarded significant at LOD threshold eslwith p<0.05. These
threshold values were estimated for each traitherbiasis of population type and
1000 times genome-wide permutations. Linkage mamb @QTL figures were
drawn in MapChart (Voorrips 2002).

Results

Screening for resistanceto FBR

Fusarium oxysporunsaused wilting ofA. cepaplants before harvest, as well as
for some particular tri-hybrid genotypes. The desealso caused early bulbing
and leaf senescence of tri-hybrid susceptible ggrestin comparison to the non-
inoculated controls. FBR symptoms were observduhatest, and became more
apparent after four-week storage. However, noswihptoms of necrosis in the
basal plate scored at harvest were confirmed as RBRtions after storage.
Therefore, the observation of internally developefictions after slicing the
basal plate after a period of storage resultedareraccurate and reliable results.

Allium cepawas severely affected by FBR (Figure 4). Eighteofinoculated
plants were rotten, and five of them were harvestecddvance after visible
wilting. FBR was not observed fak. fistulosum,nor for the RF-hybrid. Both
were completely resistant (Figure 4. roylei had no disease symptoms until
harvest, but FBR infections developed in five ofiemht replicates after four
weeks storage. FBR incidenceAnroyleiafter storage did not differ significantly
from A. cepa although the development of the disease in tiifierdd, as shown
by the AUDPC (Figure 5).

In the tri-hybrid population, 28f 83 screened genotypes remained resistant
after storage, whereas §j8notypes presented only slight infections (FBReggv
scores 1) (Figure 6). The segregation ranged frbia tominant resistant
response similar té\. fistulosum through intermediate levels, up to genotypes
with FBR severity and incidence similar to the symible A. cepaparent (Figure
6). The mean positions estimated by the threshaldeinfor FBR severity after
storage fitted 41 genotypes in the resistant cle&genotypes in the intermediate
class, and 4 genotypes in the susceptible clasggbbtypes analyzed in total, as
28 completely resistant genotypes were not includeBR severitylevels of 5
genotypes at harvest and 8 genotypes after stavagenot distinguished frow.
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cepa(Analysis of deviance, p>0.05). The tri-hybrid ptgion segregated as well
for the AUDPC (Figure 5), and this variable wasvee towards a resistance
response.

For A. cepaand susceptible tri-hybrid genotypeBSusarium caused a
significant reduction in total fresh weight of thlants at harvest in comparison
with the non-inoculated control (Table 9) (REML bsss, p<0.05). Both leaf
dry weight and bulb/false-stem dry weights wereupsedl by FBR. Weight
reduction in susceptible genotypes was associattd the presence of rotten
plants. Fresh weight dk. fistulosum, A. roylethe RF-hybrid, and resistant tri-
hybrid genotypes was not affectedfysarium Among tri-hybrid genotypes as a
whole, weight difference between inoculated and-inoculated plants was
positively correlated with FBR severity at harvést= 0.51), severity after
storage (r = 0.42), and incidence after storage137) (Pearson correlation, n =
83, p<0.005).

9 Allium cepa Allium fistulosum
8,
7,
2 6 £
g 8
251 o
B 4 ©
Z 3 z
2,
1,
0,
0 1 2 3 0 1 2 3
Allium roylei RF-hybrid
9 y 12 Y
8,
. 10
26 2 8-
5 g
o [eR 6
G 4 ko]
Z 3 Z 44
2 A > |
1,
0 0 - T T T
0 1 2 3 0 1 2 3

FBR Severity

Figure 4. Distribution of scores into FBR severity classes Allium cepa, A.
fistulosum, A. royleiand the RF-hybrid. Scores accumulated after foeeks
storage.
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1 A cepa
| 38-6
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Figure 5. Evolution of Fusarium basal rot (FBR) incidence, the cumulated
proportion of wilting plants before harvest, inaide at harvest, and incidence after
storage. Dashed curves are examples of tri-hybedotypes. The area under
disease progress curve (AUDPC) for each genotype cedculated as the area
below the curve.
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Nr of genotypes
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Figure 6. Distribution of 83 tri-hybrid genotypes in classeisFBR incidence after
four weeks storage. The relative position of paespecies is shown as C8Hium
cepa,FF: A. fistulosumRR: A. roylei,RF: hybrid paren#. roylei x A. fistulosum.
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Table 9. Effect of Fusarium basal rot on plant growth valesbfor the parental species,
the RF-hybrid and the tri-hybridllium population ).

Plant Plant fresh weight Bulb fresh weight Bulb weight
material at harvest (g) at harvest (g)° after storage®

Control  Fusarium Control  Fusarium Control Fusarium
A. cepa 26.4 bc 13.6 d 211 a 13.2 b 19.3 & 9.4b
A. roylei 23.0 bc 224 c 56 c 59 c 3.2« 16¢
RF- hybrid® 304 ab 343 a 73 ¢ 73 c 6.6 bt 45hbc
A. fistulosum 225 ¢ 26.6 50 c 6.2 c 3.1 « 31c

bc

Tri-hybrid population
Mean 27.4 25.6 15.1 14.0 13.0 11.2
Minimum 4.6 4.3 4.2 4.1 3.7 2.2
Maximum 53.4 50.5 28.2 33.7 26.6 23.1

& REML analysis for the parental species, Means fatidvby the same letter do not differ
statistically (p<0.05). For Bulb weight after stgea the interaction term (Accession x Fusarium)
introduced after the main effects was nearly sigaift (p=0.055).

® Hybrid parental genotyp&. roylei x A. fistulosurtPRI 91021-8).

©A. roylei, A. fistulosunand some genotypes of the tri-hybrid populatiomdbform a bulb. The
false stem area was considered to be the areaviede the basal plante and 5 cm above this plate.

The relationship between FBR resistance with thmbar of roots per plant and
with bulbing ability was investigated. No corretati was found between FBR
disease indices and the number of stem-borne rmpetsplant (in the non-
inoculated control). FBR decreased the number aifsrat harvest for susceptible
genotypes. Among the parental material, ohlycepainoculated plants had less
stem-borne roots at harvest than the non-inoculatedrol (data not shown,
Mann-Whitney U test, p=0.013). FBR resistance antibg ability were also not
correlated, and both genotypes without symptomsR(RBcidence = 0) and
susceptible genotypes (not distinguished frBmcepd were present in each
bulbing class (Chi Square teg = 8.16, p = 0.227) (Figure 7). A QTL for
bulbing ability was found on chromosome 5.

AFLP mapping and linkage analysis

A total of 359 polymorphic AFLP markers originatifipm eitherA. royleior A.
fistulosumwere obtained by profiling tri-hybrid genotypes. ang these, 143
markers were mapped on 15 linkage groups (LO&). Markers fromA. roylei
that were earlier assigned to physical chromosobes/an Heusden et al.
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(2000b) and fromA. fistulosunthat were mapped to linkage groups by De Melo
(2003) were used as reference to assign eight ntiakage groups to
chromosomes (LOD 4.4 to 5.4). The resulting linkagap for the RF-hybrid
comprised 111 markers in eight linkage groups dogeB86 cM (Figure 8).
Marker positions on the chromosomes were calculatiéidlout forcing, and an
overall mean marker Chi-Square contribution of 2x24 obtained. Mean linkage
group size was 110.7 cM, and mean marker internzd &1 cM. The map had
four gaps larger than 18 cM in chromosomes 3, 5 distal regions of
chromosome 1 and 7. Skewed segregation in favodr adyleialleles was found
on regions of chromosomes 1, 4, 6, 7 and 8, atfiaviour of A. fistulosunalleles
on regions of chromosomes 3, 7 and 8 (Figure 8).

The remaining additional linkage groups (linkageugs 9 to 15) could
not be associated to any chromosome because tHgyconsisted of AFLP
markers not reported before (Figure 9). These §ekgroups were also studied in
the QTL analysis.

w
o

Bl Susceptible
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B Intermediate

B Resistant
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Degree of Bulbing
Figure 7. The distribution of tri-hybrid genotypes clasgifiby the degree of bulbing
and the level of FBR severity four weeks after afjey;, as follows: susceptible (no

distinguished fromA. cepgq, intermediate (intermediate levels of FBR seygriand
resistant (without FBR symptoms).
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Figure 8. Molecular linkage map for the RF-hybrid.(royleix A. fistulosurh based on AFLP markers. Marker names
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chromosomal regions with skewed segregation indawbA. roylei(black) or in favour ofA. fistulosunigray).
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Figure 9. Additional linkage groups for the map of the RFbhg (A. roylei x A.
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roylei, and markers ending with F are specific far fistulosum Filled bars indicate
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Table 10. Quantitative trait loci (QTLs) for Fusarium basat resistance, located on the
linkage map of the RF-hybri@\. royleix A. fistulosum)y using multiple QTL mapping.

FBR traits Best Position LOD?  Origin of %
associated alleles explained
marker

FBR incidence®

at harvest P31M33-223R  Chr.2-110cM 4.66 *A. roylei 18.5
P31M35-192F Chr.8 -103cM 3.21* A fistulosum 12.1
after storage P31M33-223R  Chr.2-110cM 4.66 **A. roylei 18.6

P31M35-192F Chr.8 -103cM 2.93* A.fistulosum 12.3
FBR severity®©

at harvest P31M33-223R Chr.2-110cM 5.50 *A. roylei 21.7
P31M35-192F Chr.8 -103cM 4.59 **A_fistulosum 17.9
after storage P31M33-223R  Chr.2-110cM 4.43 **A_ roylei 16.7
P31M35-192F Chr.8 -103cM 3.07 * A. fistulosum  12.5
AUDPC ¢ P31M33-223R Chr.2-110cM 5.23 **A. roylei 24.5

P35M35-288F Chr.4—-120cM 3.25* A fistulosum 15.3
P35M33-145F Chr.8 — 57cM  3.95 **A_ fistulosum  16.0
P31M35-192F Chr.8 —103cM 3.80 **A. fistulosum  14.5

& Significance estimated by genome-wide permutatast, 1000 replicates (* p < 0.05; ** p <
0.01).

b Accumulated proportion of infected and rotten piaafter storage.

¢ Severity disease index (0-3) for the presence of Fiéttions in the basal plate of the plants,
after threshold modelling.

4 Area under disease progress curve, accountingnfidence of wilted plants weekly scored
before harvest, FBR at harvest plus postharvest.

Mapping quantitative trait loci (QTLS)

QTLs for FBR resistance were identified in regiomeviously detected as
significant by the Kruskal-Wallis test. A first QThssociated withA. roylei
alleles was identified on a distal part of chrommed. This QTL had significant
LOD scores for FBR severity and incidence at hdrv&8R severity and
incidence after storage, and AUDPC (Table 9, Fighi®. A second QTL
associated withA. fistulosum alleles was identified on the long arm of
chromosome 8. This QTL had also significant LODresdor variation in FBR
severity and incidence at harvest, FBR severity ianidlence after storage, and
AUDPC (Table 9, Figure 11Yhese two QTLs together accounted for 30.6% and
30.9% of the total variation for FBR incidence airvest and after four week
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storage, as well as for 39.6 % and 29.2 % of tted v@riation for FBR severity at
harvest and after storage respectively. When cangdne groups of genotypes
carrying zero, one or two of these QTLs, signifibafower disease indices were
observed for genotypes harbouring one QLT in coraparto genotypes without
QTLs. Even lower disease indices were observedtHergroup of genotypes
combining both QTLs for FBR incidence and seveatyharvest, but genotypes
harbouring one or two QTLs did not differ in diseasdices after storage (Table
10).

For AUDPC, two additional QTLs fromA. fistulosumwere detected
(Table 10). One was located on chromosome 4, andttier one was located also
on the long arm of chromosome 8, sub-centromefi¢} 4M apart from the first
QTL found in this region (Figure 11). The four deesl QTLs explained 56 % of
the total variation for AUDPC. An analysis of théfeet of these QTLs by
comparing groups of genotypes carrying zero to {@uiLs, showed a significant
effect of reduction in AUDPC due to the presenceamjone of the four QTL.
Furthermore, a significant additional reduction wgagen by the combination of
the QTL from A. roylei and one of the QTLs fromA. fistulosum,but no
significant additive effect was obtained betweenL®Trom A. fistulosum(data
not shown).

Table 11.Median values for FBR incidence and severity avést, and after four weeks
storage, for the groups of tri-hybrid genotypesihgy+) or not {) the QTLs fromA.
roylei (Chr. 2) and fronA. fistulosum(Chr. 8).

Presence of QTLs Number FBR Incidence FBR Severity

Chr.2 Chr. 8 of at after at after
A.roylei A fistulosum 9€NOYPES harvest storage  harvest  storage

- - 15 0.50 a 0.50 a 2.18a 235a
- + 19 0.13b 0.13b 0.97b 0.15b
+ - 18 0.13b 0.14b 0.08 b 0.19b
+ + 31 Oc Ob Oc Ob

Groups of genotypes followed by different lettagn#icantly differed (REML analysis, p<0.05). FBR
severity values were obtained by threshold modgliihordinal severity scores (0-3).
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Figure 10. The position of QTLs for FBR resistance frémroyleion Chromosome
2. The chart show the LOD values using multiple Qfkapping (MQM) for FBR
incidence and severity at harvest, and after seora@pe slashed line indicates the
interval above the significant threshold valuehaf QTL for AUDPC.

Discussion

Screening for FBR resistance

A successful FBR screening assay was performeddoit alants, using the
method as reported in Chapter 2. Plantlets griowiitro developed normal basal
plates (see Fig. 17 and 22), and allowed the oenuoer of typical FBR

symptoms. The susceptibla. cepa parent showed FBR incidence scores

comparable to values found in infected fields (Dissér 1999, Cramer 2000,
Gutierrez and Cramer 2005). FBR incidence and ggweere lower at harvest
than after four weeks storage. This phenomenonpagsgcularly observed foA.
roylei and for tri-hybrid genotypes with intermediatehtgh susceptibility.
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As a consequence, FBR scoring after a storagedoarid after slicing the basal
plate to examine internal infections (proposed hyti€&rez and Cramer 2005)
proved to be a useful tool to screen for FBR rasist. As a whole, the set up of
this screening assay using experimental inoculationitro propagatedillium
plant material, and controlled raising temperatuvas efficient and may
overcome year to year variations observed in fiedds.

FBR influenced total plant fresh weight at harvdst A. cepa and
susceptible tri-hybrid genotypes. This result is agreement with previous
screenings (Holz and Knox-Davies 1974, De Visse9919Cramer 2000). In
general, the effects of FBR on plant weight anaofilant growth variables were
restricted to the development of visible symptomssusceptible to partially
resistant genotypes. Although the set up of theegxgent was intended to use
plant weight differences between inoculated and-inonulated plants as an
index for FBR resistance, experimental variationplant weight of resistant
genotypes demonstrated that in this experimemilccnhot be used as an index to
estimate the effect of FBR. This variation may haeen caused by variation in
plant weight already present in tlwe vitro plant material at the moment of
transplanting.

High levels of resistance found A fistulosumto aF. oxysporumsolate
pathogenic to onion confirmed previous reports fHahd Knox-Davies 1974,
Chapter 2). Also the intermediate respons&.iroyleiconfirmed previous results
(Chapter 2). It is not possible to establish whethe conspicuous responsefof
roylei (completely healthy until harvest, but highly suystdgde to FBR after
storage) is related to the inability of this specte be stored. Nevertheless,
symptoms observed after storage developed fronttiofes that began before
harvest.

The F. oxysporunClade 3 isolate used in this screening assay Wwaset
because in seedling tests it was highly virulenbm@on cultivars. In previous
screening assay®. fistulosumproved to be resistant to twl. oxysporum
isolates belonging to Clade 2 and Clade 3, aRrdmoliferatumisolate, whereas
A. royleiwas partially resistant to isolates from thesedhexa (Chapter 2). As
various QTLs seem to be involved in achieving catglresistance, it is
worthwhile to test the effects of specific QTL cdmdtions regarding genetic
variation among pathogeniusariumcausing onion basal rot.

63



Chapter 3

Molecular linkage map

Linkage groups were successfully assigned to chsomes on the basis of
markers in common with the maps previously develofir A. roylei (Van
Heusden et al. 2000b) and the RF-hybrid (De Mel@3200ur map covered in
total 886 cM. The size of the map is larger thae #xpected 700-800 cM
considering a chiasmata frequency of 14.2Aocepax A. royleicross (De Vries
et al. 1992), and larger than previous maps (DeoN2€03, Van Heusden et al.
2000b). This may be the result of expanded regidus to scant marker
information, represented as gaps larger than 1&dgur chromosomes.

A fraction of 31 % of the markers remained unlinkedy., out of linkage
groups with LOD= 4 defined in JoinMap analysis. This result was garable to
38 % unlinked markers reported for a subset ofsdrae population by De Melo
(2003), as well as 32 % fak. cepaand 20 % forA. roylei unlinked markers
reported for an F2 from a cross between these peciss (Van Heusden et al.
2000a). As discussed by De Melo (2003) and McCalktral. (2006), poor
linkage and poor effective mapping Alium can be the result of complex
banding patterns in electrophoresis assays, leddimgfective marker scoring.
That was the situation fdecaRIl-Msd primer combinations, which presented
dense and faint banding patterns, even with the aisea seventh additional
nucleotide in the specific amplification. Besidekewed segregation in some
chromosomal regions may also lead to deficiencigsdpping.

Distorted segregations are commonly found in isfgeific crosses (Chani
et al. 2002, Jeuken et al. 2002, Mangum and PI&f®p, Finkers et al. 2007). In
our research, 57% of the markers allocated in thp mere skewed. De Melo
(2003) reported 26% skewed markers, and Van Heustlah (2000a) 26% for
A. cepa and 51% forA. roylei Skewed regions in this research were
predominantly in favour oA. roylei (Figure 8) which is in agreement with De
Melo (2003). Distorted segregations can be the ltresfudifferences in the
reproductive ability (gamete and zygote formatiom), fithess ability, and
lethality (Rieseberg and Willis 2007A. royleiis more closely related #. cepa
thanA. fistulosum(Van Raamsdonk et al. 2003, Gurushidze et al. R@ium
royleiis used as the bridge species because of its loettesability withA. cepa
(Van Raamsdonk et al. 2003, Kik 2002). Differenbesween karyotypes .
roylei and A. fistulosummay lead to selection against particufarfistulosum
chromosomal regions. This difference may also empléhe distorted
segregations, becausA. roylei may have genomic regions expanded in
comparison t@\. fistulosum.
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Genetic mapping of FBR resistance

This is the first research that describes the nmappf QTLs for FBR resistance
from Allium species related to onion. We detected one QTL #oryleiand
one fromA. fistulosunfor FBR incidence and FBR severity at harvest dtet a
storage. Four QTLs were located for AUDPC, the @bLs mentioned before,
and two additional ones on chromosomes 4 and 8 Aofistulosum

Although A. roylei was only partially resistant to FBR, the QTL expéal
by this species was the most significant one. Tdid was located on a very
distal part of chromosome 2, resembling the pasitbPd gene fromA. roylei
responsible for resistance to downy mildew, mapped a distal part of
chromosome 3 (Van Heusden et al. 2000a, Scholtah 2007). The QTL from
A. fistulosumwas located on the long arm of chromosome 8, eddsbdn a
region with high recombination rate (Khrustalevaakt 2005). The frequent
occurrence of chiasmata in this region enhancegdisibilities for a successful
introgression of this QTL into the onion genomee ®stimated linkage distance
with a second QTL found on this chromosome for AUDWas in agreement
with previous mapping (Khrustaleva et al. 2005y (iFe 11).

QTLs fromA. royleiandA. fistulosunfor FBR incidence and FBR severity
explained 30-40% of the total variation. The rermajnvariation could be due to
the combined result of minor genes for which no @Mere detected. This
hypothesis is supported by the fact that tri-hylgehotypes without any QTL
were not as susceptible Ascepa Other sources of unexplained variation are the
occurrence of distorted segregations and experahestror (either in the
screening assay or in the molecular linkage map).

Tri-hybrid genotypes harbouring either the QTL frémroyleior the QTL
from A. fistulosumhad significantly lower values for FBR diseaseidad than
genotypes without these QTLs. As genes flanmoyleiandA. fistulosumin the
tri-hybrid genotypes are in a heterozygous phdse, dbservation implies that
dominant allele effects determine FBR resistancestMyenotypes with both
QTLs showed complete resistance, indicating thditiag effects occur. From a
breeding point of view, simultaneous introgressibmesistances from. roylei
andA. fistulosumseems possible and may be considered as a maanivey
forward.

Although A. fistulosumis highly resistant to FBR, and remained completely
healthy in this screening, tri-hybrid genotypesryiag only the detected QTL
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from A. fistulosumas a group, were not as resistant asAthistulosumparent.
Only 6 out of 19 individuals were completely freksymptoms. This finding
supports that resistance frofn fistulosummay be polygenic, and more QTLs
from A. fistulosumremain to be discovered. Two other detected QTamfA.
fistulosumfor the AUDPC may point into this direction.

A larger population would allow the detection of madQTLs as well as
more individuals into each QTL combination classttRermore, the analysis of
epistatic effects between already identified QThsld be improved by studying
target populations that include also homozygousg@hdor each QTL (Chahal
and Ghosal 2005). For this type of study, progesiesild be obtained by selfing
or inter-crossing tri-hybrid genotypes carrying tQEILs. Furthermore, the
development of backcross generations betw&enepaand tri-hybrid resistant
genotypes carrying one or more of the reported QW¥asld result in additional
crossing-over events betweAnroyleiandA. fistulosungenomes, as well as first
crossing-over events witA. cepa(Khrustaleva and Kik 2000). In this way, the
chromosomal regions involved in FBR resistance ¢@n more precisely
determined, and introgressed into the onion gerairtiee same time.

The number of stem-borne roots was not correlatiéd FBR incidence nor
with FBR severity. In accordance, a QTL for the bemof stem-borne roots
from A. fistulosunwas located on linkage group 9 (Chapter 5), aod thherited
independently of QTLs for FBR resistance. To exphadriation among onion
cultivars in response to FBR, Stadnik and Dhind@06) proposed that a larger
number of roots may overcome Fusarium root rotiaitidl states of basal plate
infections, by delaying or preventing wilting. Hoves, this does not appear the
case for FBR resistance in the tri-hybAlium population.

There was no relationship between FBR resistandéalioing ability in the
tri-hybrid population. This agrees with the findin§a QTL for bulbing ability
on chromosome 5 (data not shown), which suppodsgandent inheritance with
QTLs for FBR resistance. This observation increasies feasibility of
introgressing FBR resistance into the onion gersmplawhile maintaining
bulbing ability.

In conclusion, this study has shown the usefulr&sshe simultaneous
introgression of FBR resistance frénroyleiandA. fistulosumThe use of these
resistant sources in commercial breeding programhass become a realistic
option, as QTLs for FBR resistance located in tleisearch will speed up the
breeding process to obtain resistant onion cubiibgrmarker assisted selection.
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Molecular diversity of arbuscular mycorrhizal fungi in
onion roots from organic and conventional farming gstems
in the Netherlands

Abstract

Diversity and colonization levels of naturally oodéng arbuscular mycorrhizal fungi
(AMF) in onion roots were studied to compare orgaamd conventional farming systems
in the Netherlands. In 2004 twenty onion fields evexampled in a balanced survey
between farming systems and between two regiomsglyaZeeland and Flevoland. In
2005 nine conventional and ten organic fields watditionally surveyed in Flevoland.
AMF phylotypes were identified by rDNA sequencimgl plants were colonized, with
60% for arbuscular colonization and 84% for hypbalonization as grand means. In
Zeeland, onion roots from organic fields had higfractional colonization levels than
those from conventional fields. Onion yields in entional farming were positively
correlated with colonization level. Overall, foleteAMF phylotypes were identified. The
number of phylotypes per field ranged from oneito $wo phylotypes associated with
the Glomus mosseae — coronatamd theG. caledonium — geosporuspecies complexes
were the most abundant, whereas other phylotypes iwé&equently found. Organic and
conventional farming systems had similar numbeploflotypes per field and Shannon
diversity indices. A few organic and conventiorialds had larger number of phylotypes,
including phylotypes associated with the geneBomusB, Archaeospora and
Paraglomus This suggests that farming systems as such dithfieence AMF diversity,
but rather specific environmental conditions ori@gtural practices.

T This chapter is published as

Galvan GA, Paradi |, Burger K, Baar J, Kuyper TW, @®n OE, Kik C (2009). Molecular
diversity of arbuscular mycorrhizal fungi in onisoots from organic and conventional farming
systems in the Netherlands. Mycorrhiza 19:317-328.
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Introduction

Onion @Allium cepal.) has a sparse rooting system without root haingch
makes the crop dependent for water and nutrientisibgn on Arbuscular
Mycorrhizal Fungi (AMF) (De Melo 2003, Stribley 199 This dependency is
especially true in case of cultivation under nuiipoor soil conditions as is
frequently the case in low-input and organic adtice. AMF enlarge the sail
volume from which nutrients can be taken up, via extensive mycelium
network, enabling host plants to access more ressu(Finlay 2004). As a
consequence, AMF enhance uptake of nutrients, cpdéatly phosphorus
(Hayman & Mosse 1971), and may allow for a redurctaf the amount of
fertilizers applied (Linderman & Davies 2004). fietmore AMF can protect the
plant against biotic (diseases) and abiotic (drougkress, and improve soil
aggregation (Gosling et al. 2006).

Research orAllium species and their interactions with AMF has a long
history that dates back to 1884, when Mollberg dbed in roots ofAllium
scorodoprasumvhat we currently know as AMF (Koide & Mosse, 2004ium
species, and in particular onion, are excellent et®odor mycorrhizal research
because they have a simple rooting system, slowthgraand high response to
AMF. The knowledge orAllium-AMF interactions benefitted greatly from the
work of Mosse and co-workers, who presented detadealyses of AMF
functioning under field conditions (Hayman & Moss871, Mosse & Hayman
1971, Mosse 1973, Owusu-Bennoah & Mosse 1979).

Onion, with a total annual acreage of 16000 - 19080and an organically
managed acreage of 600 ha, is an important crdipeirNetherlands and a good
model to monitor and compare the AMF status ofcdpural soils. Numerous
studies have shown that agricultural soils have RMF species richness in
comparison to natural ecosystems, such as woodlands grasslands. The
difference in AMF diversity is thought to be duetiiting-induced disruption of
hyphal networks, rotation with non-mycorrhizal crepecies, the occurrence of
fallow periods, and the use of fertilizers and fisides (Helgason et al. 1998,
Daniell et al. 2001, Merryweather 2001, Jansa.e2@)2). However, agricultural
soils can differ in species richness and composiidd AMF because their
management systems differ significantly. This s tlse for example in low- and
high-input farming systems (Ryan et al. 2000).dw-input and organic farming
systems, synthetic fungicides and soluble phospfetdizers are limited or
excluded. This may increase AMF inoculum potenéiatl colonization levels
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compared to conventional farming systems, as haw lmbserved for wheat
(Douds et al. 1993, Ryan et al. 1994) and clovegrgss pastures (Eason et al.
1999, Ryan et al. 2000). Furthermore, recent rebeahowed that AMF
biodiversity was higher in low-input systems congghito high-input systems
(Oehl et al. 2003, 2004) although the relationshkipot always straightforward
(Hijri et al. 2006).

The contribution of AMF to crop-production increase high-input
agriculture is low, because phosphorus is amphilada. In contrast, AMF
might have a significant role in increasing cromdarction in low-input and
organic agricultural systems. However this condegdar from being practically
applied due to the lack of understanding of thecfioming of AMF species
(Scullion et al. 1998).

The present research aimed to study AMF specibses and composition
in onion fields in the Netherlands, by comparinggamic and conventional
cultivation systems. In this way, we investigatetlie adoption of organic
practises on formerly conventionally managed fanu$aleads to higher AMF
diversity. Unlike previous studies, this researaswarried out in a large number
of sites. The primer sets developed by RedeckdyQRénd Redecker et al. (2003)
were used to identify AMF phylotypes that coloniaeion plant roots, and
therefore only the AMF assemblage of the target Spscies was analysed rather
than the complete diversity in the soil.

Materials and Methods

Survey of onion fields and root colonization

Two traditional onion growing regions in the Nethads were sampled, namely
Zeeland in the southwest, and Flevoland (the FleMgs and the

Noordoostpolder) in the centre of the country. &eland onion cultivation takes
place already for centuries, whereas in Flevolandthe land recently reclaimed
from the sea, onion cultivation only takes placesithe second half of the 20

century. In both regions the soils are classifiscclay to loess-clay soils. Clay
content ranged from 23 to 40% for the soils inggded in Zeeland, and 7 to 55%
in Flevoland (Table 12). Seed-onions in the Ne#ret$ are cultivated in rotation
with other field crops. The soils are ploughed gwerar, either before or after the
winter, and seedbeds are prepared consisting efshil aggregates. Sowing date
is at the end of March and early April, and hartakes place in the second half
of August (early cultivars) and September (lateticats). In both years,
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samplings were done in the second half of Junent$laere in leaf development
phase, with four to six expanded leaves.

Twenty onion fields were sampled in a balanced eurbetween
cultivation systems and regions: five organic ane fconventional fields in
Zeeland, plus five organic and five conventionalds in Flevoland. Ten plants
per field were randomly sampled. The surroundirnbveas excavated in order to
take out the rooting system as intact as possibleew survey was done in June
2005, only in Flevoland, because the 2004 studygesigd that management
practises in this region could have an influenc@bfF diversity. The 2005 study
comprised ten organic and nine conventional oniefds. All of them were
different from fields sampled in 2004, althoughsmme cases they were located
within the same farm. Organic farm fields followedological or biodynamic
practices, and fulfilled the basic standards faganic production (available from
IFOAM, 2007) as certified by SKAL (www.skal.comnformation on chemical
characteristics of the soils (pH, organic mattentent of phosphorus and other
nutrients) and onion yields were obtained fromfdreners for 28 of the 39 sites,
and the number of years under organic managemaenrtegufor all 20 organic
fields (Table 12).

Table 12. Average soil chemical parameters and soil histdrgnion fields surveyed in
2004 and 2005, by cultivation system and regiohéNetherlands.

Y d i i i
Cultivation Region Number e;rgsa%?c e ?/irgﬁjn Soil properties
system of fields ¢ tivation (ton/lha) OM® pH  PwW ca&® K¢
Organic 20 12.1 32 31 74 32 7.2 29
Flevoland 15 13.8 (4-32) 33 31 74 32 6.5 30
Zeeland 5 5.7 (1-12) 28 29 7.2 30 9.2 20
Conventional 19 - 70 30 73 44 51 26
Flevoland 14 - 76 32 7.3 45 55 23
Zeeland 5 - 59 25 75 42 2.8 33

@ Average values. The range of values is indichtttveen brackets® OM: organic matter (%).
Ca: CaCQ (%). ® mg ROs - liter! of dry soil. The difference in P content betweeiltication
systems was almost significant (REML analysis, p20) mg K - kg* soil.
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AMF colonization was estimated only for sampledemted in 2004. Staining of
fungal structures was done using trypan blue, aidnization was quantified
following the magnified intersections method (Mc@pa et al. 1990). Hyphal

(HC), arbuscular (AC) and vesicular colonization CV were quantified

separately. Data analysis was carried out via ANQX&kg Genstat 9.2 (Lawes
Agricultural Trust, Rothamsted Exp. St., UK, 2008he relationships between
colonization parameters and environmental variablese studied using the
Pearson correlation coefficient and linear regoesainalysis.

Molecular diversity analysis

AMF species colonizing onion roots were identifieg sequencing the partial
18S-ITS1-5.8S-ITS2 rDNA region, as described by didr (2000), with minor
modifications. DNA was isolated from one cm rootqas randomly taken from
each onion sample. rDNA was amplified using a meRER approach. The
primers NS5/ITS4i were used in the first step (R&de et al. 2003) with an
annealing temperature of 51°C. For the second &ogilon, PCR products were
diluted 1:100. This second step was performed uliegprimers ACAU1660,
ARCH1311, GLOM1310, and LETC1670 in combinationhMt S4i in separate
reactions. Primer GIGA5.8R was used only in contidmawith NS5. Primer
sequences and protocols for PCR amplifications avadlable from Redecker
(2000) and Redecker et al. (2003).

PCR products having the expected size were clogetthdo pPGEM-T vector
system (Promega, Madison, USA). An aliquot ofil8f the successful clones
were digested with restriction enzymdsbol, Hinfl and Alul in 15 ul at 37°C for
6 hours. Restriction fragment patterns were rua 86 gel made from RESponse
agarose (Biozym group, Landgraaf, The Netherlarel®) analyzed by the
Phoretix 1D software (Nonlinear Dynamics, Durhan§A). A representative
clone for each distinct restriction profile was seqced by the dideoxynucleotide
chain termination method using BigDyeTM Terminatycle Sequencing Kit
(Applied Biosystems, Foster City, USA) and an awten sequencer (ABI
PRISM 3700 DNA Analyser, Applied Biosystems). Aftesmoving chimerical
results, a set of 65 sequences were obtained fiere.8S-ITS2 rDNA region and
when available the partial 18S region (each regi®-500 bps in length).
Sequences are deposited in the European Molecwéogy Laboratory (EMBL
and NCBI databases) under the Accession Numbers92VE0 to AM992864.
These sequences were used for identification of Afotypes after phylogeny
analysis. In order to obtain that, sequences webendted to the BLAST query
tool (Altschul et al. 1997) and database www.ndbigov/blast/for an initial
similarity analysis. Sequence alignment was peréofnmanually. Finally, a
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phylogenetic analysis was carried out by distanw@yais using the neighbour
joining method in PAUP 4b10 (Swofford 2003) witretKimura two-parameter
model and a gamma shape parameter of 0.5. Boo@t@gses were done with
1000 replications. Sequences selected from publiabdses belonging to known
AMF species were included in the phylogenetic asialy

Phylotypes were determined from cladograms as lgleatistinct
monophyletic taxa which were also present in tlspeetive maximum likelihood
trees. AMF genera or morphospecies associatedcto @aylotype were assigned
on the basis of the position of already known segee from databases (Table
13). Phylotypes were associated either to a gréuplated species (e.Glomus
caledonium- geosporumor a genus (e.gearaglomuy, and therefore the number
of phylotypes is a conservative estimate for themloer of morphospecies. Code
names were assigned to phylotypes, as an acronyithdogenus followed by a
correlative number.GlomusA and GlomusB groups were distinguished
according to Schwarzott et al. (2001).

AMF diversity was analyzed by integrating the datan 2004 and 2005,
using the number of phylotypes found per oniondfidh addition, Shannon-
Weaver diversity indicedH) were calculated based on the relative abundahce o
phylotypes per field, abli = =3 [(n;/N) x Ln(n /N)], beingn; the number of
observation for the phylotype, wherea$l is the total number of observations
recorded (Mueller et al. 2004). Differences in AMversity indices between
cultivation systems or between regions were tedigdResidual Maximum
Likelihood analysis (REML) using Genstat 9.2. Besidthe associations between
AMF diversity with chemical soil parameters, andhathe number of years under
organic agriculture were studied by Pearson cdioslacoefficient and linear
regression analysis.

Table 13. Arbuscular mycorrhizal colonization parameters dujtivation systems and
regions in the Netherlands (Survey 2004).

Cultivation Region Arbuscular Hyphal Vesicular Ratio
system colonization  colonization colonization AC/HC
(AC) (%) (HC) (%) (%)
Organic Flevoland 62 a 89 a 9.2 0.69 a
Zeeland 65 a 85 a 6.5 0.76 a
Conventional Flevoland 67 a 91 a 7.7 0.73 a
Zeeland 46 b 72 b 3.6 062 b

Means within each column followed by the same tattenot differ statistically.
(Fischer LSD test, p > 0.05).
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Correspondence Analysis (CA) was performed in CAKIDL53 (Ter Braak and

Smilauer, 2004). CA allows to study the contribatiof each sampled site (n =
39) to the total variation based on their AMF speagomposition, as well as the
contribution from each phylotype (n = 14) based tbeir abundance along

sampled sites (Jongman et al. 1995).

Results

AMF colonization in onions

In 2004 all sampled onion plants were colonizede Biwerage colonization in
both sampled regions and cultivation systems wa&bo 6for arbuscular

colonization (AC) and 84% for hyphal colonizatid#Q) as grand means (Table
13). The presence of vesicles was much lower, naiffd on average. While
neither region nor cultivation system was a sigaifit source of variation, the
interaction between regions and cultivation systeras significant for AC (p =

0.004) and HC (p = 0.005). This was due to the tla&t conventional cultivation

in Zeeland had a mean AC of 46%, a mean HC of &8, /and both means
differed significantly from the means of the otlieree combinations of region
and cultivation system. Furthermore, onions grownconventional fields in

Zeeland had a significantly lower AC/HC ratio.
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Figure 12. The correlation between arbuscular colonization @o§l onion
yield (tons/ha) for conventional (n = 10) and otigafn = 7) management
systems (survey 2004).
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No correlation was found between average AC andhhiCsoil parameters on the
one hand, and the number of years under organiivation on the other hand,
except for the correlation between content of @atcin the soil and AC (r =
0.55; p < 0.05). In addition, a significant corteda was found between AC and
onion yield (OY) under conventional management (v 20, p < 0.05; Figure 12),
as well as between HC and OY (r = 0.85, p < 0.0%)case of conventional
management (n = 10) the linear regression was afimas OY[ton-hg =
0.38xAC% + 42.1. With smaller range of variationAMF colonization level
(AC, HC) and less data points available (n = 7)¢ase of organic management
the regression was estimated as OY[tof-Fa0.38xAC% + 10.6, though this
regression was not significant.

AMF diversity in onion fields

Among the total plant samples, 56% in 2004 and 9892005 yielded AMF
amplification products and subsequent restricticofiles. The GIGA5.8R
combined with NS5 did not yield any amplificatiorogduct. After phylogenetic
analysis, 65 rDNA obtained sequences were clusterddurteen phylotypes,
namely sixGlomusA, five GlomusB, two Archaeosporaand oneParaglomus
phylotypes (Figures 13 and 14). Phylogenetic amabyfsthe ITS2-5.8S sequences
of GlomusA species were in agreement with the phylogenegie obtained for
the sequences from the 18S region (Figure 15).»semion was the distinction
between phylotype&loA5 andGloA6, which were clearly distinct regarding the
ITS2-5.8S region, whereas the 18S region clustetsndt hold high bootstrap
values”

Figure 13. (opposite page)Neighbour joining phylogenetic analysis of arbuac
mycorrhizal fungal 5.8S-ITS2 rDNA sequences obtifrem onion root samples in t)}
Netherlands foiGlomusA (as defined by Schwarzott et al. 2001) phylotypested to
Paraglomus brasilianumsequence AJO12112. The scale represents substfyiar site.
Sequences obtained in the present study are shobwidface. Sequences from databases
isolated from roots were labelled with the accessiamber, host plant, and country of
origin, whereas those isolated from spores, withgél species and accession number.
Bootstrap values from 1000 replications larger tb@@%6 are indicated above branches.
Brackets to the right indicate phylotypes definedthe sequences obtained in this study.
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AM114030 spore Switzerland

Glomus claroideum AY035648

AM114029 spore Switzerland

Glomus claroideum AJ239126 GloB5
AM992806 PPO-ui_LETC_8

Glomus claroideum AY035656

Glomus luteum AY035655

Glomus luteum AY035653

AM114032 spore Germany
AM114031 spore Germany

791~ Gloums claroideum U94715
Glomus claroideum U94716
Glomus claroideum AF004688
AM114022 Zea mays Switzerland
Glomus claroideum AJ517305
Glomus claroideum AY035657
Glomus claroideum AJ567808
Glomus claroideum AY035658
Glomus claroideum AJ517301
Glomus claroideum AJ517299

AY236326 spore Ethiopia

—%b’236330 spore Ethiopia
AY236323 spore Ethiopia

AJ534719 Plantago major Germany
AJ567740 Galium album Germany
Glomus claroideum AJ567809
AJ567744 Veronica chamaedrys Germany
Glomus claroideum AJ567815
Glomus claroideum AJ567812
AY236293 Prunus africana Ethiopia
AY236290 Prunus africana Ethiopia
AY236327 spore Ethiopia
AY236329 spore Ethiopia
AY236325 spore Ethiopia
AJB04568 Triticum aestivum India
AY236289 Prunus africana Ethiopia
58' AY236288 Prunus africana Ethiopia

956 AM992802 PPO-ui LETC_4
—S{AM992803 PPO-ui_LETC_5
AM992801 PPO-ui_LETC_3 } GloB4

Glomus etunicatum AY330582
Glomus etunicatum U94712
Glomus etunicatum AY330591

o2[ Glomus etunicatum AY330597
Glomus etunicatum U94711

Glomus etunicatum AJ239125
95 Glomus etunicatum AY330592
Glomus etunicatum AY330596

AM992799 PPO-ui_LETC_1 >
89 833 AM420360 Littorella unifiora Norway GloB3
AM497782 Medicago sativa France GloB2

AM992800 PPO-ui_LETC_2

82]

100 AJ239124 spore USA
(1004 57 AM992805 PPO-ui_LETC_7
1 i AM992804 PPO-ui_LETC_6 GloB1
0.04 _ .
Glomus walkeri AJ972467

—97{: AJ534718 Plantago major Germany

AF480160 unident.ified plant root
Glomus drummondi AJ972464

Glomus drummondi AJ972465
Glomus drummondi AJ972466

———o.01

Figure 14.Neighbour Joining phylogenetic analysis of arbuscuatycorrhizal fungal 5.8S-
ITS2 rDNA sequences obtained from onion root sampiehe Netherlands faglomusB

(as defined by Schwarzott et al. 2001) phylotypested to theG. drummondiisequence
AJ972466. The scale represents substitutions per Sequences obtained in the present
study are shown in boldface. Sequences from datahaslated from roots were labelled
with the accession number, host plant, and couftryrigin, whereas those isolated from
spores, with fungal species and accession numizetsBap values from 1000 replications
larger than 50% are indicated above branches. Btadb the right indicate phylotypes
defined for the sequences obtained in this study.
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Table 14. Number of fields containing each AMF phylotype, dyltivation system and
region in the Netherlands.

Phylotypes? Cultivation systems Regions Total nr
' Conven- of fields
Organic tional Flevoland Zeeland
GloAl (GlomusA) 1 1 1
GloA2 (GlomusA) 1 1
GIloA3 (G. intraradice$ 3 1 4
GloA4 (GlomusA) 2 2
GIloA5 (G. caledonium-geosporum) 16 15 22 9 31
GloA6 (G. mosseae-coronatum) 19 19 28 10 38
GloB1 (G. walker) 2 2 2
GloB2 (GlomusB) 1
GloB3 (GlomusB) 1 1
GloB4 (GlomusB) 2 2
GloB5 (G. claroideuny 1 1 1
Parl Paraglomussp.) 5 5 5
Archl (Archaeosporasp.) 1 4 5 5
Arch2 (Archaeosporap.) 2 2 2
Total number of surveyed fields 20 19 29 10 39

& Distinct monophyletic taxa after neighbour joiniagalysis of rDNA sequencies. Whenever
known, species names associated with a phylotypéndicated GlomusA and B, as defined by
Schwarzott et al. (2001).

The other phylotypes were present in a much loweguency, three of them
being exclusively found in conventional fields, asalven only found in organic
fields (Table 15). Some phylotypes were only found2004, such a$loAl,
GloA2 andGloA3, whereas others were found only in 2005, suchrall (Table
16). Noticeably, onion fields of two organic farmarboured phylotypeParl
(Paraglomu$ and Arch2 (Archaeosporain 2004, and the next year, sampling
again on different fields of the same farms resuite the finding of the same
phylotypes.

The number of AMF phylotypes per field ranged frone to six. The highest
diversity in phylotypes was found in two organicdamvo conventional fields.
Organic and conventional management systems didliffet in the number of
phylotypes per field (REML analysis, p = 0.48), dad the regions (p = 0.99). In
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Table 15. Number of fields which harbour specific AMF phylpes expressed per
surveyed year, cultivation system and region inNbtherlands.

Survey 2004 Survey 2005

Phylotypes Flevoland Zeeland Flevoland

OF CF OF CF OF CF
GloAl (GlomusA) 1
GloA2 (GlomusA) 1
GloA3 (G. intraradice$ 2 1 1
GloA4 (GlomusA) 2
GIloA5 (G. caledonium-geosporum) 1 2 5 5 10 9
GloA6 (G. mosseae-coronatum) 4 5 5 5 10 9
GloB1 (G. walker) 2
GloB2 (GlomusB) 1
GloB3 (GlomusB) 1
GloB4 (GlomusB) 1
GloB5 (G. etunicatu 1 1
Parl Paraglomussp.) 1 4
Archl (Archaeosporasp.) 1 4
Arch2 (Archaeosporap.) 1 1
Total number of surveyed fields 5 5 5 5 10 9

OF: Organic farms, CF: Conventional farms.

sequences of arbuscular mycorrhizal fungi obtaifredh onion root samples in th
Netherlands, for Glomus-A (as defined by Schwarasttal. 2001), Archaeospora al
Paraglomus phylotypes, rooted to the Paraglomusiltobce sequence AJO06799. The
scale represents substitutions per site. Sequaitased in the present study are shown
in boldface. Sequences from databases isolated fromts were labelled with the
accession number, host plant, and country of grigimereas those isolated from spores,
with fungal species and accession number. Boots@ames from 1000 replications larger
than 50% are indicated above branches. Brackdtsetoght indicate phylotypes defined
for the sequences obtained in this study.

Figure 15 (opposite page). Neighbour Joining phylogeneticlyaim of 18S rDNAVk
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Table 16.Presence (1) or absence (0) of AMF phylotypesaitheonion field expressed
per surveyed year, cultivation system and regiofitie Netherlands. The data for each

field is arranged in a column.

Survey 2004 Survey 2005

Phylotypes Zeeland Flevoand Flevoland

Organic Conv. Organic  Conv. Organic  Conventional
GloAl (GlomusA) 00000 00000 00001 00000 00000 00000 00000 0000
GloA2 (GlomusA) 00100 00000 00000 00000 00000 0OOOO 00000 0000
GIoA3 (G. intraradicey 01000 10000 10001 00000 00000 00000 00000 0000
GloA4 (GlomusA) 00000 00000 00101 00000 00000 00000 00000 0000
GIOA5 (G. cal-geosp) 11111 11111 00001 00110 11111 11111 11111 1111
GIOA6 (G. moss-coron)) 11111 11111 01111 11111 11111 11111 11111 1111
GloB1 (G. walker) 00000 00000 00000 00000 00000 00000 00010 0100
GloB2 GlomusB) 00010 00000 00000 00000 00000 0OOOO 00000 0000
GloB3 GlomusB) 00000 10000 00000 00000 00000 0OOOO 00000 0000
GloB4 GlomusB) 00000 00000 00000 00000 00000 0OOOO 00000 0100
GIoB5 (G. etunicaturp 00000 00000 10000 00000 00010 00000 00000 0000
Parl Paraglomussp) ~ 00000 00000 00100 00000 10100 01100 00000 0000
Archl (Archaeosp.sp) 00000 00000 00000 00000 00010 00000 11001 0100
Arch2 (Archaeospsp.) ~ 00000 00000 00001 00000 00001 00000 00000 0000
Nr. of phylotypes per field 23332 42222 21316 11221 32343 23322 33233 2522

the same way, the Shannon-Weaver index calculatetthien basis of the relative
abundance of phylotypes per field (Table 17) did significantly differ for the
management systems studied, and also not for thenfanagement systems —

region combinations (REML analysis).

The number of years a field was under organic mamagt was neither
correlated with the number of phylotypes per fieldy with the Shannon-Weaver
index. Onion yields in organic or conventional farghwere also not correlated

significantly with AMF diversity indices (data nshown).
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The contribution of phylotypes and sampled fieldsthe total variation in
diversity was analyzed via Correspondence Anal{s#) (data matrix shown in
Table 16). Figure 16 presents the biplot for thst fand second CA axes, which
explained 31.4% of the total variance (first axi€.8%, second axis 14.6%,
eigenvalues 0.54 and 0.47 respectively; total in€&24). Phylotype&IloA6 (G.
mosseae— coronatum complex) andGIloA5 (G. caledonium— geosporum
complex) took a central position in the CA space tleese phylotypes did not
contribute much to the variation between sampladssiOther less frequent
phylotypes, which took more extreme positions m @A space, contributed more
to the variation between fields. The larger praportof sampled sites, 13
conventional and 8 organic ones, took a centratiposn the chart, close to the
most abundant phylotype&IpA5 and GloA6), and irrespective of cultivation
system and sampled region (Figure 16). As a resnly, a few other organic and
conventional sites had larger AMF diversity, dififgrin community composition
among them (Figure 16).

A Conventional fields
Q Organic fields

GloB5 GloB4

GloB1

GloB2 GloA3

CA axis 2

GloA4

CA axis 1

Figure 16. Biplot for the first and second axis in the Cspendence Analysis for the
number of AMF phylotypes in conventional onion digl (open triangles) and organic
fields (open circles) in the Netherlands in 2004 2005. Some field positions overlap
(same AMF species composition). AMF phylotypesmesented as vectors.
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Table 17.Means and their standard errors (+ S.E.) of thabar of phylotypes per field,
and the Shannon-Weaver indices based on the elatiundance of phylotypes per field,
for the cultivation systems and regions in 2004 20@5.

Diversity Cultivation Survey 2004 Survey 2005
Indices system Zeeland Flevoland Flevoland
Nr of phylotypes Conventional 24 +0.9 1.4 5%0. 28 +1.0
Organic 26 05 26 2.1 27 =07
Shannon index Conventional 0.70 +0.31 0.25.360 0.89 +0.30
Organic 0.66 +£0.22 0.66 +£0.69 0.88 £0.20
Discussion

Molecular Diversity

Only a few studies have addressed the questiordit@what extent AMF species
richness and composition differ between organic aodventional farming

systems (Oehl et al. 2003, 2004, Hijri et al. 2008) contribute to this field of

knowledge, the present research was carried oalvimg a larger number of sites
compared to previous studies, and different enwr@mal conditions like a
temperate sea climate.

AMF diversity was estimated via the number of dif& phylotypes per field,
as no reliable molecular method has been develtpatbtermine all different
AMF morphospecies yet. This estimator can be ssenlawer limit for diversity
estimation, as each phylotype may contain differ&MF morphospecies.
Phylotypes were defined as monophyletic groupsaareservative way. Since the
taxonomic position of rDNA sequences from root sksis unknown, and rDNA
sequence variation within a given morphospeciesven within a single spore
exists (Jansa et al. 2002), AMF diversity may beerestimated if smaller
monophyletic groups are assumed as phylotypeshémunbre, we used the
Shannon-Weaver index calculated on the basis ohtimber of phylotypes per
field.

A total of fourteen AMF phylotypes were detecteaimon roots, with one to
six phylotypes per field. The total number of phyjmes and number of
phylotypes per field were well in line with thosbktained by Hijri et al. (2006)
who studied AMF diversity in arable soils using theme primer set for AMF
identification and a similar sampling effort. Th@shabundant phylotyp&sloA6
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(associated withG. mosseae — coronatuspecies complex) an@loA5 (G.
caledonium — geosporuspecies complex) could be respectively phylotypes
GLOM-A3 and GLOM-A4 in Hijri et al. (2006) and Appmi et al. (2008).
Phylotype GIoA3 was associated witls. intraradicesand corresponds with
GLOM-AL in Hijri et al. (2006) and Sykorova et §2007). Phylotype GloA2
comprised the sequence AJ872051, which is reptabenf GLOM-A2 (Hijri et

al. 2006).

Phylotype GloA4 clustered with a sequence from iy occurring
Botrychium virginianumL. (Kovacs et al. 2007) and &lomus constrictum
sequence (Hijri et al. 2006). Phylotype Arch2 cspands with phylotype ARCH-

1 defined by Hijri et al. (2006) and ARCH-4 of Sykwéa et al. (2007), as these
share the sam@rchaeospora trappesequence and a sequence from a species of
PodocarpaceaeOur Paraglomussequences clustered in phylotyparl that
corresponds to phylotype PARA-1 in Appoloni et @008), as both clustered
with the same sequence fromea mays except for our sequence PPO-
ui_ ARCH_7 which showed similarity to AJ564068 frobactylis glomerata
(Wirsel 2004).

Predominance of som@lomusA phylotypes in AMF communities was in
agreement with previous reports for agriculturald® For example, analyzing
SSU rDNA fragments, Helgason et al. (1998) fouretipminance oG. mosseae
or closely related species, whereas Daniell e28l01) found predominantl.
caledonium — G. geosporusequences. The dominance GiomusA species
was also reported in studies based on the morphalbgporesG. mosseabeing
the most observed AMF species (Oehl et al. 2008nGland Baumgartner 2004,
Sjbberg et al. 2004, Wang et al. 2008). In othedist, howeverG. intraradices
was the dominant AMF species (Hijri et al. 2006,thMimaran et al. 2005). The
dominance of fewGlomusA species is probably a consequence of the strong
selection pressure imposed by agricultural prastieading to the predominance
of fast root-colonizing species (Oehl et al. 20@4) species able to tolerate,
among others, the repeated disruption of exterpphéd networks, periods with
without mycorrhizal host plants, and the applicatas fertilizers and fungicides
(Gosling et al. 2006).

In contrast, other AMF phylotypes were found atMew frequencies, which
make it difficult to establish associations betwéaming systems with specific
phylotypes or community composition. Whilst so@®musB, Paraglomusand
Archaeosporaphylotypes were occasionally found in some Dutahmf fields,
neither Acaulosporanor ScutellosporaDNA sequences were detected at all. In
previous studies, the presence @GiomusB, Archaeospora, Acaulospora,
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Scutellosporaand Paraglomusspecies in arable lands was low in comparison to
grasslands, or they were absent (Oehl et al. 204 et al.2006).

We found that AMF diversity in organically grownions did not differ from
conventional ones, with a considerable overlap eetwfarming systems in the
canonical analysis. This result is in contrast v@hl et al. (2003) who reported
that AMF diversity in organic fields (13 — 18 AMIpecies) took an intermediate
position between conventional fields (8 — 10) arasglands (20 — 25). However,
Oehl and co-workers analysed the morphology andoeummf AMF spores in soil
samples and trap cultures, and therefore they a@@lst broader part of the AMF
species richness than the present research. Higi. €2006) used an approach
similar to our study, relying on the same primet & AMF identification.
Among four management systems established on the $&@ess soil (the DOK
experiment), higher AMF biodiversity in organicallyanaged plots than in
conventional ones was observed, though not sigmifig. This trend is not in
agreement with our results. Regional charactesistiod specificities in AMF
community composition may explain this differenEerthermore, these authors
compared a few fields at one location, whereasstudy had a much broader set
up, as we compared in total 20 organic and 19 adiomally managed fields
belonging to commercial farms on clay and loesg-stils.

Among the studied farmlands in the Netherlandsy anlew had larger AMF
diversity indices. This is in line with Hijri et #2006) who found, after studying
two fields apart from the DOK experiment, that AMiversity varied also within
management systems depending upon the specificuitgral history. It was
noteworthy, in the present study, that AMF diversiwas larger in fields
belonging to two farms sampled both years, in whidions were grown each
year on different pieces of land within the farnme$e observations suggest that
farming system as such did not influence AMF diitgrsbut rather specific
management practices or environmental conditions/ roantribute to the
maintenance of more diverse AMF community in soarenfands. For instance,
the continuous cultivation of mycorrhizal host csap the rotations, or the use of
green cover crops instead of fallow periods mighiofir the presence of more
AMF species in the long term (Gosling et al. 200 et al. 2006).

Onion yields were not correlated with AMF diversitdices. Nevertheless,
the practical role of AMF diversity in agriculturalystems should be further
studied. First indications coming up from experita¢rsetups in which mixed
AMF species were applied as inocula point to thenmlexity arising from
multiple fungi-host interactions. For instance, Vder Heijden et al. (2006)
reported variable benefit in biomass increase froixed inocula, whereas Jansa
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et al. (2008) reported only improved phosphorusieitipn in comparison to the
same AMF species acting separately.

Colonization in onion roots

Onion roots in Dutch agricultural fields had higtME colonization levels in
comparison to levels reported for naturally ocawgrAMF in other crops and
environments (Ryan et al. 2000, Mader et al. 20RBhough obtained at a single
sampling date within a single growing season, esults revealed the abundance
of AMF in agricultural soils in the Netherlandsclnding reclaimed lands.

As conventional farming in Zeeland had significgntlower AMF
colonization levels compared to the other three agament systems — region
combinations (Table 13), the adoption of organieniag seemed to increase
AMF colonization levels quickly. Indeed, the orgafields sampled in Zeeland
were only one to twelve years taken out of conweati management. In contrast,
mean colonization levels in Flevoland were highardiess of the cultivation
system, and not correlated with the number of yeader organic management.

Furthermore, we found that colonization parameteggse neither correlated
with the concentration of readily available phogpisoin the soil, even when a
trend towards a higher P content for conventiomddi$ was observed (Table 12).
Several authors reported larger AMF colonizationdi@anically managed fields
compared to conventionally managed fields. Amomglers, Ryan et al. (1994,
2000) found higher colonization levels in orgarlicgrown wheat and pastures
than conventionally managed ones, whereas Madat. ¢2000, 2002) reported
higher colonization in organic winter wheat, vetgk- and grass-clover when
comparing organic and conventional soil managersgstems. Similarly, Oehl et
al. (2003) found higher colonization levels in gkamgrown on organic soils
compared to conventional ones. In these studiffereinces in colonization levels
were explained mainly by the lower P concentraioarganically managed soils,
which was not clearly the case for the onion fiefd#he present research.

A striking finding of our survey was the signifi¢anorrelation between
colonization parameters of naturally occurring AM#hd onion yields in
conventionally managed onion farmlands, under naideio high concentrations
of readily available phosphorus (Table 12, Figuzg Organically managed fields
followed the same trend as conventional ones,Hmitorrelation coefficient was
considerably lower and not significant for AC. Tdlepe of both linear regression
lines was 0.38 indicating that onions benefitteahilsirly from AMF in both
management systems. Alternatively, it could be sla¢ed that AMF colonization
and onion yields benefit simultaneously from yetdentified environmental
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conditions. Anyhow, in order to practically expldite fact that 10% increase in
AMF colonization may represent an average yielddase of 3.8 tons-Hait
would be necessary to better understand farm mamage practices or
environmental factors leading to higher vitalityimdigenous AMF.

Concluding remarks

This study did not demonstrate differences in biediity of AMF colonizing
onion roots grown under organic and conventiondlivation, and this result
raises at least two important questions. Firsythe lack of differences in AMF
community composition between cultivation systermas tb the fact that nutrient
levels (especially phosphorus) are moderate to iniginganic fields? If this is the
case, it is uncertain that a further continuatiowlar organic cultivation (with a
concomitant decrease in soil nutrient levels) waunlttease mycorrhizal fungal
diversity over a longer temporal scale.

Secondly, the positive correlation between mycaahicolonization and
onion yield established for conventional fields gests a mycorrhizal benefit
even at high nutrient availability. It is therefdempting to speculate that onion,
with its depauperate root system, depends on miyizarreven at high nutrient
levels, thereby preventing the selection for reduitectioning of the symbiosis
under agricultural intensification postulated byhdson (1991) and Kiers et al.
(2002). Breeding onions with improved rooting systehile retaining a diversity
of mycorrhizal benefits would be an urgent furthesearch step. Otherwise,
onion cultivation under nutrient-poor conditionsgimi result in yields that are too
low to be economically attractive. In this contéxt research of De Melo (2003)
on the genetic basis of traits describing Atleim rooting system can be seen as a
promising first step.
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Genetic analysis of the interaction betweeAllium species
and arbuscular mycorrhizal fungi '

Abstract

The response of three speciesAdifum (A. cepa, A. roylei, A. fistulosymthe hybridA.
fistulosum x A. royleiand a large number of genotypes of the tri-hylxiccepa x (A.
roylei x A. fistulosumjo the arbuscular mycorrhizal fungus (AMEJomus intraradices
was studied in order to analyze the genetic basithis trait in the tri-hybrid population.
The experiment was executed in 2006 and 2007.

Plant response to and benefit from the mycorrhigginbiosis was expressed as
Mycorrhizal Responsiveness (MR), Mycorrhizal Ben@¥iB), and Mycorrhizal Breeding
Value (MV).

Results in both years were significantly correlatehnt biomass in the non-mycorrhizal
condition was significantly correlated with that ofycorrhizal plants. MR was
significantly negatively correlated with biomassnain-mycorrhizal plants and was hence
unsuitable as a breeding criterion. MB and MV wesigmificantly correlated with plant
biomass of mycorrhizal plants, whereas MB and M\6vebd lower (and partly not
significant) correlations with biomass of non-mytazal plants.

QTLs were located on a linkage map of theroylei x A. fistulosunparental genotype.
Both QTLs fromA. roylei and A. fistulosumcontributed to mycorrhizal response. Two
QTLs associated witi. roylei alleles were detected on chromosomes 2 and 3 #&r M
MV, and plant weight of AM plants. A QTL associatadth A. fistulosumalleles was
detected on linkage group 9 for MV (but not MB)ami weight of AM and NM plants,
and the number of stem-borne roots. Coincident Q/Elgsons for plant weight, MB and
MV indicate that selection for plant weight mayalselect for enhanced MB and MV.
Moreover, it suggests that modern onion breedingndit select against the response to
AMF. Positive correlation between number of roatd #&arge response to mycorrhiza for
Allium species opens prospects to combine these tratite idevelopment of more robust
onion cultivars.

" This chapter will be submitted as

Galvan GA, Kuyper TW, Burger K, Keizer LCP, HoelstRF, Kik C, Scholten OE.
Genetic analysis of the interaction betweShum species and arbuscular mycorrhizal
fungi
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Introduction

In order to obtain high yields of oniorAl{ium cepal.), large amounts of
fertilizers are used in high-input cropping syste(B®sch-Serra and Currah
2002). These fertilizers are costly, and as the tates up only a minor part of
these inputs (Greenwood et al. 1982), negative @tspan the environment can be
expected. In organic and low-input cropping systanslance is sought between
yield and goals that minimize impacts on the emument (Rossing et al. 2007).
As a consequence synthetic fertilizers are appdiedower rates in low-input
farming systems than in conventional ones, or aem eompletely excluded as in
organic systems. Thus, crop yield and economiclteestay be lower. A Dutch
survey showed that onion yields in organic culimatwere 54% lower than those
in conventional cultivation systems (Chapter 4)tiBdifferent practices (e.g.
planting distance) and differences in soil nutrisapply cause this yield gap. In
the study by Galvan et al. (Chapter 4), the avepmsphorus concentration,jP
in organic soils was 27% lower than in conventigails. Onion has a sparse and
shallow rooting system, consisting mainly of steond® roots that rarely branch
and lack root hairs (Portas 1973, Greenwood di9%42). Because P diffuses very
slowly through the soil solution, plants with pgopting systems cannot maintain
an adequate P uptake and therefore yields are madg®engel and Kirkby
2001).

Various plant breeding strategies can contributenéintain high yields in
organic and low-input agricultural systems by impng P uptake and P use. One
strategy is the development of cultivars with imm@o rooting systems (Lynch
2007). De Melo (2003) proposed to uskium fistulosumlL. as a donor species
because it has a larger and denser rooting systamdnion. Although progeny
plants of A. cepa x A. fistulosurnare partially sterile, gene transfer frofn
fistulosumto A. cepais possible by the use &. roylei as a bridge species
(Khrustaleva and Kik 1998, 2000). De Melo (2003)stigated the inheritance of
root traits in arA. cepa XA. roylei x A. fistulosunpopulation. QTLs for traits of
the rooting system were found. His results indi¢hs breeding for an improved
rooting system in onion is possible (De Melo 2003).

A second breeding strategy may be the selectiorefibianced response to
the symbiosis with arbuscular mycorrhizal fungi (EM These fungi naturally
occur in soils. In this symbiosis, the fungus gedsbohydrates from the plant,
whereas the plant improves its nutrient acquisjtiparticularly P, among other
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benefits (Stribley 1990). Improved nutrient uptalepends on the build up of a
mycelial network beyond the depletion zone (Ged§85, Mengel and Kirkby
2001). As a result, plant biomass of mycorrhizalngs is larger than that of non-
mycorrhizal plants (reviewed by Lekberg and Koi@8%).

The response to mycorrhiza is dependent on P aildian the soil. Under
high P-levels, smaller benefits from mycorrhiza evebserved than in P-deficient
soils (Hayman and Mosse 1971). As a consequenogjlmations from the AMF
symbiosis are particularly expected in organic Ewdinput agricultural systems
(Ryan and Graham 2002, Gosling et al. 2006).

Differences in the response to mycorrhiza have bm®served in various
crops, for example, between wheat cultivars (Hetat al. 1993), maize inbred
lines (Kaeppler et al. 2000), and onion cultivdtewell et al. 1982). Intraspecific
differences in response to mycorrhiza indicatersetie basis for the plant — AMF
interaction. Therefore, breeding for an enhancespaese to mycorrhiza was
proposed by several authors (Parke and Kaeppled, ZB@nchette et al. 2005,
Gosling et al. 2006, Sawers et al. 2008). Thedeoasihypothesized that cultivars
that benefit more from this symbiosis would conitéd to a more sustainable
agriculture as amounts of fertilizers could be mgtl(Ryan and Graham 2002).
Genomic regions quantitatively linked to the regmto AMF were identified for
wheat (Hetrick et al. 1995) and maize (Kaepplerlet2000). Up to now, no
practical application of that knowledge has begored.

The existence of various plant strategies to emhdPaptake raises the
guestion to what extent they are additive or havieet traded off. For rice Gao et
al. (2007) reported that the ability of non-mycaz&h rice to acquire nutrients
was negatively correlated with the mycorrhizal mrspveness. For bean Lynch
(2007) showed that the effect of root hairs (a$ gan improved rooting system)
and of AMF was additive. Because a high respons&M& was also described
for A. fistulosum(Tawaraya et al. 2001), the question arises whattigrspecies
could also be used to improve the response to myizarin onion.

The aim of the present study was to investigate gbpetic basis that
underlies the interaction between relatives of orand AMF, more specifically
the response of these plants to AMF. Quantitatigg toci (QTLs) involved in
that interaction were mapped on an AFLP linkage .n@per traits such as plant
biomass, rooting system and bulbing ability wesmdinked to this AFLP linkage
map.
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Materials and Methods
Plant material

Allium cepa(Rijnsburger group)A. roylei Stearn (PRI-1270), and. fistulosum
(PRI-2002-232) were tested for the response to mza. The hybridA.
fistulosumx A. roylei (RF-hybrid) and the tri-hybrid populatioh. cepa x (A.
roylei x A. fistulosum)were developed as described by Khrustaleva and Kik
(1998). Each tri-hybrid genotype has a set of clusomes fromA. cepa,and a

set of chromosomes from. roylei, or A. fistulosum,or recombinants between
them.

An offspring of 96 tri-hybrid genotypes was useddvelop a linkage map
of the RF-hybrid. The parental species, the RF4dyland each genotype of the
tri-hybrid were clonally multipliedn vitro in order to have replicates for the
experiments. Sections of the basal plates were @sednitial explants, as
described by De Melo (2003), and clonally multigliey successive divisions of
the basal plates.

Evaluation of the response to AMF

The evaluation of the parental species, the RFitlyband the tri-hybrid
population was executed in 2006 and 2007. Theytriid populationcomprised
77 genotypes in 2006 and 83 in 2007, of which G&ggpes were evaluated in
both years. Plantlets growin vitro for 3-4 weeks with 2-3 leaves and well-
developed roots were transferred to trays and edveith a transparent lid that
was further opened daily. The trays contained aingpmixture (steamed peat-
soil and sand, 2:1 ratio). After four weeks, plamere transferred to individual
pots 2.1 (in 2006) and 3.3 (in 2007) litres in siEke pots contained a mixture of
gamma-irradiated clay soil, sand and perlite (6:fafio). The clay soil was
collected from an organic farm land.

Glomus intraradicesSchenck and Smith inoculum was kindly provided by
Dr. Y. Kapulnik (Volcani Center, Israel), as sporesdry vermiculite (Alkan et
al. 2003). A full spoon of inoculum (ca. 1.7 g) wadded to each pot in a hole
made for transplanting. The same inoculum previoasitoclaved (60 minutes,
two times) was added in a similar way to the pogtomging to the non-
mycorrhizal control. A soil wash was added to kb AM and NM treatment.

Six replicates (individual plants) of each specigé® RF-hybrid and tri-
hybrid genotypes were inoculated with intraradicesand six replicates were
kept as non-mycorrhizal control. Genotypes wereloamzed within six blocks of
AM and NM treatment each, and placed on separdesaExperiments took
place in a compartment with controlled temperatnd relative humidity set at
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22-18°C (day-night). Nitrogen as diluted Ca(})iavas applied seven weeks after
transplanting, at a rate of 160 mgkly" soil. Plants were harvested 14 weeks
after transplanting. Total above-ground fresh andveeights were evaluated, as
well as partitioning in leaf weight and bulb/falseem (lower 5 cm) weight. The
number of leaves, false stems and plant heighgitiefrom basal plate to the
longest green leaf tip) were recorded. The numlbestem-borne roots was also
recorded. Assessing below-ground biomass was nossilde, because
detachments at harvest prevented accurate measuseeme

Indices for the benefit from mycorrhiza

Response to AMF was assessed by calculating myealrresponsiveness as
proposed by Baon et al. (1993}IR = (AM - NM )/ NM , the weight difference

between mycorrhizal and non-mycorrhizal plantsdbd by the weight of non-
mycorrhizal plants. Because of the problematic matof that dimensionless
parameter (see Results and Discussion) two fuititiices for plant benefit from
mycorrhiza were used: (1) Mycorrhizal Benefit (MBhe difference in total
weight between AM and NM treatment®IB = AM —NM This parameter
indicates the biomass increment due to the preseih@dF at a given P level.
(2) Mycorrhizal Breeding Value (MV), the averageum weight of AM and NM

treatmentsMV = (AM +NM )/2 This index takes into account the response to

mycorrhiza and the ability of a genotype to growtlie absence of AMF (see
Figure 17 as an illustrative example). MB and MVWwevealculated for plant total
dry weight and for other plant variables.

To evaluate mycorrhiza and genotype effects ResMaaimum Likelihood
(REML) analysis was used in Genstat 9.2 (Lawes cfiral Trust, Rothamsted
Exp. St., UK, 2006). Significant differences werstablished with Fischer's-
protected LSD. Residuals were checked for normatityvariables except plant
height were square-root transformed because ofr tlaege residuals. The
relationships between indices for the responseyiwomhiza and plant traits were
studied by Pearson correlation analysis. As triritylgenotypes segregated for
bulbing ability (see Figure 22), the relationshiphathis trait was also studied. In
order to do that, genotypes were classified in foategories regarding the

average bulbing indexRl = BulbDiameer/ NeckDiametr ), as follows: null

(Bl = 1.0 to 1.6), low (1.62.4), medium (2.42.7), and high (>2.7) degree of
bulbing. MB, MV and plant biomass for genotypesoneging to these bulbing
classes were compared by REML analysis. Significdiffierences between
species (incl. the RF-hybrid) and differences betwbulbing categories of the
tri-hybrid were established with Fischer's-protddt&D. Residuals were checked
for normality.
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Figure 17. Two examples of tri-hybrid genotypes with contragtiresponse to the
inoculation with G. intraradices in the non-inoculated (NM) and inoculated (AM)
treatments after harvesting experiment 2¢&Y Genotype unable to grow in a P-deficient
soil without mycorrhiza, having large benefit (MBpm the symbiosis but moderate
mycorrhizal breeding value (MV]b) Genotype less dependent on AMF, having smaller
benefit (MB) from the symbiosis but larger breeduadue (MV).
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Early colonization in selected genotypes

In addition, early colonization of a number ofhigibrid genotypes was evaluated.
Eight (from 77) tri-hybrid genotypes with a randgemoycorrhizal responses were
selected after the experiment in 2006. Parentatiepeand the RF-hybrid were
also included. Plant material was propagated, planged to individual pots and
inoculated withG. intraradicesas described before. Six replicates per genotype
were randomly arranged in three blocks in a greesiccompartment. Three
replicates were evaluated three weeks after intonlaand the remaining three
replicates, seven weeks after inoculation. Roobrumhtion was estimated for
each individual plant independently, applying thegmified intersection method,
after staining with trypan blue. For each sampleQ bbservation points were
evaluated (McGonigle et al. 1990). Differences inlonization between
genotypes were compared after REML analysis. Plessdationship between
mycorrhizal benefit (MB) in 2006 and fractional @oization was calculated.

AFLP linkage analysis and QTL mapping

DNA of each tri-hybrid genotype, the parental linsd the RF-hybrid was
isolated from young leaves, following the minipremtocol described by Van
Heusden et al. (2000). AFLP® (Keygene B.V., Thehddands) reactions were
carried out according to Vos et al. (1995). Twapaif restriction enzymes were
used, namelyJEcdoRI/Msd and Pst/Msd. Because of the large genome size in
Allium species, pre-amplifications were done with thededive nucleotides (+1,
+2) and the selective amplifications with seven leokides (+3, +4) for the
EcARI/Msd enzyme pairs, and six (+3, +3) for the Pstl/Mgairs (Van Heusden
et al. 2000). A total of 22 primer pairs were ugedhe selective amplifications
(Table 18). AFLP fragments originating exclusiveisom A. roylei or A.
fistulosumwere scored using Quantar (Keygene B.V., The Niethds). Markers
were named as described by van Heusden et al. 2B00instance, E38M52G-
202F refers to restriction enzymé&sd and Msd, primers E38 and M52, ‘G’
identifies the additional 7th base, ‘202’ is thdiraated length of the fragment,
and ‘F’ or ‘R’ means that the marker is specific f fistulosumor A. roylei
respectively.

A linkage map for the RF-hybrid was calculated gsitoinMap 3.0 (Van
Ooijen and Voorrips 2001). Population-type was teethaploid, and linkage
groups were separated with a threshold LOB. Kosambi’s mapping function
was used to calculate map positions of the markémkage groups were assigned
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Table 18. Amplified fragment length polymorphism (AFLP) adeys and primers used in
the ligation and amplification steps, and theirusates.

Adapters EcoRlI adapters 5-CTCGTAGACTGCGTACC-3’
3'- CTGACGCATGGTTAA-5
Msel adapters 5'-GACGATGAGTCCTGAG-3'
3'-TACTCAGGACTCAT-5’
Pstl adapters 5'-CTCGTAGACTGCGTACATGCA-3’
3-TGTACGCAGTCTAC-5'
Universal primers EOO 5- GACTGCGTACCAATTC-3'
MO0 5'- GATGAGTCCTGAGTAA-3’
POO 5'- GACTGCGTACATGCAG-3’

Primer pairs in the pre-amplification
EO1 (EOO+A) - M02 (M00O+C)
P01 (POO+A) - MO1 (M0OO+A)
P01 (POO+A) - M02 (M00+C)

Primer pairs in the selective amplification

E35 (EOO+ACA) M52A (M0O0+CCCA)
M52C (M0O0+CCCC)
M52T (MOO+CCCT)

E36 (EOO+ACC) M52C (M0O0+CCCC)

E37 (EOO+ACG) M52A (M00+CCCA)
M52C (M00+CCCC)
M52G (M00+CCCQG)

E38 (E00+ACT) M52G (M00+CCCG)
M52T (MOO+CCCT)

P31 (POO+AAA) M33 (MOO+AAG)
M35 (MOO+ACA)

P35 (POO+ACA) M32 (MOO+AAC)

M33 (MOO+AAG)
M34 (MOO+AAT)
M35 (MOO+ACA)
M36 (MOO+ACC)
M47 (MOO+CAA)
M50 (MOO+CAT)

P38 (POO+ACT) M47 (MOO+CAA)
M48 (MOO+CAC)
P43 (POO+ATA) M36 (MOO+ACC)

M51 (MOO+CCA)

to chromosomes on the basis of AFLP markers in comwith previous maps
(Van Heusden et al. 2000, de Melo 2003). Markereortvas fixed for
Chromosomes 5 and 8 according to Khrustaleva €2@05).
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Quantitative trait loci (QTLs) analysis was perfedanusing MapQTL® 4.0 (Van
Ooaijen et al. 2002). Kruskal-Wallis test was applie determine the association
between each individual marker in the map and #rget traits. QTLs were
identified by the multiple QTL mapping (MQM) proage (Jansen 1993, Jansen
and Stam 1994), and were regarded significant ab LltBreshold value with
p<0.05. This threshold value was estimated for etwalt on the basis of
population type and 1000 times genome-wide pernaumst Linkage maps and
QTL figures were drawn in MapChart (Voorrips 2002).

Results

Response to mycorrhiza inAllium

Non-mycorrhizal plants (NM) remained free of mydoza. In 2006 and 2007,
total dry weight of AM plants was larger than teatNM plants for the parental
species and the RF-hybrid (REML analysis, p<0.@8jjum roylei had lowest

biomass, whereas the differences betwAercepa A. fistulosumand the RF-

hybrid were not significant (Table 19). For mosthybrid genotypes the weight
of AM plants was also significantly larger thanttbANM plants. Five genotypes
(out of 77) in 2006 and 3 genotypes (out of 832007 did not have significantly
more biomass in the mycorrhizal condition. Maximbiomass of the tri-hybrid

(both when AM and NM) was larger than that of thestbperforming parent,
while minimum biomass was lower than thatfofroylei the parent with lowest
biomass (transgressive segregation) (Table 19).

Differences between AM and NM treatments were laige2007 than in
2006 (Figure 18). Mean total dry weight of AM plantas in 2006 2.5 times and
in 2007 4 times higher than that of NM plants (Ealdl9). Performance of
mycorrhizal plants in 2006 and 2007 was signifisanbrrelated (r = 0.76, n =
68; p<0.001). Performance of non-mycorrhizal plaimsboth years was also
significantly correlated (r = 0.38, n = 68, p <D.QFigure 19).

Mycorrhizal responsiveness of tri-hybrid genotypegms negatively
correlated with biomass of NM plants (Figure 20)ecBuse this negative
relationship implies that selection for higher msgiveness results in selection
for smaller plants in the non-mycorrhizal conditiowe used two further
parameters to express the benefit that plantsrobtain the symbiosis, MB and
MV.

Correlations between biomass in the AM and NM cooelj MB and MV for
2006 and 2007 are shown in Figures 19 and 20. GrofviNM and AM plants
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was positively correlated in both years. MB and M¥re very significantly
correlated with biomass of AM plants, while the retations between MB and
MV with biomass of NM plants were lower and not aj® significant. MB and
MV were also significantly correlated in both yeédta not shown).

Allium cepahad the lowest number of stem-borne roots, Anfistulosum
the highest (Table 19). The RF-hybrid had moresdlaanA. fistulosunin 2006,
but less in 2007. Among tri-hybrid genotypes, thierage number of stem-borne
roots showed transgressive segregation (Table Tk#.number of roots in the
AM treatment was positively correlated with totay dveight (r = 0.59 and 0.69),
MB (r = 0.45 and 0.65), and MV (r = 0.62 and 0.§4alues respectively for
experiments 2006 and 2007, p<0.001 in all cases).
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Figure 18. Frequency distributions of total plant dry weigtttbe tri-hybrid

genotypes in the non-inoculated (NM) and inoculatéth G. intraradices(AM)

treatments, fofa) experiment 2006, an) experiment 2007. Note that different

scales were used for total dry weight.
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Table 19.Total dry weight, number of stem-borne roots ganpof non-mycorrhizal (NM) and mycorrhizal plari#sM), and indices for the
response to mycorrhiza of the parental materialthedri-hybrid genotypes in Experiments 2006 add72

Total dry weight (g)

Nr of stem-borne roots per plant

Plant Material 5 5
NMm 2 AM 2 MB MV © NMm @ AM 2 MB MV ©

Experiment 2006
Allium cepa 1.24 bc 2.79a 1.55 2.01 8.6 f 11.1 ef 25 9.9
Allium fistulosum 0.70 c 1.95ab 1.25 1.33 199 cd 31.4b 115 25.7
Allium roylei 0.54d 1.58b 1.04 1.06 11.3 ef 16.3 de 5.0 13.8
RF-hybrid 1.20 bc 2.88a 1.68 2.04 27.2 bc 43.7 a 651 35.5
Tri-hybrid genotypes (n = 77)

* Mean 1.29 3.17 1.88 2.23 15.3 25.4 10.2 20.3

e Minimum 0.45 1.30 0.23 1.19 6.3 7.5 1.2 6.9

e Maximum 2.58 5.67 3.89 3.73 33.3 35.7 2.5 34.5
Experiment 2007
Allium cepa 2.00c 6.16 a 4.15 4.09 3.7e 8.2 de 4.5 5.9
Allium fistulosum 1.49¢c 6.22 a 4.73 3.85 30.1 bc 74.7 a 44.6 52.4
Allium roylei 0.68d 3.45b 2.77 2.06 27.0 bc 19.2 cd 7.2 155
RF-hybrid 153 ¢ 5.63 a 4.10 3.58 11.9 de 435b 616 353
Tri-hybrid genotypes (n = 83)

* Mean 1.97 7.71 5.81 4.88 21.1 38.9 17.8 30.0

e Minimum 0.37 1.18 0.68 1.01 3.0 2.4 -0.6 2.7

e« Maximum 5.34 11.44 8.89 7.83 39.6 66.3 26.7 53.0

@Within each experiment, treatment—genotype comhunatfollowed by the same letter do not differ (B38&). REML analysis followed by Fischer-protected
LSD-test, for square root transformed dgﬂm.ycorrhizal Benefit, as MB = (AM — NM)? Mycorrhizal Breeding Value, as MV = (AM + NM)/2.
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Figure 19.Genetic variation in the tri-hybridllium population. Relationship between
total dry weight (TDW) of non-mycorrhizal (NM) analycorrhizal (AM) plants in
experimentga) 2006 andb) 2007. Pearson correlations (** p<0.01; *** p<0.001

Plant height, number of leaves and leaf dry weigbate lowest inA. cepa but
bulb dry weight was highest f&k. cepa MB and MV showed the same pattern
(Figure 21). Tri-hybrid genotypes were classifiadaur bulbing classes (Figure
22). There were no significant differences in bulalse-stem weight between the
four classes, but genotypes with high degree dbibglhad significantly lower
AM plant weight, leaf biomass and MB than the othelbing classes (Table 20).
In 2006, no differences between bulbing levels weted for MV, whereas in
2007, MV was also lower for genotypes with high réegof bulbing. Within the
class of genotypes with high bulbing, two genotype2006 (17%) and five
genotypes in 2007 (33%) presented early bulbing laafl senescence before
harvesting.
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in the tri-hybridAllium population. (a) Mycorrhizal
responsiveness (MR) as a function of total dry We{@DW) of non-mycorrhizal (NM) plants
in experiments 2006 and 200{) Idem, for mycorrhizal (AM) plants(c) Mycorrhizal
benefit (MB) as a function of TDW of NM plants i®@6 and 2007(d) idem for AM plants;

(e) mycorrhizal breeding value (MV) as a function dW of NM plants in 2006 and 2007;
(f) idem for AM plants. Pearson correlations (ns: p50* p<0.05; ** p<0.01; *** p<0.001).
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Early colonization in selected genotypes

Hyphal colonization and arbuscular colonization evesignificantly correlated
(data not shown) and therefore only data on arbasscolonization are presented.
Tri-hybrid genotypes differed in fractional coloation, with values ranging from
33 to 73% after three weeks and seven weeks (REMilysis, p<0.05). Tri-
hybrid genotypes and species that showed larger(fdBtotal dry weight and
bulb dry weight) in 2006 showed higher levels ofooization after seven weeks
(Figure 23) but not after three weeks (data nowsio

AFLP mapping and QTL analysis

A total of 359 polymorphic AFLP markers originatifom eitherA. royleior A.
fistulosumwere analysed. Among these, 143 markers were mappé8d linkage
groups (LOD > 4). Eight main groups (LOD 4 to 5.4) were assigned to
chromosomes on the basis of markers mapped e@rber Heusden et al. 2000,
De Melo 2003). The resulting linkage map for the-RMBrid contained 111
markers in eight linkage groups covering 886 cM.rida positions on the
chromosomes were calculated without forcing, ana\zerall mean marker Chi-
Square contribution of 2.24 was obtained. Meanalg& group size was 110.7
cM, and mean marker interval was 8.1 cM. The mapfbar gaps larger than 18
cM in chromosomes 3, 5, and distal regions of clusmmes 1 and 7.

The remaining additional linkage groups (linkageugrs 9 to 15) could not
be associated to any chromosome because they on$ysted of AFLP markers
not reported before. These linkage groups wereudled in the QTL analysis.
QTLs for ‘traits’ that indicate response to or binérom mycorrhiza were
detected on chromosomes 2, 3, and the linkage d@ddjable 21, Figure 24). A
first QTL was located on the central part of chreome 2 and associated wih
roylei alleles. This QTL was significant for MB in 20062007, and MV in
2006. The estimated position for MB differed betweexperiments. This
chromosomal region coincided with QTLs for totay dveight, leaf dry weight
and plant height of AM plants in 2006. A second (J@tated on a distal part of
chromosome 2, also associated whthroyleialleles, was significant for MB, MV
and AM plant weight but only in 2007.

A third QTL was detected on a distal part of chrepme 3, associated with
a specificA. roylei marker (Table 21, Figure 24). This QTL was siguaifit for
MB in 2007 and MV in 2006. Its location coincidedtiwthat of QTLs for total
dry weight of AM and NM plants in 2006, and AM ptaweight in 2007. In
addition, this region coincided with that of QTLar fplant height and leaf dry
weight in both years (Table 21). QTLs detected M explained 29.3% and
50.1% of the total variation in 2006 and 2007 refipely (Table 21).
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Figure 21. (a, b)Plant height, number of leaves, dry weight of ld@ves (LDW), and dry
weight of the bulb / false-stem (BDW) fdx. cepa, A. fistulosum, A. royland the RF-
hybrid inoculated withG. intraradices.Measurements at harvest in experiment 2006 and
2007. Columns with the same letter on top withinheaxperiment and trait do not differ
(REML analysis, p<0.05)c, d) Mycorrhizal Benefit.(e, f) Mycorrhizal breeding Value.

All scales are relatives th. cepa(=1).
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Table 20. Plant traits and indices for the response to AMRrohybrid genotypes
classified with regard to the level of bulbing.

Traits Levels of Bulbing Wald statistic
Poor Low Medium High F probability

Experiment 2006

Nr of observations 18 22 18 12

AM total dry weight(g) 352 a 343 a 3.080 272 b 0.040

AM leaf dry weight (g) 1.82 a 158 ab 138 b 0.87 c <0.001

AM bulb dry weight (g) 1.65 1.80 1.76 1.85 NS .488

Nr of Leaves 7.3 7.6 7.2 6.1 NS 0.208

Nr of roots 24.4 27.2 25.6 24.7 NS 0.498

MB (g) 2.37 a 20 ab 1.7 bc 14 c¢ 0.003

MV (g) 2.33 2.41 2.24 2.01 NS 0.192

Experiment 2007

Nr of observations 22 26 19 15

AM total dry weight(g) 793 a 8.64 a 8.04 a 534 b <0.001

AM leaf dry weight (g) 5.38 a  5.37 ab 478 b 262 c <0.001

AM bulb dry weight (g) 255 b 3.25 a 3.28 a 278 b 0.025

Nr of Leaves 106 a 99 a 10.0 a 65 b <0.001

Nr of roots 38.5 41.8 40.4 31.1 NS 0.064

MB (g) 6.00 a 6.12 a 6.18 a 386 b <0.001

MV (g) 493 a 558 a 495 a 341 b <0.001

Means followed by the same letter for each traitferow) do not differ (p < 0.05). REML analysis
followed by Fischer-protected LSD-test, for squaat transformed data.

A QTL for MV (but not for MB) was located on linkaggroup 9, and associated
with A. fistulosunalleles (Table 21, Figure 24). This region alscbbared QTLs

for total dry weight of AM and NM plants in bothass, as well as for bulb dry
weight of AM plants in both years. A QTL for themher of stem-borne roots per
plant was detected also on linkage group 9, whidoanted for 19.1 and 17.9 %
of the total variation for this trait in 2006 and®@ respectively.
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null medium

Figure 22. Examples of tri-hybrid genotypes classified acomydto the degree of
bulbing (see the text for explanation).

QTLs for MV on chromosomes 2, 3 and the linkageugr® accounted for 56%

of the total variation in experiment 2006 and 49%@2007. These three regions
accounted also for 40% and 39% of the variation rgrgenotypes in total dry

weight of AM plants in 2006 and 2007 respectivéiyher QTLs detected for MB

and MV were only significant for one of the yeaasid contributed to a lesser
extent in explaining total variation (Table 21).

Discussion

Genetic analysis of the response to mycorrhiza iallium

This research identified regions linked to quatitiga‘traits’ involved in response
to or benefit from mycorrhiza in aA. cepa x (A. roylei x A. fistulosum)
population. We put trait between inverted commag;alise in a strict sense
properties like MR, MB or MV are not plant traifBhree QTLs were identified
for MB or MV located on the central part of chroroo®e 2, a distal part of
chromosome 3 and linkage group 9. These QTLs wdeatified both in
experiments 2006 and 2007.

These three chromosomal regions also harboured @drLtotal dry weight of

AM plants. Considering the highly significant cdations between biomass of
AM plants, MB and MV (Table 19; Figure 20) this w##ss not surprising. Even
more so, the large effect of AMF on plant bioma&M (plants had 2.5 times
higher biomass than NM plants in 2006 and 4 timghkdr in 2007) makes this
correlation rather like autocorrelation. Linkageogp 9 also coincided with a
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QTL for total dry weight of NM plants. This resuls consistent with the
correlation between growth of AM and NM plants. Apgntly, plants that have
the ability to take up more P in a P-deficient sodtain that benefit in the
mycorrhizal condition. Large NM values were obtainenenA. fistulosunalleles
are present in this region, a result that corredponith the finding that this
species performed better thAnroyleiin the NM treatment (Tables 19 and 21).
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Figure 23. Arbuscular colonization (%) seven weeks after utation, as a function of
Mycorrhizal Benefit in experiment 2006 (MB) calctdd for (a) total dry weight (TDW)
and(b) bulb/false-stem dry weights (BDW), for a set aftgitri-hybrid genotypes and the
parental species. @llium cepa F: A. fistulosumR: A. roylei(Pearson correlations, n=8,
* p<0.05, ** p<0.01).
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Table 21. QTLs for the indices for the response to mycorrhial plant traits in
experiments 2006 and 2007.

Mean of the locus from  EXpl.

Traits 2 Peak marker I(.;nkage LOD ® Var.
roup roylei fistulosum  (9¢)
Indices for the benefit from mycorrhiza (based ortotal plant dry weight)
MB 2006 P35M47-278F Chrom-2 3.84 ** 2.31 1.64 15.8
E37M52A-301F Chrom-6 4.08 ** 1.54 2.24 13.5
MB 2007 P31M35-247R Chrom-2 3.70 * 6.47 4.95 18.6
P31M35-328R Chrom-2 3.86 ** 6.34 4.92 16.3
P38M48-187R Chrom-3 3.60 * 6.32 4.94 15.2
MV 2006 P35M47-278F Chrom-2 359 * 2.49 2.02 19.6
P38M48-187R Chrom-3 3.13 * 2.40 1.98 15.7
E36M52C-86R Chrom-4 3.00 * 2.38 2.01 12.9
P35M34-133F Group-9 453 ** 2.00 2.48 21.0
MV 2007 P31M35-328R Chrom-2 4.00 ** 5.21 4.04 13.2
P31M33-401F Group-9 408 ** 4.01 5.66 24.7
Total plant dry weight ©
AM 2006 P35M47-278F Chrom-2 3.44 * 3.59 2.85 18.8
E38M52T-156F  Chrom-6 3.00 * 2.85 3.50 14.5
P35M32-59R Group-9 352 * 2.83 3.51 15.3
P38M48-187R Chrom-3 3.57 * 3.36 2.75 0.40
AM 2007 P31M35-328R Chrom-2 489 ** 8.68 6.70 17.6
P38M48-187R Chrom-3 3.57 * 8.52 6.85 12.6
P31M33-401F Group-9 4.29 ** 6.72 8.91 21.8
NM 2006 P38M48-187R Chrom-3 3.64 * 1.37 1.07 15.3
P38M48-62R Group-9 3.69 * 1.07 1.37 16.0
NM 2007 E35M52T-394R  Group-9 450 ** 1.31 2.33 23

& MB: mycorrhizal benefit, as (AM—NM); MV: mycorrhizareeding value, as (AM+NM)/2. AM:
total dry weight in the treatment inoculated w@h intraradices;NM: total dry weight in the
non-inoculated treatment.

b Calculated using multiple QTL mapping (MQM) in Mapl5.0. Significance: (**) p < 0.01,
(*) p < 0.05, (ns) no significant.

(cont.)
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Table 21 (cont)

; Mean of the locus from  EXp.
Traits 2 Peak marker I(.;nkage LOD P Var.
roup roylei fistulosum (g5
Other plant traits of AM plants
Height 2006 P35M32-228R Chrom-2 547 ** 63.5 51.2 28.7
P38M48-187R Chrom-3 3.49 * 60.7 68.6 19.3
Height 2007 P38M48-187R Chrom-3 585 ** 81.2 1.21 22.4
LDW 2006° P35M47-278F Chrom-2 4,83 ** 1.80 1.11 20.8
P38M48-187R Chrom-3 3.25 ** 1.68 1.82 15.8
P31M33-167R Chrom-6 3.04 * 1.24 4.01 12.4
LDW 2007°¢ P38M48-187R Chrom-3 2.86 * 5.40 5.27 12.8
P31M35-306F Chrom-6 3.91 ** 4.14 1.37 18..8
BDW 2006° P38M48-62R Group-9 570 ** 1.23 1.81 28.0
BDW 2007° P31M33-401F Group-9 5.02 ** 1.56 27.5 24.6
Nr Roots 2006 P38M48-118R Group-9 3.79 ** 22.1 45.6 19.1
Nr Roots 2007 P31M33-401F Group-9 3.74 ** 34.8 45.6 17.9

& AM: total dry weight in the treatment inoculatedwG. intraradices;NM: total dry weight in

the non-inoculated treatment.

b Calculated using multiple QTL mapping (MQM) in MapiR5.0. Significance: (**) p < 0.01, (*)
p < 0.05, (ns) no significant.

QTLs for both MB and MV were found on chromosomesd 3, but some QTLs
were only recovered in one of the two years that ékperiment took place.
Despite the highly significant correlations betwegawth of AM plants in both

years, and a somewhat lower but still significamtrelation between both years
for NM plants, experimental variation resulted incls differences between
experiments in detected QTLs. Such variation shbeldeason for a cautionary
note regarding the genetic basis for such traits.

A counterintuitive result is that these QTLs can dseribed toA. roylei
alleles, because this species had the lowest wefghit! and NM plants and thus
the lowest values for MB and MV. A positive contriton by theA. roylei
background (in combination witA. cepaandA. fistulosumgenes) may be the
result of non-additive effects. Transgressive sgafien observed for tri-hybrid
genotypes, with values for MB, MV, and total dryighe of AM plants exceeding
both the minimum and maximum of the parental valsesnsistent with such a
hypothesis (Table 19).
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Transgressive segregation for the number of stemebooots in the tri-hybrid
population was less evident, As fistulosumhad high nhumbers of roots in both
years. One QTL for the number of stem-borne robt&M plants was found on
the linkage group 9, associated with fistulosumalleles. This QTL for the
number of stem-borne roots was likely the same BissGor MV, and total dry
weight of AM and NM plants. Again, this observatis consistent with the
positive correlation between these traits and nurabstem-borne roots. Because
A. roylei also formed a relatively large number of stem-koroots (the species
was much smaller thal. cepa but formed more roots), the variation for thittr
may be limited. Further analysis in a backcros$ Wit cepamay allow larger
variation for this trait and the identification afiore QTLs for the number of
roots. De Melo (2003) did not find significant QTias this trait, a difference that
may be caused by the smaller set of genotypeshthanalyzed. A QTL from.
fistulosumfor the presence of lateral roots was located anrobhsome 1 (LOD
6.0), and a QTL for the length of fine roots wasalied on chromosome 6 (LOD
4.2) (De Melo 2003), two traits that contribute @odenser and more efficient
rooting system (Lynch 2007).

The comparison of tri-hybrid genotypes in the aaswith different degrees
of bulbing showed that MB, MV and plant weight wéoever for the group with
high degree of bulbing. The lowest MB and MV valugere observed for
genotypes that presented early bulbing and senesaginthe leaves. It would
seem, therefore, that selection for bulbing wowdbbat against maximisation of
plant benefit by AMF. However, several cautionaotas are in order. First, the
trade off between bulbing and MB/MV was only appér®r genotypes with the
highest degree of bulbing, not for genotypes witbdimm degree of bulbing.
Second, the lower biomass of bulbing genotypes mast apparent in those
genotypes that also showed early leaf senescenatheF research into the
underlying mechanisms that cause early bulbing eady leaf senescence is
required. Finally, there were no differences inbblfalse stem weight between
the four classes — so the link between bulb shagoke baulb biomass remains
unclear. Considering high nutrient demand (for M &) for investment in the
production of new leaves, and much lower nutrieatand for bulbs (which
essentially store carbohydrates), a differentild ad AMF in enhancing leaf and
bulb development needs further study. Back-crosk#®e tri-hybrid withA. cepa
are needed to further investigate whether leaf bigsnis traded off against
bulbing.

Fractional colonization in a subset of eight trbhig genotypes were in the
same range as reported earlier for sevathlm species (Powell et al. 1982,
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Tawaraya et al. 2001). Two genotypes showed lowriphtion rates as well as
low MB values (Figure 23). Differences in colonipat are consistent with
genetic differences in the establishment of theldgsis. The correlation between
MB and fractional colonization after seven week#jaugh based on results of
independent experiments could suggest that difteenn early colonisation
translate into differential growth performance. eiftatively, differential growth
performance (and hence C-availability) Aflium genotypes could determine
fungal performance. Positive relationships betweaonization and bulb weight
were also observed by Powell et al. (1982) for oruoltivars. Results foAllium
differ from results reported for wheat (Hetrickagt 1993) and maize (Kaeppler et
al. 2000), where no correlation between colonizatind plant weight was found.
Further research is needed to establish the impmmetaf early colonization in
Allium.

Allium—AMF interactions

Allium species and tri-hybridllium genotypes benefitted to a large extent from
the inoculation with AMF. These results agree wstindies by Hayman and
Mosse (1971) who found that the weight of AM plaimisreased up to 18 times
that of NM plants. Similarly, plant growth of 2&. fistulosumcultivars was
enhanced by AMF, and increased up to 20 times coedpa the NM control in
an extremely responsive cultivar (Tawaraya et @#013. Among cultivated
species, onion and leeR.(porrumL.) are regarded as species highly responsive
to AMF (Miller et al. 1986, Plenchette et al. 1983)ch very high responsiveness
to mycorrhiza ofAllium species implies that these plants are unable rplete
their life cycle in the absence of AMF, due to iffisient P uptake and hence
insufficient growth. This inability was discusseefdre for onion (Charron et al.
2001), leek (Sasa et al. 1987) and Aorfistulosum(Tawaraya et al. 2001). Our
results on the tri-hybrid genotypes confirmed ttoaclusion, even though a small
number of genotypes showed only a non-significaombss increase in the
mycorrhizal condition (Table 20, Figure 17). Tmsubility to grow in the absence
of AMF has a major drawback when investigating geeetic basis for the plant
response to mycorrhiza because MB and MV are tHemsad completely
determined by the growth of the mycorrhizal pladonsequently, selection for
MB or MV would imply selection for the largest ptanot selection for traits that
AMF specifically enhance.

The response to mycorrhiza has been expressed asorrmyal
responsiveness (MR), a dimensionless ratio indigathe weight difference
between mycorrhizal and non-mycorrhizal plantsersgntage of that of the non-
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mycorrhizal plant (Baon et al. 1993, Janos 200®9weler, use of ratios with
variable denominators may give misleading conchsidue to indirect effects
(Righetti et al. 2007). In practice, a larger ragpeeness can result from larger
AM plants (numerator) or from smaller NM plants rfdeninator). In this study,
MR was negatively correlated with weight of non-mogrbizal plants (Figure 19).
The same negative relationship was reported foratvfidetrick et al. 1995)A.
fistulosum(Tawaraya et al. 2001) and maize (Kaeppler eR@D0). In fact, as
argued by Kuyper et al. (in prep.), a negative elation would likely occur in
(almost) all circumstances. For that reason, theckefor chromosomal regions or
QTLs that are linked to MR in order to breed fogher MR, would result in
plants that produce less biomass when NM. Thugoresveness is not an
indication of better plant growth, and is rathenialeading index when selecting
plant genotypes for high benefit from mycorrhiza.

Therefore, the use of MR was rejected and two redtére parameters, MB
and MV, were introduced. The concept of MB as useck is slightly different
from the term as used by Janos (2007). Janos prdposdraw response curves
along a P-gradient for AM and NM plants, and thenderive the maximum
weight difference. Disadvantages of that methodtha¢ determining response
curves over a P-gradient for a large number of tygyes is prohibitively time-
consuming and expensive; and that mycorrhizal lieoéfdifferent genotypes
may occur at different P-levels, thereby hampecoigparability. Because the tri-
hybrid genotypes showed a large response to AMF, WH& significantly
correlated with biomass of mycorrhizal plants (Fegg0). Selection for high MB
then equals selection for genotypes that perforrst heder ‘normal’ (i.e.,
mycorrhizal) conditions. However, for plants thabw a lower response to AMF,
the correlation between MB and plant performanddénmycorrhizal condition is
not straightforward and in some cases MB may alsolve selection for small
plants in the non-mycorrhizal condition (Kuyperagtin prep.). Such genotypes
are unlikely to provide any mycorrhizal beneficetfects in combination with
plant material with a high-yielding background givanced breeding generations
(Sawers et al. 2008).

To avoid problems with MR and MB, a complementandex was
developed: Mycorrhizal breeding Value (MV). Thisléx could be relevant for
plant breeders and growers as a high value gepéndiicates that genotypes are
able to perform well in a range of environmentaiditions (Figure 17). Selection
for yield stability under conditions where mycomdli inoculum potential is
variable (or even absent) could be achieved bysetefor high MV. To be more
specific, if colonization by native AMF is limiteaynion cultivars are preferred
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that still produce acceptable yields under suchditmms. For the tri-hybrid
genotypes, MV correlated well with biomass of myb@al plants, and MB and
MV were also significantly correlated. However, filants with a lower response
to AMF, MV may be superior as a criterion for geypet selection.

In the case of onion breeding through introgressibgenetic material from
A. roylei andA. fistulosumbreeding for higher MB and MV implies a selection
for plant biomass in both AM and NM conditions. €dated differently, selection
for plant weight under ‘normal’ conditions will arhatically imply a positive
selection for response to or benefit from mycomhiOne could therefore
hypothesise that past selection for high-yieldimgon genotypes, the ultimate
aim of plant breeding, may have selected onion$ waithigher response to
mycorrhiza. That hypothesis is the opposite fromhkipothesis by Hetrick et al.
(1993, 1995) and Zhu et al. (2001) who, on thesbasia comparison of old and
modern wheat cultivars, concluded that modern plargteding reduced the
response to mycorrhiza (lower MR and MB valuesnimdern than old cultivars).
A possible explanation for these contradictory oates is that modern wheat
breeding, by focusing on yield stability, probabiyproved the ability of
genotypes to grow in the absence of AMF or underditmns where there is
strong AMF-inoculum limitation. For onion and itelatives, which are so
dependent on AMF that they cannot complete théér diycle without AMF,
breeding has apparently never succeeded in enlgartbim plant’'s intrinsic
capability to acquire sufficient P. In any caseiparbreeders aiming to select for
high response to AMF may simply achieve this bpatig for large plant weight
under ‘normal’ (i.e., mycorrhizal) conditions.

Concluding remarks

The latter conclusion raises a final questionheré room for a contribution from
A. fistulosunor A. royleito improve the response to mycorrhizadincep& Both
species have a much better developed rooting syttemA. cepa A better
rooting system may lead to a lower response to ANlBther plant families
(Schultz et al. 2001), but this was not the casAllinm. The absence of a trade
off between an improved rooting system and a dsectaesponse to mycorrhiza
implies thatA. fistulosum(and A. royle) can be used to improve the rooting
system ofA. cepawhile maintaining the response to mycorrhiza.dgtession of
A. fistulosum genes intoA. cepa could therefore contribute to improved
performance in environments where mycorrhizal imacuis limited, due to an
improved rooting system, while maintaining its resge to mycorrhiza.
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An interesting result was the transgressive setjmegabserved for tri-
hybrid genotypes. It seems that the combinatiothofe genomes expands the
genetic variation for plant growth and the respomsemycorrhiza. Further
research is needed to address whether this variaa be exploited in onion
breeding, especially regarding the translation bfs t potential biomass
improvement into the development of a larger blilthis regard, it is promising
that at least some genotypes with high degree lbfriualso possessed large MB,
MV and total plant weight values. Therefore, eitligr the large response to
mycorrhiza, the large rooting system, or the traesgjve segregation, new
opportunities arise frorllium introgressions towards the development of robust
onion cultivars.
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General Discussion

Introduction

Designing cultivars capable to overcome numeroadiand abiotic stresses has
been a significant achievement of plant breedingoiider to respond to the
increasing demand for food. At the same time, tlstribution meets societal

demands for the use of less chemical inputs andmuim impacts on the

environment (Lynch 2007, Fageria et al. 2008). Mxfghe genes used to develop
improved varieties originated from the primary g@ael of crops. When genetic
variation within crop species is not sufficient,ldvrelatives of crops may be a
source of genes to introgress resistance or taleraas well as to broaden the
adaptability of cultivated species to other envinemts. However, with the

exception of a few crops, and especially for simpleerited traits, those wild

relatives are promising but at the same time haediyloited resources (Hajjar
and Hodgkin 2007).

Cultivated Allium species and particularly onioA.(cepa are no exception
in this regard. Breeding activities in onion haaegkly exploited the intraspecific
genetic variation (Shigyo and Kik 2006). Kik (20a®)ted that relatives of onion
can also be sources to enrich its gene pool fon@oaally important traits.
Recent and ongoing developments of breeding tsolsh as molecular markers
and genomidn situ hybridization (GISH), have increased the posgiegi to
exploit these relatives (Kik 2002, Scholten et 2007). For the further
exploitation of the Allium germplasm, collecting activities next to
characterization, evaluation and documentation tef genetic resources are
urgently needed (Kik 2008).

The research reported in this thesis aimed to asathe value ofA.
fistulosumandA. roylei as sources of variation for resistance to Fusabasal
rot (FBR) and for response to arbuscular mycorihimagi (AMF). This research
fits within the broader aim of designing cultivdios agricultural systems that are
less dependent on external inputs. The genetis basithe two aforementioned
traits was studied, as well as relationships witheotraits. For the response to
AMF, new insights were obtained, and new indicesewsoposed from a plant
breeding perspective. The findings of this study dheir implications are
discussed in this chapter, and new lines of rebesmeindicated.
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Potential contributions from A. fistulosum and A. roylel to onion breeding
using a gene pool approach

The mapping approach that | employed is based erusie of a so-called gene
pool approach (Hermsen 1992). Firstly, hybrid papaohs are made between
wild relatives of a cultivated crop, before a crassl subsequent backcrosses are
made with the cultivated crop species as the renurparent. The tri-hybrid
population employed in the present research origmdrom a cross between
onion and an interspecific hybrid betwe&nroyleiandA. fistulosumRF-hybrid;
Khrustaleva and Kik, 2000). This approach was aksed because introgressions
from A. fistulosumvia backcrossing into onion are very problematie da
nuclear-cytoplasmatic imbalances (Mangum and Bef(95).

The mapping approach is based on genotypes in wioicly one
chromosome of the homologues is a recombinant Kheustaleva et al. 2005).
Strictly speaking, the obtained linkage map is Hase the recombination that
occurs during the formation of gametes of the RBrdly its haplotypic phase.
This approach was successfully applied in thisystaind the study of De Melo
(2003) to find associations between phenotypicatimm and genomic regions in
the tri-hybrid population, and consequently, tonify QTLs for various traits.

Figure 25 gives an overview of the available infation on the linkage map
of the interspecific hybridA. roylei x A. fistulosum Mapping was possible by
AFLP profiling and phenotyping of progeny plantstioé tri-hybrid cros#\. cepa
x (A. royleix A. fistulosum)One QTL for FBR resistance frofn fistulosumvas
located on chromosome 8, and one QTL frém roylei was located on
chromosome 2 (Chapter 3). Regarding the benefit froycorrhiza, two QTLs for
mycorrhizal benefit (MB) and mycorrhizal breedinglue (MV) fromA. roylei
were identified on chromosomes 2 and 3, and a QFIMV from A. fistulosum
was located on linkage group 9 (Chapter 5). In taatdi QTLs for plant weight,
bulbing ability, the number of stem-borne and lateoots, and the relative root
length of fine roots were also detected (Figure. Z9)e resistance gene for
Peronospora destructoirom A. roylei (Pd) is located on chromosome 3 (Van
Heusden et al. 2000, Scholten et al. 2007). Thie geas mapped in the progeny
between onion and. roylei but it has not yet been located on the RF-hybrid
map.

As a whole, resistance to FBR, destructorBotrytis squamoséDe Vries et
al. 1992a), enhanced MB, MV, plant weight, and dargoting system are traits
present in the tri-hybridAllium population thereby offerring interesting
possibilities concerning the development of broadigipted onion cultivars.
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Figure 25. The position of detected QTLs frof roylei (solid bars) and\. fistulosum
(hatched bars) on the linkage map of gheoyleix A. fistulosunparental hybrid. QTLs
on chromosome 1 and 6 for rooting traits were riggbby De Melo (2003).

These traits could be of special interest (butexatiusively) for low-input and
organic agricultural systems.

As some traits may be controlled by alleles frothegiA. fistulosumor A.
roylei, like FBR resistance and the number of stem-boooés, an advantage of
the tri-hybrid Allium population is the gene-pool approach: the posséslifor
simultaneous introgression of alleles from bothcgse (Kik 2002). As an
example, additive action of QTLs for FBR frof fistulosumand A. roylei
observed in this research can be exploited in ampiling strategy with little
effort.

A potential constraint in the use of the tri-hybpdpulation is the low to
moderate seed setting of the cross between onidrth@nRF-hybrid. This is due
to species incongruencies (sensu Hogenboom 1984heagenetic make-up of
the three species differs from each other. Imb&detween thé\. cepaandA.
fistulosum genomes leads to irregular formation of tetradd amgration of
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chromatides during micro-sporogenesis. This coimétras not easily
circumvented, but in practice it was shown thahigative effects are reduced in
successive generations (Khrustaleva and Kik 200@)ited pollen fertility of
some tri-hybrid genotypes can be due to incongmiesfcthe aforementioned
species, and/or can result from the absence abregsgenes, as CMS-T male
sterile onion plants were used as female parentt ksknown thatA. roylei can
restore CMS-T male-sterility (De Vries and Wiestsh®¥9?2), this constraint will
not be a large problem, and pollen fertile genagyjmethe tri-hybrid population
can be selected for.

In vitro maintenance and propagation of tri-hybrid genotylpes permitted
repeated screening in this research. However, gpest of the population
differed in the ability to be multiplieth vitro, thus for few of them this technique
did not provide the number of replicates requir€dis constraint was mainly
observed for genotypes that resembled Aheepaparent in morphology: easy
bulbing, and developing few lateral stems. In addijt large morphological
differences between genotypes (vigour, tillering/bbng ability) has potential
usefulness for breeding, but may interfere with sqienotypic evaluations.

The hybrid vigour (transgressive segregation) ahedri-hybrid genotypes
observed in this research is a marked outcome finengene pool approach. Yield
increases by broadening the genetic basis of atgtil species, as observed in
various crop species complexes, is explained bylithieed genetic background
used during domestication, or during adaptatioculfivated species to specific
regions. For example, the mean of two inter-spe&blanumprogenies between
potato and wild relatives exceeded the yield offmotontrol cultivars by 161 and
128% (Buso et al. 2002). Inter-specific genotypesveh shown positive
transgressive segregation for yield also in theegaool of rice (Xiao et al. 1996)
and tomato (Tanksley and McCouch 1997). In théykrid Allium population,
positive epistatic interactions arising from thentnation of the three genomes
may lead to the observed response. The usefulpession breeding, however,
depends on the actual translation of this vigouh&harvestable organ, the bulb.
In other words, whether the increased plant wealiserved for some tri-hybrid
genotypes can be preserved after selection foirgulbh the next generations.

Tri-hybrid genotypes segregated for the degreeutibibhg (Chapter 5). As
explained before, the karyotype of progeny plahthi® crossA. cepax (A. roylei
x A. fistulosumgonsists of a complete set Af cepachromosomes, and a set of
recombinant chromosomes betweknfistulosum — A. royleiWhereasA. cepa
forms a bulb, the two other species do not. Theeefsegregation in bulbing
ability among tri-hybrid genotypes is not likely be caused by recombination in
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A. fistulosum — A. roylethromosomes, but rather by suppression of theirmlb
ability conferred byA. cepachromosomes. In this regard, a QTL for bulbing
ability was located on chromosome 5 associated Auitfistulosunalleles (Figure
25). WhenA. roylei alleles are present in this region, suppressiomubbing
ability probably takes place.

The bulb ofA. cepaconsists of a storage organ formed by translocaifon
carbohydrates to the base of the sheaths. Genetitysis of carbohydrate
accumulation resulting in the formation of the bglincluded the presence of
QTLs and/or genes on chromosomes 3, 5, 6 and 8n@eili et al. 2001, Martin
et al. 2005, McCallum et al. 2006, Masuzaki e2@D7, Yaguchi et al. 2008). For
instance, a QTL identified by Galmarini et al. (2pOwas assigned to
chromosome 5 (Martin et al. 2005), and proved ta plloem sucrose transporter
gene (Masusaki et al. 2007). This genéircepamay be in the position of the
QTL for bulbing ability located in the present sgu#lore research is needed to
elucidate whether both QTLs are located on the gamséion, and whether they
can be even alleles of the same locus with a darhiféect ofA. roylei

Masusaki et al. (2007) studied bulbing ability f fistulosumplants
harbouring additional chromosomes from shallatcepavar. aggregatum(e.g.,
FF+nA). Genotypes harbouring at least fivecepachromosomes formed a bulb,
but did not when chromosome 2 frofn cepawas present, which seemed to
negatively influence bulbing (Masusaki et al. 200Genotypes harbouring a
complete set of. cepachromosomes (a triploid FFA) formed a bulb (Ma&usa
et al. 2007). It seems therefore that fefistulosumgenome does not suppress
the action of genes controlling bulb formationAincepa RegardingA. roylei, an
A. cepa x (A. cepa x A. roylgippulation consisted of a considerable proportion
of onion-like plants (Kik 2002). Furthermore, pragrmes aiming to introgress
the Pd gene fromA. roylei were successfully completed without compromising
bulb formation, resulting in the release of comn&rcultivars (Scholten et al.
2007). Therefore, | expect that traits frofn fistulosumand A. roylei can be
introgressed into onion without negative effectsamion bulbing. The lack of
bulbing observed in tri-hybrid genotypes will ligebe removed in the next
backcross generations, a process that will depgrah uhe possible linkage
between target traits and loci controlling bulbingpnion.

In order to exploit genes fror. fistulosumand A. roylei introgression
strategies from tri-hybrid genotypes may differ eleging upon the genetic basis
of the target trait (Figure 26). A trait controllégt a single gene is suitable for a
simple back-cross tA. cepa This is completed in 5-6 generations or less when
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A.cepax (A.roylei x A. fistulosum) population polycross or population
CCxRF — > breeding to combine
several traits and QTLs

l intercrossing of selected l
genotypes frequency of desired

simple Introgression genotypes increases in
CC x (CCxRF) [BC1] (CCXRF) x (CCXRF) every generation

CCx [CCx(CCxRF)] [BC2] ¢
¢ backcrossing on A. cepa
selfing for homozygosis suited for suited for

of the target gene(s) ¢ accumulation or « polygenic traits

pyramidation of QTLs
controlling a trait

suited for » multi-trait selection

» single gene
controlled traits

» multi-trait selection

- genotypes Figure 26. Schematic representation of strategies to

accumulating QTLs introgressA. fistulosumandA. roylei traits into the onion
for polygenic traits gene-pool from tri-hybrid genotypes studied in this
and multi trait research, depending upon the genetic basis ofattyett

trait(s). Phenotypic or marker assisted selectiontfie
desired traits is applied in every generation step.

selection

using marker-aided selection, and is followed Hfirgeaiming for homozygosity
of the target gene, as described for the introgress downy mildew resistance
in onion (Scholten et al. 2007). Simple backcrggsian also be applied when a
tri-hybrid genotype already harbours the target  Ttherwise, intercrossing of
selected tri-hybrid genotypes can be carried outnvrarious QTLs should be
combined, either for polygenic traits or for mulképtrait selection. Even a
polycross (population breeding or recurrent sed@timay be suitable in order to
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increase the frequency of genotypes combining sév@ot always detected)
alleles for the target trait(s) in a favourable gf@anbackground (Charcosset and
Moreau 2004).

Availability of molecular markers facilitates sefien in all these paths of
pre-breeding activities. For example, marker-agdistelection for disease
resistance genes can be more efficient if the [z@tf screening assays is complex
and expensive. The efficiency of using molecularkees will be clearer for
accumulating or pyramiding QTLs for quantitativelypressed traits, because in
such a case there are usually different genotymichinations that can be hardly
distinguished phenotypically. Even for a trait cotied by a single gene,
molecular markers can be very efficient when agiptiet only for the target gene,
but also to speed up the recovery of the desire@tgebackground (Charcosset
and Moreau 2004). The development of co-dominamkena would be of great
help in the phase of distinguishing homozygous flmterozygous genotypes for
the QTLs under selection.

Activities described in Figure 26 end up with plamterial ready to be used
as parental material in the development of opetliqadéd onion cultivars or
inbred lines to be used as parents of onion Flidkybr

Resistance to Fusarium basal rot

| identified severalFusarium species pathogenic to onion, indicating that
Fusarium basal rot is caused by a complex of speaithoughF. oxysporunis
the most important one in onion cultivation (Chafite Several species causing
FBR in onion were reported in the past (summarizgdEntwistle 1990), and
were also reported for Fusarium wilt An fistulosunin Japan, which was caused
by F. oxysporum F. solani and F. verticillium (Dissanayake et al. 2009a).
Complex pathogen populations with diverse requirgmen environmental
conditions for disease development may lead to texngisease patterns in the
field (Kistley 2001).

Genetic diversity studied by AFLPs, which scans theole Fusarium
genome, was in agreement with a phylogeny on thes lsd sequencing the EF1-
alfa gene (Geiser et al. 2004). This result sugptré alternative use of these
molecular tools for phylogenetic studies. Moreowvidnis finding supports the
correspondence between evolutionary events atahenge and single gene levels
(O’Donnell et al. 1998, Kistley 2001). | showed@mapter 2 thaF. oxysporum
isolates causing onion basal rot were groupedtimtomain clades. This finding
supports the polyphyletic origin of isolates pathinig to onion. Polyphyly was
also reported foFusariumisolates causing wilting iA. fistulosum(Dissanayake
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2009b) and other formae speciales (discussed ipt€ha). Therefore, the forma
specialis withinF. oxysporumbecomes a concept with practical applications
although it is uninformative from a phylogenetidmiamf view.

Fusarium oxysporunis a ubiquitous inhabitant in soils worldwide (Hés
2001). Evolution ofF. oxysporuntowards pathogenicity on a host plant can be
explained by a few genes controlling key factorsifidection and exploitation of
plant tissues. These factors are the ability ofsjha@res to produce germlings that
attach to the root surface and penetrate the filte by a primary infection peg
(Recorbet et al. 2003). Then, branching and pmalifen of hyphae come along
with a front-line of exo-enzymes produced by théhpgen (pectinases and exo-
polygalacturonases, among others) causing cellhddatiowed by collapse,
necrosis and rotting of plant tissues (Holz and xbavies 1986, Roncero et al.
2003). In different steps of this process, the pagim overcomes defence
reactions triggered by the plant.

Three hypotheses to explain why more distantlytedlasolates (and even
different species) have pathogenic ability on thene host were discussed by
Kistley (2001): (a) an ancient common origin of hgagenicity genes, (b)
independent pathogenicity emerged in unrelated, tard (c) horizontal gene
transfer. The analysis of the molecular basis dfiggenicity may contribute to
elucidate whether the same genes are presentferadif Fusarium clusters or
species, or have evolved independently. The outcomehis analysis may
condition the extent of the effectiveness of astasice source.

Breeding for resistance iA. fistulosumto Fusarium basal rot has been
carried out since the sixties of the previous agntand highly resistant cultivars
were developed since then (Shigyo and Kik 2008k Tike of FBR resistance
from A. fistulosumin the development of new onion cultivars was hareg by
the poor crossability betweeh. cepaand A. fistulosum | confirmed the high
level of resistance found iA. fistulosumto isolates pathogenic to onion Bf
oxysporumclade 2, clade 3, and to R proliferatum isolate (Chapter 2).
Nevertheless, root and basal plate infections wdyserved in plants oA.
fistulosumjndicating that this species is host feusarium,and that its resistance
is not based on immunity.

Fusarium wilt inA. fistulosumwas reported in countries where it is widely
cultivated, like Japan (Shinmura et al. 1998) amdb@bia (Navia and Gomez
1999). Dissanayake et al. (2009a) compareérBariumisolates obtained from
A. fistulosumwilting plants in Japan. Using seedling testse fiv oxysporum
isolates were aggressive . fistulosum,and the rest of the isolates were
intermediate to weakly pathogenic. Onion cultivaese highly susceptible to this

120



General Discussion

set of Fusarium isolates (Dissanayake et al. 2009a). These redhksefore,
confirm positive prospects for the use of FBR tasise fromA. fistulosumin

onion breeding. However, they also suggest evalubiosomeFusariumisolates
to overcome mechanisms of defencdiristulosun{Dissanayake et al. 2009a).

Plant resistance involves diverse recognition tvehat trigger defence
reactions. One strategy involves R genes of thet{ldBS-LRR proteins) that
trigger a hypersensitive reaction after recognitbra specific elicitor produced
by the pathogen (reviewed by McDowell and Woffen2603). Another strategy
involves the recognition by pathogen associatedeouwér patterns (PAMPS),
which triggers diverse defence cascades leadirfapsal (or partial) resistance,
including MAP-kinases, pathogenesis related pret€iPR), and the ethylene,
salicylic acid and jasmonic acid pathways (revievilydHammond-Kosak and
Parker 2003, Koornneef and Pieterse 2008, Niks kiadcel 2009). Basal
resistance comprises also active morphologicalidyarrike deposition of callose
and cell-wall thickening. Defence mechanisms sujgppibasal resistance, which
may delay or completely suppress infection andbéstanent of the pathogen,
have shown to be durable, race non-specific, amdllyscontrolled by various
genes. Broad spectrum and durable resistance nie specific pathosystems, is
also mediated by a recessive host gene mutatioodarge members of a protein
family only found in plants. This is the caseMib gene in the barley Blumeria
graminisf. sp. hordei system, and®I-2 gene in tomate- Oidium neolycopersici
(Bai et al. 2008)

With a few exceptiondrusariumdiseases cannot be distinguished by races
of the pathogen, nor by race-specific resistan¢barhost. At the molecular level,
some of the defence mechanisms described above Ihee identified for
Fusarium diseases. Resistance gene analogues (RGA) catebtfied on the
basis of highly conserved motifs in the NBS regf@gan der Linden et al. 2004).
Then, the association between the presence of tR&geloci and the resistant
phenotype in segregating populations can be arahaening to identify
candidate genes. In this way, a gene coding f@maTiR NBS-LRR protein was
found to be associated with resistancd-tmxysporunt. sp.cubenseace 4 in
wild banana Musa acuminata (Peraza-Echeverria et al. 2008). Similar
associations were found for resistanc& toxysporunt. sp.zingiberiin Zingiber
officinale (Swetha Priya and Subramanian 2008) and for thistaese toF.
oxysporunt. sp.lycopersicirace 2 in tomato (Simons et al. 1998). Certaifdy,
the QTLs involved in FBR resistance frof fistulosumandA. royleithat were
identified in this research, the quest for candidggénes by NBS profiling is an
interesting future research line in order to elatéddthe molecular basis of the
resistance.
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The molecular basis involved in other defence meisnas againsfusarium
diseases have been studied to a lesser extentegistance té¢. graminearunin
maize, one of the two QTLs determining resistanae/gd to be a NBS-LRR
gene, but not the second one (Yuan et al. 2009).rdle of MAP-kinases against
F. graminearumwas studiedn vitro (Ramamoorthy et al. 2007), and the role of
oxidative burst in basal resistance agaiRstoxysporumwas demonstrated in
Arabidopsis thaliangDavies et al. 2006).

AMF diversity and agriculture

At the start of my PhD research, virtually nothimgs known about the presence
and frequency of naturally occurring arbuscular amgltizal fungi (AMF) in
Dutch onion cultivation. Therefore, | studied AMRversity as a first step to
studyAllium—AMF relationships. High levels of AMF colonizatievere found in
onion roots obtained from Dutch agricultural soilader either organic or
conventional cultivation farming systems (Chaptgrigdwas striking that AMF
were abundant even in high-tech agricultural systeand that AMF were present
in soils with high P levels. Moreover, the level AfiF colonization seemed to
have a positive effect on yield.

The inability of onions to take up adequate amouwfts is likely the
consequence of their poor rooting system, whichlcegp a limited volume of
soil. AMF allows for the exploration of larger vohes of soil.

In Chapter 4 AMF species diversity (phylotype dsm was assessed based
on rDNA RFLP patterns and subsequent sequencing frtethod yields a
conservative estimate of diversity, since more thia& AMF species may belong
to the same phylotype. Two phylotypes (belongingGlomusA) were most
abundant and found in most or almost all fieldsemglas the other phylotypes
were infrequent. This result is in agreement waHier studies on AMF diversity
in arable lands (e.g. Oehl et al. 2003, Danielalet2001). A few farms, either
organic or conventional, had higher AMF phylotypeedsity. | conclude that
AMF diversity does not differ between organic andnwentional farming
systems, but also that both organic and converltiferaning may not be
homogeneous groups with regard to farming practiteg influence AMF
diversity and activity. Minimum requirements fob&ling as ‘organic farming’
(as defined by SKAL, www.skal.com) imply, for exapthe exclusion of
synthetic fungicides and pesticides. However, fagrpractices with impact on
AMF community composition are usually ‘recommende@inagement practices:
reduced ploughing, rotation with mycorrhizal-hosbgs, green cover crops
instead of bare fallow periods, moderate level lwdgphorus in the soil (Gosling
et al. 2006, Hijri et al. 2006). Our finding thainse organic and conventional
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farms had larger AMF diversity compared to othemmi@ irrespective of the
farming system, revealed that agriculture effecésrmt uniform, as found earlier
by Hijri et al. (2006).

The relevance of this diversity for agriculture el®®s more attention. For
natural grasslands a positive correlation betwektr- Aliversity and biodiversity
of above-ground plant communities and total bionm@ssluction has been noted
(Van der Heijden et al. 1998). Biodiversity in mauecosystems also supports
stability and resilience of the whole system (AltiE999, Van der Heijden et al.
2006). Therefore, larger diversity of AMF in agdesystems may be regarded as
an indicator for a higher level of sustainability.

However, AMF diversity indices were not relatedhwition yields (Chapter
4). Currently, it is not known whether agriculturgeld is maximized in the
presence of the ‘best’” AMF, or whether a speciedureé of AMF creates higher
yields through complementarity, either directly dingh P-uptake patterns or
indirectly, through a simultaneous better protectod the crops. The first view is
in line with a schematic view of agriculture asiadustrial process in which all
resources are devoted to allocate maximum bion@gsbe harvestable organ.
Under this hypothesis, crop yield may be favourgdabsingle efficient AMF
strain acting at the right time, avoiding carbofo@dtion to inefficient AMF
strains. Under the alternative hypothesis, largdiFAdiversity may offer
possibilities for better interaction with diversesh species in the rotation, access
to diverse sources of nutrients, differential attimlong the season and soil
depths. On the long term, yield stability will beaganteed. As discussed in
Chapter 4, studies comparing actions of singlaniged inocula yielded variable
results (Van der Heijden et al. 2006, Jansa et2@08). More research is
warranted to address these important questiorgiframework of low-input and
organic agricultural systems.

Measuring and improving the response to mycorrhizan Allium

The establishment and functioning of the mycorih&anbiosis is the result of
compatible genetic backgrounds between both partiiee fungus and the plant
(Gollotte et al. 2002). Numerous genes are invohied signalling, re-
programming colonized root cells, and triggeringtsynic reactions (reviewed by
Balestrini and Lanfranco 2006, Massoumou et al. 7200 he presence and
expression of such genes may differ between planotypes and, as a
conseqguence, may cause differences in the funotiarfithe symbiosis.

It has been suggested in earlier research that géanetic variation in response to
mycorrhizal fungi allows plant breeding for thisaitr (Chapter 5). However,
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research aiming at analysis of the genetic basispétion in plant populations
has been scarce. Furthermore, a theoretical frankesescribing the plant-AMF
relationship has not been completely developed(Seaivers et al. 2008). By
analyzing variation amongllium species, the hybrid betweén fistulosumand
A. roylei and a tri-hybridAllium population (Chapter 5), | contributed to the
knowledge of the response of theSum taxa to AMF. At the same time, |
contributed with experimental data towards the traent of new concepts to
analyse plant-mycorrhiza interactions from a bregdgioint of view.

Allium species (including onion) benefitted to a largetelek from
mycorrhiza, which is in agreement with previousamp (Hayman and Mosse
1971, Tawaraya et al. 2001). This large benefit wasnsequence of the inability
of these species to grow in the absence of myaatini a P-limiting environment
(Charron et al. 2001).

The ultimate expression of plants better exploitimg symbiosis would be an
enhancement of plant growth and crop vyields. lerditure, the response to
mycorrhizal fungi has usually been calculated byasoeing plant weight of plants
colonized with AMF compared with non-colonized coht plants, on a
proportional basis (Planchette et al. 1983, Sm@02 Janos 2007, Sawers et al.
2008). However, responsiveness is not an apprepmaex because it is always
negatively correlated with NM plant weight (ChapSerKuyper et al., in prep.).
Therefore, while responsiveness may be a usefutegminin many areas of
mycorrhizal research, from a plant breeding poiffit véew, selection for
responsiveness is misleading, because it wouldtiiesselection for low-yielding
plants in the absence of AMF.

Instead of responsiveness, breeders and growersnemested in high-
yielding plants in the presence of AMF in the s#ilhile this may be the main
selection criterion, such plants may or may notehsimilar yield in the absence
of AMF. If environmental conditions for AMF coloraion are not favourable,
plants that still achieve high yields would also fgreferred. Therefore, from a
plant breeding perspective two indices were propasesvaluate the response to
AMF: mycorrhizal benefit (MB), the difference ingpit weight with and without
AMF inoculation; and mycorrhizal breeding value (M\the average between
these two plant weight measurements. Genetic i@ni&br the response to AMF
was studied in the tri-hybridllium population, and QTLs for MB and MV were
located on the linkage map of the RF-hybrid.

MB and MV were positively correlated with plant \gbkt of mycorrhizal and
non-mycorrhizal plants (Chapter 5). QTLs for plamight coincided with QTLs
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for MB or MV. This correlation implies that the tgr the plant in the
mycorrhizal or non-mycorrhizal treatments, the dargill be the profit obtained
from the symbiosis. Positive relationships betwishor MV and the number of
roots per plant were also observed. These obsengithAllium differ from other
species (e.g. wheat, maize), where a larger aliditgrowth in the absence of
AMF was correlated with a lower benefit from AMF BY (Kuyper et al., in
prep.). These latter results may be explained byfdhkt that when a genotype is
able to grow in the absence of AMF, it will recelitde additional benefit when
inoculated with AMF. However, foAllium species, even genotypes that grew
best in the absence of AMF were still below thenpa which the plant itself can
substitute the action of AMF.

As the observed benefit from AMF depends upon thesll of P, Janos
(2007) proposed to assess mycorrhizal benefit ator@nge of P concentrations
in the soil, in order to define the largest AMFeeff on a response curve (see
Figure 1). This proposal has serious practical ttams (high costs) when
working with large number of plant genotypes, adl as theoretical problems,
because for various genotypes maximum responsisen@sy be found at
different P concentrations. This source of variatimakes comparisons very
complicated. Another limitation is that P availdlil is not the only
environmental factor that influences AMF-plant tiglaships, but rather the
experimental conditions as a whole: temperature, @Hthe soil, water
availability, Ca content, organic matter, preseatether soil micro-organisms,
etc. (Stribley 1990, Sawers et al. 2008).

As Allium species did perform (very) poorly in the non-mybaal
condition, the comparison between mycorrhizal aod-mycorrhizal treatments
became rather meaningless (Chapter 5). It is therefiot surprising that the
survey of AMF in onion cultivation revealed that Avivere abundant in all
agricultural soils (Chapter 4). In fact, a non-mybaal control for onion could
only be experimentally created. Alternative contir@atments may be used in
future research.

Protective effect from AMF against diseases

As my thesis deals with interactions betweédlium species and pathogenic soil-
borne fungi, and betweewllium species and AMF, the synthesis of the
interaction between the pathogen and AMF may comasuan important line of
future research.

AMF can have a protective effect against soil-bodiseases in many
pathosystems (Pozo and Azcon-Aguilar 2007). Theeptive effect may be the
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Chapter 6

result of increased plant growth, or the resuldioéct plant defence reactions to
other fungi elicited by AMF, turning the roots mopeone to react against
pathogens.

Numerous studies have shown the protective effeddMF against soil-
borneFusariumdiseases. Incidence Blisariumroot rot decreased in asparagus
(Asparagus officinalisfrom 90% to 20-50% when seedlings were previously
colonized by Glomus species (Matsubara et al. 2001), in chickg€cer
arietinum)from 100% to 54% (Rakesh et al. 2004), and inndieary (Fragaria x
annanasa)from 100% in non-mycorrhizal plots to 22% in plgtseviously
inoculated withGlomus mosseagschnitzler 2004). Microscopic studies showed
that cortical cells having AMF arbuscules were mewdected byFusarium
(Matsubara et al. 2001). The growth fef oxysporumf. sp. chrysanthemiwas
restricted to the epidermis and outer corticalsc@llAMF colonized axenic carrot
roots, whereas the pathogen invaded the root aedvéiscular stele in non-
mycorrhizal roots (Benhamou et al. 1994).

The protective effect can be caused by direct aotéon between AMF and
the pathogen through antagonism and competitiorcokeultures of carnation
(Dianthus caryophyllusa non-mycorrhizal species) aidgetes patul@olonized
by G. intraradices,the survival of carnation exposed Fo oxysporumf. sp.
dianthi more than doubled (St-Arnaud et al. 1997). Thi€n@menon was
tentatively explained by a direct interaction begwenicro-organisms in the soil,
or the induction of resistance mechanisms in canmat

Differential gene expression was observed betwelth Anoculated plants
and plants affected by pathogenic attacks. Theesspn of chitinase class Il in
Medicago truncatulavas enhanced by the symbiosis widlomus intraradices,
but not byF. solanif. sp. phaseoliand other pathogens (Salzer et al. 2000). In
another study, common bedPh@seolus vulgar)sshowed marked increase in the
expression of defense-related genes like chitifdde3-glucanases and phenyl-
alanine ammonia-lyase when inoculated vithsolanif. sp. phaseolj whereas
the expression of these genes did not change witaulated withG. mosseae
(Mohr et al. 1998).

These studies indicate that plants respond diffgreto AMF than to
pathogens. Furthermore, general defence mechardsengriggered by AMF
colonization. These defences include systemic effeading to protective effects
to aboveground diseases and pests (Pozo et al).2008MF-induced resistance,
the jasmonate acid (JA) pathway is up-regulatectreds the salicylic acid (SA)
pathway is down-regulated. This differential resgonexplains why AMF-
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General Discussion

induced systemic resistance has been effectivastgaécrotrophic pathogens and
generalist chewing insects (mediated by JA), butagainst fungal biotrophics,
viruses and sap-feeding insects (mediated by SA).eAplanation for these
directional changes in the host plant is that AMEablish a relationship similar to
biotrophic pathogens, and requires the suppressioBA defences (Pozo and
Azcon-Aguilar 2007). For example, mycorrhiza-deffieetmyc mutants fail in the
suppression of SA defence pathway (Garcia GarridoGrampo 2002).

Interactions between AMF and pathogeiigsarium can occur in onion
cultivation and may result in a protective effacthe host plant, since both AMF
and Fusarium are present in the field. Because onion plantscaftenized by
AMF early in the season (Chapter 4), when the enwirental conditions for FBR
infection are normally not yet achieved, defencactiens triggered by AMF
could occur before FBR infections, and thereforpratective effect given by
AMF against FBR in onion crops is possible. It wbbe worthwhile to measure
the importance of this interaction by appropriatgpezimental setups
(simultaneous versus sequential inoculation, vianain inoculum density of
AMF andFusariunj.

Synthesis

Onion cultivations are hampered by numerous biatid abiotic stresses in
conventional, as well as in low-input and orgariotfing systems. Among these
threats, Fusarium basal rot (FBR) and the limitedita of onion to take up
nutrients can be tackled by means of breeding ésistance and improved
symbiosis with AMF.

| therefore studied genetic diversity in the caaggnt of Fusarium basal rot,
and the genetic basis of FBR resistance in onidtivats by exploiting the
genetic diversity present irA. fistulosum and A. roylei Furthermore, |
demonstrated the relevance of AMF fdlium species, and showed the presence
of a low AMF diversity in commercial onion cultivah in The Netherlands, with
most samples containing one or t@mmusA species only. No differences in the
presence and frequency of AMF phylotypes betwegardc and conventional
cultivation systems were observed. By introgresg@ges fromA. fistulosumand
A. roylei into onion, | showed that a high response to AMFonion can be
maintained or enhanced while simultaneously imprgthe rooting system. New
indices to analyséllium-AMF interactions were proposed from a breedingnpoi
of view. ForAllium, it seems that genetic variation concerning the oese to
AMF highly depends on plant growth rate. This irdés that selection for plant
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Chapter 6

weight in mycorrhizal environments can be succdlgsfused for indirect
selection of genotypes with enhanced response t6.AM

In conclusion, A. fistulosumand A. roylei are rich sources of genetic
variation for valuable traits in onion breedingitbfor resistance to FBR and for
exploitation of the benefit from AMF. The developmef advanced backcross
populations and the use of molecular markers wicise these findings and
facilitate even more their exploitation. Breedingiam cultivars with FBR
resistance and enhanced benefit from AMF, capabtgawing in a wide range
of environments, will therefore become a realigtal in the near future.
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Summary

Onion @llium cepal.) is one of the main vegetable crops worldwi@ion
cropping systems usually make use of large amoohisputs. High-yielding
crops rely on chemical control of diseases ancelage of fertilizers. Agricultural
systems involving more sustainable ways of productlike organic and low-
input agricultural systems, gained interest in g decade. In these systems,
crop yield is in balance with other consideratitiks sustainability of the agro-
ecosystem, management of biodiversity, and minirmapact on environment.

The search for a broader genetic background inivatdtd species by
combining or introducing new sources of resistagaieances the possibilities for
sustainable agricultural systems. Below grounduscblar mycorrhizal fungi
(AMF) have received increasing attention in the tegnh of sustainable
agriculture. Symbiosis with AMF usually improves therformance of cultivated
host species under sub-optimal growing conditiongh benefits such as
improved uptake of phosphorus and protection agaliseases. Plant genetic
variation for the benefit from AMF has been desedibor a number of cultivated
species, including onion, and opens opportunitegplant breeding.

Fusarium basal rot (FBR) and the limited abilityarfion rooting system to
take up nutrients such as phosphorus are impaittagdts for onion cultivation.
Onion related species may be a source of genetiatiean for resistance to FBR
and for the benefit obtained from the symbiosishwdMF. This PhD research
aimed to study the potential contribution frémfistulosunmandA. royleito these
traits, as well as the genetic basis of these traits ih.acepax (A. royleix A.
fistulosum population.

The introductory Chapter 1 deals with general aspects comprising the
background of this thesis research: useAtium species related to onion in
breeding, breeding for resistance to onion badataased byrusariumspecies,
AMF in agriculture, and the relevance of plant dengariation in the benefit
from AMF.

In Chapter 2, resistance to Fusarium basal rot Aflium species was
investigated using differenfFusarium isolates. A collection of isolates from
Uruguay, The Netherlands and other countries wakysed using AFLP markers.
The most abundant species whas oxysporumfollowed by F. proliferatum.
Isolates ofF. oxysporumclustered in two clades, which suggested different
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origins of F. oxysporumisolates pathogenic to onion. Onion and six rdlate
Allium speciesA. schoenoprasum, A. fistulosum, A. galanthumsRemense, A.
roylei, A. vavilovi) were screened for FBR resistance using Bnexysporum
isolate from each clade, and oRe proliferatumisolate. A. fistulosumshowed
high level of resistance to these three isolated Aa royleiintermediate levels of
resistanceA. fistulosum, A. royleand A. galanthumwere identified as potential
sources of resistance Faisariumin onion.

Chapter 3 presents the genetic analysis of resistance toiRBRri-hybridA.
cepa x (A. roylei x A. fistulosurpppulation. Screening was carried out on adult
plants, in a greenhousesing an aggressivie. oxysporumisolate as inoculum.
Symptoms were scored as wilting (before harvest)basal rot observed at
harvest, and rotting after four weeks storage a&C2Resistance to FBR fros.
fistulosumwas dominantly expressed in tide roylei x A. fistulosumparental
hybrid and the tri-hybrid population. FBR reduceeight of A. cepaand
susceptible genotypes in comparison to non-inoedlatontrols. A molecular
linkage map based on AFLP markers was developedh®rA. roylei x A.
fistulosumparent, with 111 AFLP markers on the eight linkggeups assigned to
chromosomes. One quantitative trait loci (QTL) F®R resistance frorA. roylei
was mapped on a distal region of chromosome 2papd)TL fromA. fistulosum
on the long arm of chromosome 8. These two QTLsvedoadditive effects, and
accounted for 30 to 40% of the total variation #BR incidence and FBR
severity, at harvest and after storage. Each QParsgely had significant effect
on FBR, but did not confer complete resistance rdfioee, more QTLs fronA.
fistulosumremain to be discovered. The AUDPC summed up fiieréinces in
timing of the disease regarding wilting during Heason, harvest and post-harvest
scores. Four QTLs for AUDPC were located: the twbLQlescribed and two
additional ones on chromosomes 4 and 8 fAorfistulosumThe identification of
QTLs for FBR resistance froi. fistulosumandA. royleiopen positive prospects
for the introgression of these resistances intorni

In Chapter 4, as a first step in studying the importance of AKF onion
cultivation, genetic diversity and colonization éév of naturally occurring AMF
in onion roots were studied to compare organicamyentional farming systems
in the Netherlands. In 2004, twenty onion fieldsreveampled in a balanced
survey between farming systems and between twe@msgnamely Zeeland and
Flevoland. In 2005, nine conventional and ten oigdields were additionally
surveyed in Flevoland. Ten plants per field wenedmnly sampled. All plants
were colonized by AMF, with 60% for arbuscular @436 hyphal colonization as
grand means. In Zeeland, onion roots from orgaeldd had higher colonization
levels than those from conventional fields. Onigelds in conventional farming
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were positively correlated with colonization leveAMF phylotypes were

identified by rDNA sequencing. Overall, fourteen AMphylotypes were

identified. The number of phylotypes per field radgfrom one to six. Two
phylotypes associated witBlomus mosseae — coronatamd G. caledonium —

geosporumnspecies complexes were the most abundant, whetleasphylotypes

were infrequently found. Organic and conventiorsahfing systems had similar
number of phylotypes per field and Shannon divgisidices. A few organic and
conventional fields had larger number of phylotypesmprising phylotypes
associated withGlomusB, Archaeosporaand Paraglomus This research

suggests that farming systems as such did noteindlet AMF diversity, but rather
specific environmental conditions or agriculturedgtices.

Allium fistulosunis a source to improve rooting system in oniom also has
a large response to AMF. Therefore, fistulosummay be a potential source to
improve these traits in onion. IBhapter 5, the response to inoculation with
Glomus intraradice®f Allium species and progeny plants of the cross between
cepax (A. royleix A. fistulosunm was evaluated in two independent greenhouse
experiments (2006 and 2007). Two indices were eyaglomycorrhizal benefit
(MB), as the difference in plant weight between owizal (AM) and non-
mycorrhizal (NM) treatments, and mycorrhizal bregdivalue (MV) as the
average plant weight between these treatments. Advit pveights of Allium
species were significantly larger than the correspmy NM. Tri-hybrid
genotypes showed transgressive segregation fot mplaight, MB, and MV.
QTLs contributing in both experiments to the resgorio mycorrhiza were
located on the linkage map of theroylei x A. fistulosurparental genotype. Two
QTLs fromA. roylei for MB, MV, and plant weight of AM plants were deted
on chromosomes 2 and 3. A QTL associated wittiistulosumalleles for MV
(but not MB), plant weight of AM and NM plants, atite number of stem-borne
roots was detected on linkage group 9. Positiwraations between plant weight,
larger rooting system and enhanced response tornyza were observed, which
open prospects to combine these traits in the dpuednt of more robust onion
cultivars. Mycorrhizal responsiveness (MR), as mkdi in the literature, was
negatively correlated with plant weight in the NMé&tment, and was rejected as
an index for breeding purposes.

A general discussion on the findings of this PhBeegch is presented in
Chapter 6. The value of the tri-hybrid population for introgsons of traits from
A. royleiandA. fistulosumis discussed and specifically the potential contrdn
to improve the levels of resistance to FBR anditbeefit from AMF in onion.
Other topics addressed are the genetic variatioongniFusarium isolates
pathogenic to onion and the extent of resistancenfrelated species, the
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significance of AMF diversity for agriculture, atite response to mycorrhiza as a
goal in plant breeding. Arising future researchedinare indicated, like the

exploitation of AMF to obtain protection againstsadum basal rot and other

onion diseases.

Samenvatting

Ui (Allium cepal.) is een van de belangrijkste groentegewassealaveijd. Om
uien te kunnen telen worden gewoonlijk grote holhemten inputs gebruikt.
Hoog-productieve gewassen zijn afhankelijk van deehe gewasbescherming
en grote hoeveelheden meststoffen. Teeltsystenmehgep een meer duurzame
productiewijze, zoals biologische en low-input lbaodw, hebben de laatste jaren
meer aandacht gekregen. In dergelijke landbouwsystiewordt niet alleen
gestreefd naar een hoge gewasopbrengst maar wakdekening gehouden met
duurzaamheid van het agro-eco systeem, managemaeievbiodiversiteit en een
minimale schade aan de omgeving.

De zoektocht naar een bredere genetische achtdrgnoaultuurgewassen
door het combineren of introduceren van nieuwestestiebronnen vergroot de
mogelijkheden voor duurzame landbouwsystemen. @noleds is er meer
aandacht voor arbusculaire mycorrhizaschimmels (ANtF de context van
duurzame landbouw. Symbiose met AMF verbetert dvtralgemeen de groei
van gecultiveerde gewassen onder sub-optimaleotesiandigheden, doordat
planten profijt hebben van bijvoorbeeld een venggteopname van fosfor en
weerbaarheid tegen ziekten. Genetische variatigebitén soort voor profijt van
AMF is beschreven voor een aantal cultuurgewassaaramder ui en biedt
kansen voor veredeling.

Fusarium bolrot (FBR) en de geringe mogelijkheid van uienwisr om
voedingsstoffen op te nemen zoals fosfor zijn lepfigice bedreigingen voor de
uienteelt. Soorten die verwant zijn aan ui kunnen bron zijn van genetische
variatie voor resistentie tegen FBR en voor hefijpr@an de symbiose met AMF.
Dit promotie-onderzoek had als doel om de potentibidrage aan eerder
genoemde eigenschappen Aitfistulosumen A. royleite onderzoeken, alsmede
de genetische basis ervan in éecepax (A. royleix A. fistulosurh populatie.

Het inleidende Hoofdstuk 1 beschrijft algemene aspecten over de
achtergrond van dit promotie-onderzoek: het gebvaik aan ui verwant&llium-
soorten voor veredeling, resistentieveredeling nelgesarium bolrot, AMF in
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landbouwkundige systemen en de waarde van genetigiatie voor het profijt
van AMF.

In Hoofdstuk 2 wordt een beschrijving gegeven van resistentiggdimnden
is tegen Fusarium bolrot in Allium-soorten door gebruik te maken van
verschillende Fusarium isolaten. Een collectie van stammen uit Uruguay,
Nederland en andere landen is onderzocht met befaripAFLP merkers. De
meest voorkomende soort bledk oxysporumte zijn, gevolgd doorF.
proliferatum Isolaten varfF. oxysporumwaren geclusterd in twee evolutionaire
groepen, een aanwijzing voor verschillende oorgpneamF. oxysporurisolaten
pathogeen op ui. Ui en zes verwam#ium soorten A. schoenoprasum, A.
fistulosum, A. galanthum, A. pskemense, A. rofpleiavilovi) zijn getoetst op
FBR resistentie door gebruik te maken van Eéroxsporumisolaat van elke
groep en éénF. proliferatum isolaat. A. fistulosum had het hoogste
resistentieniveau tegen deze drie isolated eroylei een intermediair niveaé.
fistulosum, A. royleien A. galanthum zijn geidentificeerd als potentiéle
resistentiebronnen teg&usariumin ui.

Hoofdstuk 3 beschrijft de genetische analyse van resisteagert FBR in
een tri-hybride populatie vafs.cepax (A. royleix A. fistulosurp De screening is
uitgevoerd op volwassen planten in een kas, wagdtjuik gemaakt werd van
een agressiefF. oxysporumisolaat als inoculum. De volgende symptomen zijn
waargenomen: verwelking (voor de oogst), bolrohepmoment van oogst en na
vier weken bewaring bij 27 °C, en bolgewicht. R&siie tegen FBR uif.
fistulosumbleek dominant tot expressie te komen inAdeoylei x A. fistulosum
hybride en in de tri-hybride populatie. Planten nidR hadden een lager
gewicht, zoalsA. cepaen de vatbare genotypes, in vergelijking tot det-ni
geinoculeerde controleplanten. Een moleculaire enkdart gebaseerd op AFLP
merkers is ontwikkeld voor da. roylei x A. fistulosumouder bestaande uit 111
AFLP merkers verdeeld over de acht chromosomels Een QTL (Quantitative
Trait Locus) gevonden voor FBR-resistentie afkogatit A. roylei op het
uiteinde van chromosoom 2 en vodé. fistulosumop de lange arm van
chromosoom 8. Deze twee QTLs vertonen additievectfh en dragen 30-40%
bij aan de totale variatie voor FBR incidentie entasting, zowel bij oogst als na
bewaring. Elk QTL afzonderlijk had een significaaffect op FBR, maar
resulteerde niet in een complete resistentie. Betkent dat er waarschijnlijk nog
meer QTLs gevonden kunnen wordenAuiffistulosumDe AUDPC (Area Under
Disease Progress Curve) werd berekend om het yerlean de
ziekteverschijnselen zoals verwelking gedurendesbiioen, aantasting bij oogst
en na bewaring in kaart te brengen. Vier QTLs wergevonden voor AUDPC:
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de twee QTLs die al eerder beschreven werden er tewdra QTLS op
chromosoom 4 en 8 uif. fistulosum De identificatie van QTLS VOOA.
fistulosumen A. roylei bieden nieuwe mogelijkheden voor de introgressie v
deze resistenties in ui.

In Hoofdstuk 4 is een eerste stap gemaakt in het bestuderenetdrelang
van AMF voor de uienteelt. Dit is gedaan door uiertels te verzamelen in
biologische en gangbare teeltsystemen in Nededarde diversiteit van AMF en
het percentage kolonisatie door AMF te bestuddrer2004 zijn 20 uienvelden
gekozen voor een vergelijking tussen teeltsystemerregio’s in Nederland,
namelijk Zeeland en Flevoland. In 2005 zijn 9 gargben 10 biologische
bedrijven in Flevoland opnieuw onderzocht. Per \&jd 10 planten verzameld.
Alle planten bleken gekoloniseerd door AMF, overt lyehele experiment
gemiddeld was 60% van de wortellengte bezet metisatdes en 84% met
hyphen. In Zeeland werden hogere niveaus van kedtiei gevonden in
biologisch geteelde uien dan in gangbaar getedkte De uienopbrengst bleek
positief gecorreleerd met het niveau van kolonésetide gangbare velden. AMF
-“soorten” zijn geidentificeerd met moleculaire hmien. Over het gehele
experiment zijn 14 AMF-soorten gevonden. Het aaswalrten per veld varieerde
van één tot zes. De twee soortendie het meest waonkn, behoorden tot het
Glomus mosseaeG. coronatumcomplex en heG. caledonium- G. geosporum
complex. De andere soorten kwamen minder vaak Jder.aantal soorten per
veld en de diversiteit was gelijk voor biologiscee gangbare velden. Enkele
biologische en gangbare velden hadden een grotdalasoorten per veld. Het
onderzoek liet zien dat teeltsystemen als zodamgAdIF diversiteit niet
beinvloeden, maar dat diversiteit eerder afhangtn vapecifieke
omgevingsfactoren of landbouwkundige handelingen.

Allium fistulosumkan gebruikt worden om het wortelstelsel van ui te
verbeteren en heeft ook een grote respons op AMdarddn wordtAllium
fistulosum gezien als een potentiéle bron om deze eigensehapp ui te
verbeteren. IrHoofdstuk 5 is de groei, in aanwezigheid van de AMF-schimmel
G. intraradices van Allium soorten en de nakomelingen van de kruising tussen
A. cepax (A. royleix A. fistulosur onderzocht in twee kasproeven. Twee indices
Zijn berekend: MB (mycorrhiza benefit), het verscim plantgewicht tussen
planten met (AM) en zonder (NM) mycorrhiza; en Mimycorrhiza breeding
value), het gemiddelde van deze twee behandelinget.gewicht vanAllium
planten met mycorrhiza was significant hoger danvda de bijbehorende NM-
planten. De tri-hybride genotypen vertoonden tregsgeve uitsplitsing voor
plantgewicht, MB en MV. QTLs voor mycorrhizarespomie in beide
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experimenten gevonden werden zijn geplaatst opoppedingskaart van dA.
roylei x A. fistulosunouder. Er zijn twee QTLs gevonden Ait roylei voor MB,
MV, en plantgewicht van AM-planten op chromosomerer?2 3 en één QTL
geassocieerd mét. fistulosumvoor MV (maar niet MB), plantgewicht van AM-
en NM-planten, en het aantal primaire wortels oppaingsgroep 9. Positieve
interacties zijn gevonden tussen plantgewicht,egratortelstelsel en grootte van
de respons op mycorrhizaschimmels. Dit biedt petsgfevoor het ontwikkelen
van robuuste uienrassen. MycorrhizaresponsiviséR), zoals gedefinieerd in de
literatuur, is als index voor veredeling verworpeomdat deze negatief
gecorreleerd is met plantgewicht van de NM-planten.

In Hoofdstuk 6 wordt de waarde van de tri-hybride populatie voor
introgressie van eigenschappen Ait roylei and A. fistulosumbediscussieerd,
naast specifiek de potentiéle bijdrage aan heteterbn van de resistentie tegen
FBR en het profijt van AMF in ui. Andere onderwemnpédie aan bod komen zijn
genetische variatie tussdfusariumisolaten, die pathogeen zijn voor ui, het
gebruik van aan ui verwante soorten, de betekeamisAMF diversiteit voor de
landbouw en de mycorrhizarespons als doel voor t@taeredelaasrs.
Toekomstige onderzoekslijnen worden aangegevens hed gebruik van AMF
om de weerbaarheid tegen FBR en andere uienziektergroten.

Resumen

La cebolla Allium cepal.) es una de las principales hortalizas en el raubhds
sistemas de produccion de cebolla generalmentenhestede grandes cantidades
de insumos. La obtencién de altos rendimientosasa ken el control quimico de
enfermedades y en altas cantidades de fertilizahtes sistemas agricolas que
involucran formas mas sostenibles de producciénoclanproduccioén organica y
la produccion de bajos insumos ganaron interésaefitima década. En estos
sistemas, el rendimiento del cutlivo estd balanecezmh otras consideraciones
como la sostenibilidad del agro-ecosistema, el jpade la biodiversidad, y el
impacto reducido sobre el ambiente.

La busqueda de una base genética amplia en lasiespeltivadas a través
de la combinacion o introduccion de nuevos fuenegesistencia, amplia las
posibilidades en los sistemas agricolas sostenilidesel suelo, los hongos
micorriticos arbusculares (AMF) han recibido cratgeatencion en el contexto de
la agricultura sostenible. La simbiosis con AMF eetmente mejora el
crecimiento de las especies huéspedes cultivadascbadiciones sub-6ptimas,
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como resultado de beneficios como la mejor absordéfésforo y la proteccion
contra enfermedades. La variacion genética enpaces huésped en el beneficio
obtenido de la asociacion con AMF ha sido descrigma viarias especies
cultivadas, incluida la cebolla, y abre oportunelmdpara el mejoramiento
genético.

La podredumbre basal causada por Fusarium (FBR)liynitada habilidad
del sistema radicular de la cebolla para absorugremtes como el fésforo, son
importantes limitantes para el cultivo. Especiepa&amntadas a la cebolla pueden
ser una fuente de variacion genética para la eesist a FBR y para el beneficio
obtenido a partir de la simbiosis con AMF. Estaestigacion de doctorado buscé
estudiar la contribucion potencial d& fistulosumy de A. roylei en estos
caracteres, asi como estudiar la base genéticstaeaaracteres en una poblacion
A. cepax (A. royleix A. fistulosun

El capitulo 1, introductorio, trata aspectos generales que ocamaen los
antecedentes de esta investigacion de doctoradasalen el mejoramiento
genético de especies del génaiium relacionadas a la cebolla, el mejoramiento
por resistencia a la podredumbre basal causadzgpmcies dd-usarium las
micorrizas en la agricultura, y la relevancia dedaacion genética vegetal en el
beneficio obtenido de las micorrizas.

En elcapitulo 2 la resistencia a la podredumbre basal en espéeiegnero
Allium fue investigada utilizando diferentes aislamienttes Fusarium. Una
coleccion de aislamientos de Uruguay, Holanda wpsofaises fue analizada
utilizando marcadores AFLP. La especie mas abued&um F. oxysporum
seguida dd-. proliferatum.Los aislamientos dE. oxysporunfueron agrupados
en dos clades, lo que sugiere diferentes origeee$osl aislamientos d€.
oxysporumpatogénicos de cebolla. Accesiones de cebolla waie especies
relacionadasA. schoenoprasum, A. fistulosum, A. galanthum,skemense, A.
roylei, A. vavilovi) fueron evaluadas en su resistencia a FBR utdizann
aislamiento dd-. oxysporunde cada clade, y un aislamientoFleproliferatum.
A. fistulosummostrd alta resistencia a estos tres aislamientds npylei tuvo
niveles intermedios de resistendfa.fistulosum, A. royley A. galanthunfueron
identificadas como potenciales fuentes de resistetEusariumde la cebolla.

El capitulo 3 presenta el andlisis genético de la resistendi8R en una
poblacion tri-hibridaA. cepa x (A. roylei x A. fistulosunibya evaluacion se llevé a
cabo con plantas adultas en un invernadero, utd@acomo inéculo un
aislamiento agresivo d€. oxysporum.Los sintomas fueron evaluados como
marchitamiento (antes de la cosecha), como podredulvasal observada a la
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cosecha, y podriciones observadas después de seatemas de almacenamiento
a 27°C. La resistencia a FBR Anfistulosunse expres6 en forma dominante en
el hibridoA. royleix A. fistulosumy en la poblacion tri-hibrida. FBR redujo el
peso por planta deA. cepay de genotipos tri-hibridos susceptibles en
comparacion con los controles no inoculados. Sestoydé un mapa de
ligamiento para el padr. cepax A. fistulosunbasado en marcadores AFLP, con
111 marcadores AFLP en los ocho grupos de ligaoserasignados a
cromosomas. Un locus de caracteristica cuantitd@ilL) para la resistencia a
FBR fue situado en una region distal del cromos@rdaA. roylei y un QTL de

A. fistulosunfue situado sobre el brazo largo del cromosomastsEdos QTLs
mostraron efecto aditivo y explicaron 30 a 40%aledriacion total en incidencia
y severidad de FBR, evaluadas a la cosecha y ldegalmacenamiento. Cada
QTL separadamente tuvo efecto significativo sobBRJF pero no confirid
resistencia completa. Por tanto, mas QTLs Ale fistulosum podrian ser
descubiertos. El &rea bajo la curva de progresdadenfermedad (AUDPC)
evidencié diferencias en el momento de aparicidla d@mfermedad, considerando
marchitamiento previo a la cosecha, y la evaluad®mpodredumbres basales en
la cosecha y la poscosecha. Cuatro QTLs para elPXUideron localizados: los
dos QTLs descriptos en los cromosomas 2 y 8, yQldss adicionales sobre los
cromosomas 4 y 8 de. fistulosumLa identificacion de QTLs para la resistencia
a FBR provenientes dA. fistulosumy A. roylei abre posibilidades para la
introgresion de estas resistencias en el cultiveetiella.

En elcapitulo 4, como primer paso para el estudio de la imporgadeilos
hongos micorriticos arbusculares (AMF) para elivoltle cebolla, se estudio la
diversidad genética y los niveles de colonizacide naturalmente ocurren en las
raices de cebolla, comparando los sistemas de qmidtu organicos y
convencionales en Holanda. En 2004, veinte cultieless cebolla fueron
muestreados en un relevamiento balanceado entdo$osistemas de produccién
y dos regiones: Zeeland y Flevoland. En 2005, nwelMg&/os convencionales y
diez orgénicos adicionales fueron relevados enofded. Se muestrearon diez
plantas por cultivo al azar. Todas las plantasbestaolonizadas por AMF, con
60% de colonizacién arbuscular y 84% de colon@acion hifas como grandes
medias. En Zeeland, las raices de cebolla de gsltivganicos tuvieron mayores
niveles de colonizacibn que aquellas de cultivosnvencionales. Los
rendimientos de cebolla en cultivos convencionastsivieron correlacionados
positivamente con los niveles de colonizacién.tifitis de AMF se identificaron
por sequenciado del rDNA. En total, se distinguetd filotipos de AMF. El
namero de filotipos por cultivo varié desde unei.sDos filotipos asociados con
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especies de los complej@omus mosseae — coronatynton G. caledonium —
geosporumfueron los mas abundantes, mientras que otrosipfi®t fueron
infrecuentes. Los sistemas de cultivos organicosogvencionales tuvieron
similar numero de filotipos por cultivo y similardice de diversidad de Shannon.
Unos pocos cultivos organicos y convencionalesetovi mayor nimero de
filotipos, y comprendieron filotipos asociados d&@lomusB, Archaeosporaand
Paraglomus Esta investigacion sugirié que el sistema deivaultomo tal no
influencia la diversidad de AMF, sino que condigsrambientales especificas o
practicas agricolas especificas determinarian @yanuiversidad.

Allium fistulosumes una fuente para mejorar el sistema radiculatade
cebolla, y también muestra una gran respuesta a. AdFlo tantoA. fistulosum
puede ser una fuente potencial para mejorar eatasteres en la cebolla. En el
capitulo 5, la respuesta a la inoculacion o8fomus intraradicegn especies de
Allium y en plantas de la progenie del cruzamiento ehtieepax (A. royleix A.
fistulosum fueron evaluadas en dos experimentos indeperdi¢@006 y 2007).
Dos indices fueron empleados: el beneficio midoaifMB), como la diferencia
en el peso de la planta entre los tratamientos ro@orrizas (AM) y sin
micorrizas (NM), y el valor de mejoramiento mictod (MV), como el peso
promedio de las plantas en estos dos tratamiebhtsspesos por planta de las
especies dallium parentales fueron significativamente mayores gragimiento
AM que en los correspondientes NM. Los genotipadibridos mostraron
segregacion transgresiva para el peso por planta, yYMMV. QTLs que
contribuyeron en ambos experimentos a la respuedis micorrizas fueron
situados sobre el mapa de ligamiento del pareAtaloylei x A. fistulosunDos
QTLs deA. roylei para MB, MV y para el peso de las plantas enaghmniento
AM fueron detectados sobre los cromosomas 2 y 3QUh asociado con alelos
de A. fistulosumpara MV (pero no MB), para el peso por planta es |
tratamientos AM y NM, y para el nUmero de raicdsdikco basal fue detectado
sobre el grupo de ligamiento 9. Fue observadaaotéin positiva entre el peso
por planta, el mayor sistema radicular, y la megspuesta a micorrizas, lo cual
abre perspectivas para combinar estos caracterglsdesarrollo de cultivares de
cebolla mas rusticos. La responsividad (MR), taha@s definida en la literatura,
estuvo negativamente correlacionada con el pesplaota en el tratamiento NM,
y fue descartada como indice de seleccién para flaanejoramiento.

Una discusion general de los resultados de eststigacion de doctorado es
presentada en etapitulo 6. El valor de la poblacién tri-hibrida para la
introgresion de caracteristicas Aeroyleiy de A. fistulosumes discutido, y en
particular, las contribuciones potenciales paraoraejlos niveles de resistencia a
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Summary / Samenvatting / Resumen

FBR vy el beneficio obtenido de AMF por la cebolldros puntos abordados son
la variacion genética entre aislamientog=dsariumpatogénicos de la cebolla, la
relevancia de la resistencia en especies relacsnadh cebolla, el significado de
la diversidad de AMF para la agricultura, y la resgia a las micorrizas como
objetivo en el mejoramiento genético vegetal. Faguimeas de investigacién son
sugeridas, como la explotacion de AMF para la afifende proteccion contra la

podredumbre basal causada gewsariumy contra otras enfermedades del
cultivo.
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