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Abstract - Résumé

ABSTRACT

Vanilla is a high value cash crop that is continuously demanded by the agri-food and
cosmetics industries for its incomparable flavor. Most of vanilla comes from the cured fruits
of V. planifolia G. Jackson, a hemi-epiphytic climbing orchid cultivated in the humid tropics.
In all the countries were it is cultivated, the vanilla vines suffer from a root and stem rot
(RSR) caused by the soil borne fungus Fusarium oxysporum which dramatically reduces plant
production and the durability of plantations. No efficient control method is currently available
for this disease. Sources of genetic resistance to RSR exist in few vanilla relatives, but so far
no commercial resistant variety has been produced. The purpose of this thesis was to better
describe the diversity and histopathology of the causal agent of RSR and to evaluate the

potential sources of genetic resistance that could be used in breeding programs.

In a first step, a collection of 377 single-spored Fusarium isolates recovered from rotten
roots and stems during surveys conducted in 52 vanilla plots from Reunion Island,
Madagascar and French Polynesia were characterised. Representative subsets of isolates were
genotyped using the Elongation Factor 1o and Intergenic Spacer gene sequences. Their
pathogenicity was assayed by root dip inoculation on the susceptible V. planifolia accession
pla0001. Results showed that F. oxysporum was the principal species responsible for the
disease in the field, although a few F. solani isolates showing slight pathogenicity were also
isolated. Fusarium oxysporum isolates were highly polyphyletic regardless of geographic
origin or pathogenicity. Remarkably, their pathogenicity varied in gradient between non-

pathogenic (about 42% of isolates) to highly pathogenic (14%).
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In a second step, 254 vanilla accessions comprising 18 species and six types of hybrids
were assessed for resistance to RSR in the field (natural inoculum) and in the lab (in-vitro
plants inoculated with Fo072). The strong resistance to RSR of all V. pompona accessions and
hybrids of V. planifolia X V. pompona or V. phaeantha, were confirmed, and novel sources of
resistance to RSR were added including, V. bahiana, V. costariciensis and V. crenulata. Most
of the V. planifolia accessions, V. Xtahitensis and V. odorata were susceptible to RSR.
However, three inbreeds of V. planifolia showed a high level of resistance to Forv. To our
knowledge this is the first report of resistance to RSR in V. planifolia accessions. For the 26
accessions evaluated in both conditions, a strong correlation was observed between long term

(9 years) evaluation in the field and ratings on in-vitro plants at 15dpi.

Thirdly, we monitored by wide field and multiphoton microscopy the root infection
process and the responses of one susceptible accession (V. planifolia pla0001) and two
resistant accessions (V. planifolia pla0020 and V. pompona pom0018) to challenge
inoculation with the severe isolate Fo072. In the compatible interaction (Fo072 — pla0001)
invasion started from penetration of hyphae emitted from germinated conidia in the hairy
region of root rapidly colonizing the cortex but never expanded to the vascular bundles up to
the 9™ dpi. It was therefore suggested to prefix the forma specialis name of the causal agent of
RSR with radicis to point out its non-vascular pathogenicity in vanilla. In the two
incompatible interactions, the important role played by hypodermis cells for impeding the
invasion of the cortex by Fo072 was demonstrated by specific staining and spectral analysis
of lignin precursors. Both constitutive and pathogen induced defense mechanism were
described in pla0020 and pom0018. The mechanisms included the deposition of lignin in the
hypodermal cell wall, entrapment of hyphae in specific hypodemal cells and polyphenolics
secretion in intercellular spaces. Further, a de novo transcriptome analysis was experimented

on 8 pooled samples.
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Preliminary transcriptomic data were obtained by de novo RNAseq (Illumina) for eight
combinations of resistant vs susceptible accessions, inoculated or not with pathogenic or non-
pathogenic isolates. Analysis of the transcripts yielded 169 genes differentially expressed
genes including of few genes involved in the plant resistance mechanisms and in the

production of secondary metabolites and lignin biosynthesis.

Altogether, our data clarified the aetiology of RSR, broadened the sources of resistance
to Forv and enlightened the resistance mechanism at work in resistant genotypes. As such,
they will enhance the breeding programs aimed at developing novel vanilla varieties resistant

to RSR.
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CHAPTER 1 INTRODUCTION
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I Vanilla

Vanilla (Vanilla planifolia G. Jackson) belonging to the family Orchidaceae is one of the
most expensive spice crops. The beans of this orchid on processing yield “vanilla”, which has
a great demand in the flavoring industry. Vanilla planifolia, being the only source of natural
vanillin, makes it an inevitable part in food industries owing to its unique and pleasant aroma.
These features make vanilla the most popular and widely used spice in global market. The
major consumers of vanilla beans are currently the developed countries, with the United

States, Germany and France absorbing more than 80 % of the world exports (Anilkumar,

2004)

Vanilla is native to Southeast Mexico and possibly other parts of Central America. It is
now cultivated in various parts of the tropics, between the 27th north and south parallels.
Presently vanilla cultivation provides economy and labor in countries such as Madagascar,
Indonesia, Mexico, Reunion Islands, India, Comoros Islands, Uganda, Java, Costa Rica and
French Polynesia (Figure 1). The genus Vanilla consists of about 110 species of which only
two species are commercially exploited and cultivated, namely V. planifolia and V. X
tahitensis J.W. Moore (Figure 2). Due to its superior vanillin content, 95 percent of the vanilla

bean production is contributed by the V. planifolia species (Lubinsky et al., 2008).

I-1 History of vanilla cultivation

The name “vanilla” comes from the Spanish word “vainilla” meaning “little pod”. The
interesting history of vanilla starts from the ancient Totonac Indians of the eastern coast of
Mexico, who are supposed to be the first people who learned to use the fruit of the Tlilxochitl
vine, the vanilla pod. The Aztecs acquired vanilla when they conquered the Totonacs in the
15th century; the Spanish, in turn, got hold of vanilla when they conquered the Aztecs.

Eventually, from the Spanish the use of vanilla became widespread throughout Europe. As



Chapter 1

Europeans explored the forests of Central and South America, vanilla was introduced in
Europe and in European colonies. Unsuccessful efforts were made for production, but failed
due to the absence of natural pollinators (Purseglove et al., 1981) although an artificial
pollination technique was reported in late 1836 by a Belgian botanist named Charles Francois

Antoine Morren (Pinaria, 2009, Weiss, 2002).

The vanilla introduction to Reunion Island was first initiated by M. Philibert, a navy
officer, during his trip back from Cayenne in French Guyana. The first material to be
introduced is believed to be cuttings of V. pompona. The second introduction was also carried
out by the same enthusiast officer in 1820, during his mission back from Philippines (Figure
3). In the second introduction, material introduced was called “little vanilla” which was
dissimilar from the previously introduced. The introduced cuttings were disseminated and
planted in different locations of the island, even though its acclimatization is not certain.. The
third introduction of vanilla cuttings to the island was done by Marchant, a local colonial
administrator after his visit to the Paris Museum in 1822. The introduced material was
different from the previously introduced and was the actual V. planifolia, a milestone in the

history of vanilla cultivation in the Island (Bory et al., 2008b, Lucas, 2010).

Even though the vanilla plants were successfully acclimatized in the island, the
commercialization was null as the plants did not bear any fruits due to the absence of natural
pollinators. The artificial means of pollination developed in Europe was not practical enough.
Vanilla production started with the discovery of a simple manual pollination method
discovered by Edmond Albius, a 12 years old slave in 1841. This marked the beginning of

commercial production of vanilla in the island and worldwide.

The development of a new curing method in the island accelerated the production of

vanilla. In Mexoco, the vanilla was prepared by exposing the beans in the sun and shade,



Figure 3: History of Vanilla introduction in the Indian Ocean Region.
Grisoni (2009)
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following the method practiced in Central America. The old method was replaced in 1851,
when Ernest Loupy introduced a new technique consisting of dipping the beans in hot water
and then dried. The method was later modified by David de Floris, who was the first person
to export cured vanilla from the island. The export and trade of vanilla sky-rocketed the
economy of Reunion Island. By the end of the nineteenth century, successful cultivation of
vanilla prompted the vanilla planters to establish plantations in nearby islands like Seychelles,
Comoros and Madagascar. Later in 1964, the vanilla growers in Reunion Island, Madagascar
and Comoros united and gave birth to a new label of vanilla; “The Bourbon Vanilla”, which

still has a great demand all over the world.

I-2 Economic importance of vanilla

Vanilla is one of the most expensive flavors and fragrances. The natural vanilla flavor is
composed of a large array of aromatic compounds formed after curing of the beans of Vanilla
planifolia. This is achieved after an intense and time consuming process. Vanilla extracts are
widely used for flavoring ice creams, soft drinks, chocolates, puddings, liquors and as a
fragrance ingredient in many perfumes (Perez-Silva et al., 2006, Rao & Ravishanka, 2000,
Webster, 1995, Jadhav et al., 2009). Moreover vanilla export represents significant revenue

and provides employment to many people in the major vanilla growing countries.

Apart from the flavoring properties vanilla have been used for its medicinal properties. It
was included in the European pharmacopoeia as early as in the 17" century indicated for
curing various diseases. Advanced pharmacological research studies are currently exploring
vanillin for its anticancer, antimicrobial properties (Anuradha et al., 2013). The antimicrobial
activity of vanilla has been used as a natural food preservative in fruit purees, as it inhibits the

growth of yeast, mold and bacteria (Cerrutti & Alzamora, 1996). The antioxidant activity of



Chapter 1

vanillin in complex foods containing polyunsaturated fatty acids makes it suitable in many

food industries (Burri et al., 1989, Shyamala et al., 2007)

Above all, the agro climatic requirement and highly laborious cultivation process
including the harvesting and curing have all added to the high cost of vanilla. The drastic
reduction of cultivation due to diseases and environmental factors also decides the economic

value of vanilla in the global market.

I-3 Taxonomy of Vanilla

Vanilla Plum. ex Miller is an ancient genus in the Orchidaceae family belonging to the
Vanilloidae subfamily, Vanilleae tribe and Vanillinae subtribe. The molecular clock estimates
that the genus Vanilla is around 65 million years old (Ramirez et al., 2007, Bouetard et al.,
2010). Vanilla is considered to be a taxonomically difficult genus due to the ephemeral nature
of flowers. The first classification of the genus was made by Rolfe ( 1896) classifying the
genus into leafy (Foliosae) and leafless (Aphyllae) species. Later the Foliose section was
divided into three subsections namely Papillosae, Lamellosae and Membranacae based on the
morphological differences in leafs and labellum (Porteres, 1954). Recently the molecular
phylogenetic studies using chloroplastic genes (Cameron et al., 1999, Cameron & Molina,
2006, Soto Arenas & Cameron, 2003) pointed out the incongruities in the former revision
works in the genus. The results obtained from molecular phylogeny studies showed that the
previous revisions made by Rolfe and Porteres did not have a phylogenetic value. Using
plastid DNA (Bouetard et al., 2010) classified the genus into three clades (Figure 4), which
confirmed the American origin of the genus and also demonstrated that the sections Foliosae
(leafy) and Aphyllae (leafless) were not monophyletic, which is in contrary with the former

classification proposed by Rolfe and Porteres.
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The latest revision of the genus based on the phylogenetic data of 106 species (Soto
Arenas & Cribb, 2010) proposed a new taxonomic classification, differentiating two sub-
genera in the Vanilla genus : Vanilla sub-genus Vanilla comprising the ancestral V. mexicana,
and Vanilla sub-genus Xanata. The sub-genus Xanata is further divided into section Xanata
and section Tethya occupying the last two clades proposed by Bouetard (Bouetard et al.,

2010).

I-4 Botany of Vanilla

Vanilla is a herbaceous, perennial and tropical climbing semi-epiphytic orchid. The basic
chromosome number of vanilla genus is x= /6, with V. planifolia a diploid species with 2n=
32, together with V. pompona Schiede. and V. tahitensis J.W Moore (Weiss, 2002). However
recent cytogenetic studies have showed aneuploidy and polyploidy in V. planifolia (Bory et

al., 2008a) and V. pompona (Siljak-Yakovlev et al., 2014).

The vine of vanilla grows up on support trees to a height of 15 m. In cultivation it is
usually trimmed and kept shorter for easier hand-pollination and harvesting (Weiss, 2002).
The stems are generally dark-green, cylindrical up to 2 cm in diameter. The stems are
photosynthetic with stomatas and could be simple or branched with internodes ranging from 5

— 15 cm.

Vanilla plants are represented by two growth forms (Figure 5), vanilla with leaves and
those without leaves or reduced leaves (Stern & Judd, 1999).The leaves of vanilla are
succulent, flat, sub-sessile and canalized above. The thick succulent leaves are filled with
sticky mucilage, which comprise of raphide crystals composed of calcium oxalate and
calcium carbonate. The leaves are always alternate swirling around the stem with tips acute to
acuminate and rounded base (Correll, 1953). The veins are parallel and indistinct on fresh but

more obvious on dry leaves.
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In vanilla, the vines usually produce two types of roots, the aerial and terrestrial roots.
The aerial roots are usually short and unbranched aerial ones which are generally found
clasping on the support. As in most orchids, the aerial roots develop an outer layer cells
known as velamen which is involved in absorbing and holding water. On the other hand, the
terrestrial roots are long and branched and penetrate the substrate and are involved in
absorbing nutrients and water from the soil. Both the aerial and terrestrial root originate at the

node, usually one root at each node (Stern & Judd, 1999).

There is a big diversity in the shape and color of flowers and fruits within Vanilla genus.
The inflorescence of vanilla is a raceme accommodating 6 to 15 flowers and sometimes to a
maximum of 30 flowers (Figure 6). In the case of V. planifolia, the flowers are green to
yellow color and occur in clusters (Rao & Ravishanka, 2000). The flowers are usually 10 cm
long, borne on pedicels. The flower comprises of three sepals, three petals, and a central
column consisting of a united stamen and pistil, and one of the petals modified and enlarged
to form the labellum (Figure 7). The vanilla flower opens from the base of the raceme
upwards and stays in bloom less than 24 hours. Self-pollination generally does not happen in
vanilla because of the rostellum, preventing the stigma to make a direct contact with the
pollen grains. Commonly the flowers open early morning and remain receptive to pollination
for eight hours. If the pollination is successful the flower will remain on the rachis for two or

three days.

After pollination, the sepals and petals of the vanilla flower whither and eventually fall
away from the ovary as it develops into a seed bearing fruit (Figure 8). The mature beans may
be harvested by 8-10 months. The three sided fresh beans are 10- 25 cm long, 1- 1.5 cm wide
with an unpleasant bitter odour. When ripe, the pods of dehiscent wvarieties splits

longitudinally exposing thousands of small black seeds (Weiss, 2002).
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Figure 5: Two forms of vanilla A) leafy and B Leafless

Figure 6: Racemose inflorescence: A) V. planifolia and B)V. crenulta.
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The mature pods of vanilla accumulate glucovanillin ( 4-O-(3-methoxy-benzaldehyde-f3-
D-glucose)), which upon hydrolysis by B-glucosidase liberates Vanillin (Odoux & Brillouet,
2009). The glucovanillin is stored at the placental (92%) and trichome (7%) regions of the
pod (Figure 9). Even though the green vanilla beans contain a little free vanillin, the aroma
precursors are glycosylated and come into contact with B-D-glucosidases during the

maturation of the fruit (Walton et al., 2003).

I-5 Histology of vanilla

The anatomical structures of different vanilla species were reported as early as the end of
19" century. These studies included the anatomical description of stem by Pompilian and
Heckel speculating the presence and absence of endodermis in leafy and leafless species of
vanilla. Studies were also conducted on leafs describing the pronounced cuticle and epidermal
cells bearing octahedral crystals (Kruger, 1883). The uniseriate hypodermal cells and
differences in the size of mesophyll cells and vascular bundles in the leaves of V. planifolia
were also reported (Mobius, 1887). The differences in the structural and anatomical features
of the clasping aerial roots and absorbing terrestrial roots were also reported (Went, 1895,

Heckel, 1899).

However greater clarity in the anatomy of vanilla was obtained in the 20" century. There
happened to be a few studies by Hafliger, Holm, Boriquet, Neubauer and Alconero, which
cleared the discrepancies in the previous studies in many vanilla species. The study of
Hafliger and Roux (Bouriquet, 1954) improved the anatomical description of a few species
including V. planifolia. The study conducted by Stern and Jude (Stern & Judd, 1999) on 17
Vanilla species is the latest information available in the Vanilla genus regarding histology and

1s summarized below.
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According to Stern & Jude (1999), the leaf consists of mostly abaxial stomata with the
epidermis having cells ranging from periclinal to isodiametric. A uniseriate hypodermis is
present on the leaf and scale leaves, which appears on both sides except for a few species like
V. africana and V. phaeantha. Vascular bundles are collateral and are located centrally in the

mesophyll in leaves, whereas they are located close to adaxial surface in the scale leaves.

The stems of leafless species are bilobate, with two grooves opposite to each other along
the stem. Stems are provided with a single layer of hypodermis in all the Vanilla species.
Cortex consists mostly of thin walled, circular to oval cells with idioblasts. Collateral vascular
bundles are randomly arranged and may completely or partially be surrounded by
sclerenchyma. A sclerenchymatous band separating the cortex and ground tissues is present in
leafy Vanilla species, whereas it is absent in leafless species. The ground tissue occupies the

centre region of the stem featured with thin walled cells known as assimilatory cells.

Root system comprises of a single layer of velamen cells anticlinal in both the aerial and
terrestrial root forms. Hyphae and protists commonly infest the velamen cells. Unicellular
hairs are present in the terrestrial roots, whereas they are mostly absent in the aerial roots. A
single layer of exodermis is present both in the aerial and terrestrial roots with intermittent
passage cells. Thickenings on the exodermis largely vary according to the species (Figures 10,
A-B). Outer and proximal wall thickening of exodermis are present in the aerial roots of some
species (V. dilloniana, V. phaeantha, V. pauciflora) and also in the terrestrial roots of V.
pompona. The cortex is composed of thin walled round or oval cells with or without
intercellular spaces (Figure 10, C-D). The inner layers of cortex are also provided with
irregular shaped lacunae that tend to radiate more or less equidistantly from the cylinder in
both aerial and terrestrial roots. A single layered endodermis is present where the cell walls
are variously thickened opposite to the phloem and thin walled opposite to the xylem. The

vascular tissues are embedded in thin or thick walled sclerenchyma in the majority of the
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Figure 10: Cross section of vanilla roots. A) Thin walled and B) Thick walled
hypodermis .C) Cortical cells of roots and D) Cross section of root.
Stern (1999)
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species. The xylem and phloem strands alternate around the circumference of a vascular

cylinder with 8-16 and 6-18 arches in aerial and terrestrial roots, respectively.

The unilocular inferior ovary of vanilla upon fertilization develops into beans (pods)
provided with an outer epicarp, mid mesocarp and an inner endocarp. The pod has a triangular
transverse section with a central cavity occupied the black seeds. The epicarp acting as a
protective layer for the bean is made of a layer of thick walled polygonal shaped cells running
parallel to the long axis of the bean. The mesocarp which occupies the majority of the bean is
composed of parenchymatous cells which also occupy the closed collateral vascular bundles.
The inner layer endocarp is composed of one or two layers of small cells that cover the inside
of the fruit’s cavity. Each side of the pod bears a placenta divided into two placental
longitudinal laminae bearing funicles on which the seeds are attached. On cross sectioning,
each pair of laminae appears as finger-shaped lobes bent inside the central cavity (Odoux et

al., 2003).

I-6 Agronomy of Vanilla

Vanilla is usually cultivated in warm, moist tropical climate where the annual rainfall
ranges between 190 and 230 cm. A dry period of two month is needed to restrict vegetative
growth and induce flowering: rainfall in the remaining ten months should be evenly
distributed (Correll, 1953). The vanilla can usually grow up to an altitude of 1500 m above
the mean sea level. Vanilla established on gently sloping terrain with good drainage is reputed
to produce better crops and to be more resistant to fungal infection. Vanilla grows best in
light, porous and friable soils preferably of volcanic origin with pH of 6 to 7 (Correll, 1953,

Straver, 1999). The vanilla is conventionally propagated through cuttings (Sasikumar, 2010).

Vanilla being a semi-epiphyte requires a support for its growth and development. Vanilla

cultivation can be divided into extensive, semi intensive and intensive systems based on the
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density of cultivation and nutrient supply (Kahane et al., 2008). In extensive management, the
cuttings of vanilla are planted on selected trees in forest areas with limited changes of the
environment (Figure 11A). This system of cultivation is apt for maintaining the natural
habitat, while the production is on the lower side. In semi intensive or field system, the vines
are grown on integrated shading trees like Erythrina or Gliricidia (Figure 11B). The canopy
of the plant provides shade and organic matter for the vines. The production is high in this
cultivation system. Finally, in the intensive or shade house system, the vines are grown on
artificial support and shading system (Figure 11C). The vines are fed with compost imported
to the shade house. The production in this system is higher compared to the previous
cultivation systems. The high plant density presenting a higher risk of losses associated with

disease contamination and the cost of investment are the major drawbacks of this system.

Once planted and the vine attains a length of 2 meters, the growth of shoot is re-directed
towards the ground. This practice is known as “looping” and this maintains the plants at
human height and facilitates hand pollination and harvesting. Looping also induces the
flowering process and new shoot formation. After flowering, the flowers are subjected to hand
pollination, which require experienced manpower to detect the opened flower and pollinate

them early in the morning. A qualified person can pollinate up to 2000 flowers a day.

Every vanilla growing country has developed its own curing process, the fundamental
principle being the same. The curing of vanilla beans involves 4 steps comprising of 1) killing
by dipping the pods in hot water (45°C to 65°C), ii) sweating by wrapping in clothes, the
stage in which the beans develop the characteristic vanilla aroma, iii) slow drying by
spreading the beans on wooden racks and iv) conditioning stage where the beans are sorted

and stored in wooden boxes.
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Figure 11: Vanilla cultivation systems A) Extensive B)Semi intensive and C)
Intensive cultivation systems.
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I-7 Diseases of vanilla

The vanilla production has either remained static or declined over the past decade due to
abiotic and biotic constraints. Both these factors combined have a deep impact on the
production and exportation in major vanilla growing countries. Abiotic factors, including
changes in the climatic factors causing drought and excessive heat in the plantations,
adversely affect the efficiency of vanilla production. Damages from natural pruning, sunburn
and hurricanes play a major role in the decline of production and export of vanilla beans
(Hernandez-Hernandez, 2011). The hurricanes which are generally prone to Southwest Indian
Ocean regions including Madagascar, Reunion Island and seldom in Comoros cause severe
losses in vanilla plantations. On the other hand, biotic factors include pathogens causing
disease to vanilla plantations, leading to the reduction in yield or death of the plant. This

section describes vanilla diseases of major global importance.

Fusarium rot of vanilla caused by a fungus is the most devastating disease of vanilla, a
leading cause for the decline of vanilla industry. The pathogen responsible for the Fusarium

rot and the symptoms would be detailed later in a separate section.

Anthracnose disease caused by a fungal pathogen, Colletotrichum gloeosporiodes Penz.
attacks the stem apex, leaves, fruits and flowers of vanilla (Anandaraj et al., 2005, Anilkumar,
2004). The symptoms of the disease appear in the form of black dots or lesions on the surface
of the infected part, the black dots being the fruiting structure of the fungi. The infection
results in the damage of leaves and stem thereby reducing the plant growth (Figure 12A).

Fruit fall of premature infected fruits also happens, reducing the yield from the plant.

Sclerotium rot disease is caused by Sclerotium rolfsii and is characterized by the rotting

of the vanilla bean tip (Thomas & Bhai, 2001) exposing a thick mycelia mat on the area of
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infection. The symptom, represented by water soaked patches, can also be observed on the

stem base, which later becomes necrotic and causes the death of the plant.

Black rot caused by Phytophthora sp. induces the rotting of beans, leaves, stems and
roots (Thomas et al., 2002). The black rot is characterized by the presence of water soaked
lesions initially appearing on the fruits. In the later stages, the rotting extends to more areas of
the fruit and then to the aerial parts of the vine (Figure 12B) (Anandaraj et al., 2005). This
disease results in high losses in vanilla industry due to rotting of beans, or to the destruction

of vines.

Minor disease caused by fungal pathogens are also reported which include the dry rot
disease of vanilla caused by Rhizoctonia sp. (Anandaraj et al., 2005) resulting in the shrinking
of stem, roots and leaves. Other diseases include brown rot disease caused by
Cylindrocladium quinqueseptatum (Bhai & Anandaraj, 2006) and rust disease caused by

Uromyces sp. (Hernandez-Hernandez, 2011)

The vanilla crop is also subjected to bacterial soft rot disease caused by the Erwinia
carotova infecting the leaves and shoots (Wen & Li, 1992). A series of 11 virus species are
described from vanilla making it a big concern in the vanilla industry. The most common
viruses in vanilla plantations are Cymbidium mosaic virus (Potexvirus), Figure 12C),
Odontoglossum ringspot virus (Tobamovirus), Cucumber mosaic virus (Cucumovirus) and
several potyviruses (Figure 12D) such as Watermelon mosaic virus, Dasheen mosaic virus

and Vanilla distortion mosaic virus (Pearson et al., 1991, Grisoni et al., 2010).

In Reunion Island, Mayotte and French Polynesia, vanilla is also affected by pests of
which the scale Conchaspis angraeci is one of the most important pest (Quilci et al., 2010).
The scale causes damage to almost all parts of the plant. The toxin injected by the scale

results in the formation of chlorotic spots on leaves and stem which eventually lead to
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Figure 12: Diseases in Vanilla plants. A) Vanilla vine showing symptoms of
Anthracnose, B) Black rot caused by Phytophthora sp. C) symptoms of
Cymbidium mosaic virus and D) symptoms of Potyvirus and E) Vines infected
with Angraecum scales.

Grisoni(2010); Quilici (2010).
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necrosis and death of the vine (Figure 12E). The Conchaspis scales in vanilla have not been

reported in other vanilla growing countries.

I-8 Root and stem rot of Vanilla

Fusarium rot has been reported since the beginning of commercial vanilla cultivation in
many countries like Reunion Island, Madagascar, French Polynesia, Indonesia, Seychelles
and as far as India. The pathogen responsible for the disease was identified by Tucker as
Fusarium batatis var. vanillae Tucker (Tucker, 1927) which was later renamed (Gordon,
1965) to Fusarium oxysporum Schlecht. f. sp. vanillae (Tucker), abbreviated to Fov.
Fusarium rot caused by Fov is capable of infecting the roots, stems, fruits and shoots of the
plant. Initial reports on the vanilla root rot disease in Reunion Island and Madagascar are
dated as early as 1871 and 1902 respectively (Bouriquet, 1954). The incidence of the disease
has been also reported in other main vanilla producing countries like Indonesia, Seychelles,

India, Thailand, Tonga and China (Tombe & Liew, 2010b).

The Fusarium Root and Stem rot (RSR) of vanilla have been described earlier based on
the different wilt symptoms. The first description made by Tucker (1927) denoted the diseases
as root rot of vanilla. Later studies by Alconero (1968) in Puerto Rico and He (2007) in China
also explained the disease as root rot caused by Fov. However, the study conducted in
Indonesia (Pinaria, 2010) reported the disease as the Stem rot in vanilla. In the present study,

the disease is described as the RSR disease of vanilla.

The RSR appears irrespective of the age of the plant, but generally with the age of plot
(Xiong et al., 2014). The early symptoms of the RSR include the browning and death of the
underground roots. Depending on the moisture conditions, the rot may be either dry or soft
and watery (Alconero, 1968b). The aerial parts of the roots normally remain healthy until they

proliferate rapidly and touch the ground. The destruction of the root system limits the water
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and food supply to the aerial parts of the plant leading the plants to shrivel and slowly die.
The symptoms include the drop down of tender tips, yellowing of leaves and stem and the
shriveling of the stem (Figure 13 A) due to the lack of nutrients. When the underground root
system collapses, the plant uses its energy to proliferate the roots in order to re-establish the
water and food supply. This proliferation of roots puts excess pressure on the older portion of
roots, where the roots exhaust their capacity for proliferation and eventually die (Figure 13 B

and C).

II Fusarium oxysporum

Fusarium is a large genus of ascomycete filamentous fungi widely distributed in soil and
in association with root rhizosphere. This fungus belongs to the sub division of Fungi
Imperfecti with a worldwide distribution. The majorities of the Fusarium species are harmless
saprophytes and are relatively abundant members of the soil microbial community. Some
species of Fusarium produce mycotoxins in cereal crops that severely affect human and
animal health if they enter the food chain. The ability of this particular fungus to cause disease
in both plants and humans has encouraged significant research on this genus. The genus also
includes some economically important plant pathogens responsible for diseases in many plant

hosts (Baayen, 2000, O'Donnell et al., 2009a).

F. oxysporum is an important species complex within the genus Fusarium and the causal
agent of vascular wilt in various agronomical and horticultural important crops like tomato,
crucifers, cotton, banana and watermelons (Szczechura et al., 2013, Bosland & Williams,
1987, Vakalounakis, 1996b). This species occupies the 5t position among the top 10 fungal
pathogens based on its scientific and economic importance (Dean et al., 2012). The host range
of F. oxysporum is broad consisting of plants, animals, humans and arthropods (Nelson,

1994).
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Figure 13: Stem and root rot symptoms of Vanilla. A) Stem rot
symptom .B-C) Root rot symptoms on Vanilla plants in shade house.
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II-1 Taxonomy of Fusarium oxysporum

The first classification of the genus Fusarium was made by Link in 1809 and has since
been fundamentally debated. Later a simplified identification process was introduced by
Wollenweber and Reinking (1935), which divided the genus based on the morphology of the
spores. The study of Wollenweber and Reinking classified 1000 isolates into 16 sections, 65
species, 55 varieties and 22 forms. Since then, various attempts have been made to improve
this classification (Fourie et al., 2011). An endeavor made by Synder and Hansen’s (Snyder &
Hansen, 1940) compressed the 16 sections into 9 species, and the species in section Elegans
were made into a single species of F. oxysporum. Again, many other classifications were
made to improve the taxonomical classification of the genus, in which the concept made by
Nelson and Burgess was accepted by most plant pathologists (Booth, 1971, Nelson et al.,
1983., Burgess et al.,, 1994, Leslie & Summerell, 2006). Currently, F. oxysporum is
represented by a diversity of morphologically similar fungi with poly phylogenetic origins
made up of at least three known clades considered as a single complex species for biological

and historical reasons (Baayen, 2000).

II-2  Morphological characteristics

The pathogen has no known perfect state. Fusarium oxysporum produces three types of
asexual spores: macroconidia, microconidia and chlamydospores. In the case of F.
oxysporum, the macroconidia are sickle-shaped to straight with three to four septa. They may
be produced from monophialides either on a branched conidiophore or hyphae, and have a
notched basal cell and a pointed apical cell. The microconidia are usually round, oval or
reniform in shape and are non-septate. Microconidia are produced in false heads on short
monophialides on the hyphae. Chlamydospores are usually produced in single or pairs on the
intercalary or the terminal regions of hyphae (Figure 14). They are formed by the

modification of the hyphal and conidial cells through the condensation of their contents
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(Ohara & Tsuge, 2004). Both microconidia and macroconidia function as secondary inoculum
in infecting plants, whereas the chlamydospores are for long term survival of the organism
(Pinaria, 2009). Morphological identification of Fusarium species are based on the shape and
size of these spores. In the case of F. oxysporum, the macroconidia are usually short to
medium length with three septa (Figure 14A). But in the case of F. solani, the macroconidia is
relatively wide and stout with three to five septa (Figure 15A). While, in the case of F.
proliferatum, the macroconidia is relatively straight with 3 to 5 septa (Figure 16A).
Differences are also present in the morphology of microconidia between the Fusarium
species. The microconidia of F. oxysporum are oval and aseptate (Figure 14B) and are formed
in false heads on very short phialides. In the case of F. solani, the microconidia are oval with
0 to 2 septa (Figure 15B) and are formed in false heads on very long phialides or branched
conidiophores. In F. proliferatum, the microconidia are club shaped with 0 septa (Figure

16B).

II-3  Diversity of Fusarium

The vegetative compatibility groups (VCG) is a technique initiated by Puhalla (Puhalla,
1985) to access the diversity in F. oxysporum. Vegetative compatibility is the ability of two
fungal isolates to fuse when they grow in close proximity. The groups of isolates that share
identical alleles at corresponding loci are known as VCGs. The VCG study is helpful in
characterizing population structure of asexual fungi including F. oxysporum (Appel &
Gordon, 1994). However the VCG is a difficult and time-consuming technique to perform on
a large number of isolates, compared to molecular analysis. VCG has been used to
characterize a number of F. oxysporum formae speciales (Katan et al., 1991, Bentley et al.,
1998, Pasquali et al., 2005, Bertoldo et al., 2014). Genetic relatedness of Fusarium isolates
from Vanilla have been tested using VCG analysis in China (He, 2007) and Indonesia
(Pinaria, 2009).
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Figure 15: Asexual spores of F. solani on CLA. A) Microconidia, B) Microconidia and C)
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Figure 16: Asexual spores of F. proliferatum on CLA. A) Microconidia, B) Microconidia and C)
Microconidia insitu.

Figure 14-16: Morphological difference in the asexual spores in 3 different species of Fusarium.
Leslie and Summerell (2006)
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The cost and labor reduction for sequencing have increased the number of genetic
diversity studies using molecular markers. Nowadays various powerful molecular biology
tools help the mycologists in rapid identification, assessing genetic diversity of fungal
isolates, and sometimes in the determination of their virulence. Different types of DNA
markers such as Random Amplified Polymorphic DNA (RAPD), Inter Simple Sequence
Repeats (ISSR), Restriction Fragment Length Polymorphism (RFLP), Amplified Fragment
Length Polymorphism (AFLP) and Simple Sequence Repeats (SSR) have been increasingly

used to study the diversity in populations of F. oxysporum species.

Molecular methods such as RAPD and ISSR are widely used in the study of fungal
taxonomy and diversity studies of F. oxysporum. RAPD technique is one of the most rapid
and inexpensive method that has been used in assessing genetic variability in many Fusarium
formae speciales (Baysal et al., 2010, Vakalounakis & A., 1999, Jian-sheng et al., 2015) even
though there is a concern about its low level of repeatability (Perez et al., 1998). Molecular
characterization of Fusarium isolates from vanilla in India using RAPD markers has been
reported (Vijayan et al., 2012b). The RAPD results, with 9 isolates amplified with 9 primers,
showed that the isolates tested belong to a single clonal lineage. SSR, also known as
microsatellites, has been used in many studies in Fusarium due to its high resolution and
repeatability (Bogale et al., 2005, Datta & Lal, 2012, Costa et al., 2015). ISSR markers, also
used in diversity studies, involve the amplification of DNA segments present at an amplifiable
distance in between two identical microsatellite regions oriented in opposite directions. This
technique has been used in the genetic diversity studies of Fusarium isolates from various

plant hosts (Lin et al., 2012, Thangavelu et al., 2012).

AFLP is an extremely powerful multi locus fingerprinting technique used for assessing
the relationships among isolates of F. oxysporum at the population, species and supraspecific

level (Baayen, 2000). The main advantages of AFLP over other marker techniques are its
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higher reproducibility and resolution rates, and the sensitivity at the whole genome level
compared to other marker techniques. No prior sequence information is a requisite in the
AFLP technique making its an inevitable method for assessing the relationship of F.
oxysporum isolates at the population and species level (Abdel-Satar et al., 2003, Silva et al.,

2013).

Apart from the list of molecular markers listed, several housekeeping genes have been
used for the phylogenetic studies of Fusarium isolates. Among these are B-tubulin, histone
H3, translation elongation factor 1-o (EF1-a), nuclear ribosomal Intergenic spacer region
(IGS rDNA), mitochondrial smaller subunit (mtSSU) ribosomal RNA, calmodulin, nitrate
reductase and internal transcribed spacer region of rDNA (ITS). Molecular phylogenetic
analysis of various formae speciales of F. oxysporum has been done with these housekeeping
genes (O'Donnell et al., 2009a, Baayen, 2000, Stenglein et al., 2010, Demers et al., 2014).
Phylogenetic studies of Fusarium isolates from vanilla using EF1-o and mtSSU have been
reported earlier in Indonesia (Pinaria et al., 2015b, Pinaria et al., 2010b). The results obtained
from this study with Fusarium isolates from Indonesia, Reunion Island, Comoros and Mexico

resolved the isolates into three clades, indicating a polyphyletic pattern of evolution.

II-4 Pathogenicity of Fusarium oxysporum

F. oxysporum populations are part of fungal communities in the soil and plant
rhizosphere around the world (Gordon & Martyn, 1997). These strains are saprophytes and
are able to live for extended periods on organic matters in the soil. The fungi are divided into

two forms based on their ability to infect the host and induce the Fusarium disease.

II-4.a Plant pathogenic Fusarium oxysporum

The pathogenic strains have the capability to penetrate the root and induce either the root

rot or tracheomycosis when they invade the vascular system of host plants. These pathogenic
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strains are responsible for the Fusarium wilt disease in many economically important crops.
They have a high level of host specificity. The pathogenic strains of F. oxysporum are divided
into “formae speciales” based on their ability to infect and induce disease in specific host
species (Correll, 1991). The host specificity of a particular pathogenic strain can be
determined only by inoculation process. The strains which are pathogenic specifically to a
single host are denoted by “forma specialis” (abbreviated by f. sp.) followed by the name
designating the host, added to the binomial F. oxysporum. Thus the pathogen responsible for
vanilla stem and root rot will be generally known as F. oxysporum f. sp. vanillae), and that of
tomato is F. oxysporum f. sp. lycopersici. The level of host specificity is very high in F.
oxysporum, where nearly 150 formae speciales are reported (Bertoldo et al., 2015, Fourie et

al., 2009).

The formae speciales are further subdivided into “races” based on the virulence to a
particular set of different host cultivars that vary in disease resistance (Armstrong &
Armstrong, 1981, Correll, 1991). The example being the formae speciales of banana that has
been classified into four races (race 1, race 2, race 3 and race 4) based on their virulence to

different cultivars (Ploetz, 2006, Ploetz & Churchill, 2011).

II-4.b Non-pathogenic Fusarium oxysporum

These types of strains can penetrate the roots, but do not invade the vascular system nor
cause disease. Such strains are considered as non-pathogenic towards the particular host. The
non-pathogenic strains are widely used as biocontrol agent against pathogenic F. oxysporum
(Alabouvette & Couteaudier, 1992, Bao & Lazarovits, 2001). The non-pathogenic strains use
different modes of action to generate their biocontrol activity, which includes the competition
for nutrients in soil, competition for the root colonization and induced systemic resistance

(Olivain et al., 2006).
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II-5 Infection pattern

Plant infection by F. oxysporum is a complex process that comprises multiple host-
pathogen interactions. The asexual chlamydospores are able to survive for extensive periods
in the organic matters of soil and generally cause the primary infection of roots (Garrett,
1970). The chlamydospores surviving in soil can germinate and form hyphae, which penetrate
the root or other plant parts. The germination of chlamydospores is usually facilitated by

exudates from the root (Nelson, 1990).

In the case of pathogenic Fusarium strains, the penetration of hyphae occurs through
the roots of host plant. Once inside the root, the hyphae grow inter and intracellularly to
invade the cortex and cross the endodermis, until they reach the xylem vessels. In the xylem,
microcondia are produced and transported by the xylem flow and are then accumulated at the
vessel walls or perforation plates. Colonization and toxin production by the pathogen results
in blockage of the host vascular system, causing characteristic wilt symptoms. The lodged
microconidia germinate in the xylem, causing the hypha to penetrate the adjacent cells and the
infection continues (Figure 17). However in some cases, cortical rot are observed rather than
the vascular wilt caused by pathogenic F. oxysporum. Such types of pathogenic strains are
named as “radicis” form. Both patterns are observed in tomato where two diseases are known;
the Fusarium wilt caused by F. oxysporum f. sp. lycopersici (Fov) and the crown rot by F.
oxysporum f. sp. radicis-lycopersici (Forl) form. In the case of “radicis” form, the penetration
is mainly through natural wounds and the infected plant may totally wilt, or persist in a

weakened state (Jarvis & Shoemaker, 1978).

II-6  Fungal genes responsible for pathogenicity

The pathogenicity genes can be defined as those genes which are necessary for disease

development, but not essential for the pathogen to complete its life cycle (Idnurm & Howlett,
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2001). These pathogenicity genes are essential at different stages of infection. The
harmonious working of these genes are necessary for bypassing the defense mechanism
initiated by the host plant in response to the pathogen and enable the invasion of the host
tissues. The genes involved in pathogenicity have been classified into different groups based

on their functions (Idnurm & Howlett, 2001, Michielse et al., 2009, Sutherland et al., 2013).

II-6.a Signal transduction

In the initial stage of the infection, the pathogen should sense the stimuli from the host
and respond accordingly. Once the stimulus is received, the pathogenic fungi responds
appropriately to the plant environment by changing its morphogenetic and biochemical
characteristics (Roncero et al., 2003). In F. oxysporum, the genes MAPK (fmkl), a(fgal,
fga2) and P(fgbl) encoding the cyclin adenosine monophosphate-protein kinase A (cAMP-
PKA) and mitogen-activated protein kinase (MAPK) cascades are essential for the
pathogenicity (Delgado-Jarana et al., 2005, Di Pietro et al., 2001, Jain et al., 2003, Jain et al.,
2005). These genes are necessary for the pathogen to undergo the modifications required to
adapt in response to the host environment and initiate the infection process. Genes which
encodes chitin synthases (CHS2, CHS7, CHSV and CHSVb) have been also reported to play a
major role in maintaining the hyphal cell wall integrity, which is essential for invasion and

resistance against host defense (Martin-Udiroz et al., 2004).

1I-6.b Cell wall degrading enzymes

Fusarium oxysporum secretes a wide range of cell wall degrading enzymes (CWDE)
including polygalactironases, pectate lyase, xylanases and proteases during the penetration
and colonization phase. However the genes encoding for these enzymes (PL1, XYL3, XYL4,
XYL5, PGI, PG5, PGX4) have no role in inducing pathogenicity (Di Pietro et al., 2003,

Beckman, 1987). The disruption of Sucrose Non-Fermenting SNF/ involved in the catabolite
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repression reduces the expression of several cell wall degrading enzymes (CWDE) (Ospina-
Giraldo et al., 2003). Similarly, FRPI, ICLI and FNRI are also a few genes which regulate

the expression of CWDE (Duyvesteijn et al., 2005, Divon et al., 2006)

II-6.c Response to plant defense

During penetration and colonization process, the pathogen is exposed to various plant
defense mechanisms, such as physical barriers and antifungal compounds (Beckman, 1987).
In response, the fungi secrete various enzymes to overcome the disease resistance of plants.
TOM]1 is an example of a fungal gene which encodes tomatinase (Lairini et al., 1996) against
the resistance of tomato to Fol. In response to the pathogen infection, the host also produces
various phenolic compounds (Baetz & Martinoia, 2014). These phenolic compounds also
activate the production of mycotoxins (Wu et al., 2008). The genes CMLE coding for CMLE
involved in the B-ketoadipate pathway is also required for pathogenicity. The inactivation of
these genes reduced the aromatic compound degradation activity of the fungi (Michielse et al.,
2009). Additionally, the inactivation of chitin synthase genes (CHS2, CHS7, CHSVbD) in the
pathogen resulted in the reduction of infection on tomato plants (Martin-Urdiroz et al., 2008).
The genes GASI and RHOI encoding B-1,3-glucanosyltransferase and GTPase, respectively,

are also fungal genes involved in response to the plant defense (Caracuel et al., 2006).

11-6.d Peroxisomal functions

Peroxisomes are organelles present in plants and fungi that have catabolic activities for
cell lysis. They can be responsible for the virulence of many pathogenic fungi through
specific fatty acid catabolism functions. Among F. oxysporum, two genes PEX12 and PEX26
are required for the peroxisomal activity in the fungi (Michielse et al., 2009). Mutation in

PEX genes cripples the peroxisome, making it unable to perform the biochemical reactions
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and thereby the pathogenicity. Peroxisomal functions are essential for utilizing the host

nutrients during colonization, especially in Fusarium species that lack appressorium.

II-6.e Transcription factors

A few transcription factors have been reported to be specifically required for
pathogenicity such as, FOW2, SGEI, FTFI, STE12, FOSTI2 and CON7-1 (Imazaki et al.,
2007, Michielse et al., 2009, Ramos et al., 2007, Rispail & Di Pietro, 2009, Garcia-Sanchez et
al., 2010, Gu et al., 2015, Ruiz-Roldan et al., 2014). These genes are transcribed mainly

during the initial phase of the infection.

1I-6.f Transposable elements

Recently, the genome sequencing results of F. oxysporum f. sp. lycopersici revealed that
28% of the genome corresponds to repetitive sequences, including many retro elements and
short interspersed elements as well as class II transposable elements (Takken & Rep, 2010).
Forward and reverse genetics are the two main strategies used in the identification of
pathogenicity genes. Sequence characteristics of the genes present on some lineage specific
genome regions indicate a distinct evolutionary origin from the core genome, suggesting that
they could have been acquired through horizontal transfer from another Fusarium species.
This idea was experimentally supported by the finding that co-incubation in tomato of two
strains of F. oxysporum can result in transfer of lineage specific small chromosomes from a
pathogenic to a non-pathogenic strain, converting the latter to a pathogenic. This extra
chromosome contains effector genes that confer Cysteine rich proteins present in the xylem
during infection (Rep et al., 2004b). This led to the hypothesis that horizontal chromosome

transfer in F. oxysporum can generate new pathogenic lineages (Ma et al., 2010).
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III Plant pathogen interactions

Plant-pathogen interaction can be broadly classified as beneficial, detrimental or neutral
(Schenk et al., 2012). Plant pathogen interactions have been studied for several years in order
to understand how the plant and pathogen recognize each other and differentiate to establish
either a compatible or an incompatible relationship (Mehta et al., 2008). The pathogenic
fungus should overcome different plant defense responses at different stages of penetration
and colonization. During the final stage of infection, the fungus secretes lytic enzymes and
toxins that lead to disease symptoms including necrosis, chlorosis and wilting. As soon as the
plant receives signals from the pathogen, various defense mechanisms such as plant cell wall
thickening, papilla deposition, apoplast acidification, signal transduction and transcription of
defense genes are initiated (Mehta et al., 2008). Only the successful pathogen can surpass this

basal defense mechanism of the plant and develop disease in the host (Figure 18).

Plants have developed constitutive (barriers such as cell wall, waxy cuticles and bark)
and inducible defenses (production of toxins and pathogen degrading enzymes) in order to
protect themselves from pathogens (Freeman & Beattie, 2008). Beside the natural physical
barriers, plants also possess an immune response against the pathogen during the attack. Once
recognizing the signals from the pathogen (PAMP, MAMP), the plant elicits a series of

cellular and physiological responses (Wu et al., 2014)

III-1  Plant recognition

This is an important process in the plant-pathogen interaction where the hosts recognize
the pathogen. A rapid recognition process is required in order to successfully defend the plant.
This is achieved through the pathogen recognition receptors (PRR), which are cell surface
receptors and R genes (Swarupa et al., 2014). The PRR detects the pathogen and activate the

MAMP-triggerd immunity (MTI) (Figure 21). CEBiP, CERKI, SERK3 and BAKI are
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examples of Pathogen triggered Immunity (PTI) genes in banana and Arabidopsis (Li et al.,

2012, Heese et al., 2007).

III-2 R gene mediated resistance

Plant pathogens produce certain molecules called ‘effectors’, encoded by avr (avirulence)
genes, which are delivered directly into the plant cells during the initial stage of infection.
These effectors either modify the physiological state of the host plant in order to benefit from
the pathogen colonization or are used to interrupt the activation of host plant defenses
(Hammond-Kosack & Kanyuka, 2007). However, plants have evolved “R genes”(resistance
genes) whose products allow recognition of specific pathogen effectors, either through direct
binding or by recognition of the effector's alteration of a host protein. These virulence factors
drive the co-evolution of plant resistance genes to combat the pathogens’ Avr genes (Jones &
Dangl, 2006). Plant resistance genes can be broadly divided into eight groups (Gururani et al.,
2012) based on their amino acid motif organization and their membrane spanning domains

.(Figure 19).

Major resistance (R) genes have been found against F. oxysporum in crops including
tomato (Simons et al., 1998, Sela-Buurlage et al., 2001) and cucumber (Vakalounakis, 1996a)

(Table 1).

HI-2.a Reactive oxygen species (ROS) production

Production of ROS species, such as superoxides, hydrogen peroxides and hydroxyl
radical are observed during pathogen attack. These strong oxidizing species can rapidly attack
all types of biomolecules. The rapid accumulation of plant ROS (oxidative burst) is
accompanied with changes in the cellular pH level, protein phosphorylation and ion influx.

The ROS also serves as signals for the activation of other defense mechanisms like defense
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gene expression, cell wall protein cross linking, callose deposition and systemic acquired

resistance (Liu et al., 2010, O’Brien et al., 2012).

HI-2.b Calcium flux

An Increase of the Ca®" level in the cell cytosol in response to various PAMPs are
common in plants. Calcium acts as an important secondary messenger, which passes the
pathogen signals received at the cell receptors to the cytosol and activates the defense
responses. There are three major types of Ca’" sensors in plants, including calmodulin
(CAM), calcineurin B-like proteins (CBLs) and calcium-dependent protein kinases (CDPKSs)

(Luan, 2009)

lI-2.c Cell wall strengthening

Cell walls strengthening through structural and chemical modifications are important
resistance responses against pathogen in plants. The accumulation of phenolic acids, which
are monomers of lignin forms an effective protective barrier against the pathogen (Lattanzio
et al., 2006). Lignification makes the plant cell wall more resistant to cell wall degrading
enzymes of the pathogen. Callose deposition is also a pathogen induced defense response.
During pathogen infection, callose is deposited in the cell wall appositions, at the site of

attack to form effective chemical and physical defense barrier.

llI-2.d  Defense hormones

Plant hormones including Salicylic acid (SA), Jasmonic acid (JA), Ethylene(ET) and
Abscisic acid (ABA) play an important role in the regulating the plant defense responses. SA
is effective in mediating plant resistance against biotrophs and the establishment of systemic
acquired resistance. SA levels are found to be increased in many plant defense responses,
which induces the pathogenesis related (PR) genes. On the other hand JA and ET are

activated in the defense response against necrotrophic pathogens. However, in certain cases
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the cross talks between the SA and JA/ET results in their combined action in certain events
(Bari & Jones, 2009). In the case of ABA, it also has a role in signaling innate immunity apart
from its normal function of abiotic stress response. ABA is also known for its negative

regulatory, where it sometimes inactivate other signaling pathways (Swarupa et al., 2014).

Table 1: List of genes involved in Fusarium resistance

Candidate Gene / R genes Crop References

rfol,rfo2,rfo3,rfo4,rfo6 Arabidopsis (Diener & Ausubel, 2005)

fom?2 Melon (Joobeur et al., 2004)

il Tomato (Houterman et al., 2008)

i3 Tomato (Rep et al., 2004a)

Pathogenesis related proteins

Defensin Tomato (Abdallah et al., 2010)

Chitinase Tomato (Jongedijk et al., 1995)

Thaumatin Banana (Mahdavi et al., 2012)

B-1,3 glucanase Banana (Maziah et al., 2007)

nprl Banana (Endah et al., 2008)

Antimicrobial activity

thi2.1 Arabidopsis (Epple et al., 1997)

Polyphenol oxidase Banana (Kavino et al., 2009)

caampl Pepper (Lee et al., 2008)

Cell wall strengthening

Phenylalanine ammonia lyase | Banana (Van Den Berg et al., 2007)

Peroxidase Banana (De Ascensao & Dubery,
2003)

Polygalacturonase inhibitor Tomato (Salehzadeh, 2012)

protein

Antioxidants

NADPH oxidase Arabidopsis (Zhu et al., 2013)

Ascorbate peroxidase Chickpea (Garcia-Limones et  al.,
2009)

Catalase Tomato (Farag Hanaa et al., 2011)

Superoxide dismutase Banana (Lietal., 2011b)

Glutathione-S-transferase Tomato, Melon (Bolter et al., 1993)
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IV Control of RSR of vanilla

Fusarium diseases are very difficult to control because of the airborne. There is also a
higher chance for the pathogen to be carried on to the uninfected plants through various
medium. Because of the considerable yield and economic losses, several measures have been
attempted to control Fusarium diseases. Cultural technique, crop rotation, chemical control
and biological control are mostly employed in controlling Fusarium diseases (Katan, 2000,
Rehman et al., 2014). Fumigation with methyl bromide/ chloropicrin has been attempted in
controlling the disease in greenhouses (Dantoff et al., 1995). Chemical control of Fusarium
diseases using various fungicides including Benomyl, Ridomil, copper oxychloride,
Mancozeb, captafol, thiram and imazalil was employed in major crops (Amini & Sidovich,
2010, Hannan et al., 2014). The most cost efficient and environmental safe method of disease

control is the use of resistant cultivars, which is subjected to availability.

The use of non-pathogenic strains of F. oxysporum has been used in many crops in
controlling Fusarium diseases (Belgrove et al., 2011, Larkin et al., 1996, Lemenceau &
Alabouvette, 1991, Olivain et al., 2006, Silva & Bettiol, 2005). The non-pathogenic strains
are capable of reducing the chlamydospore germination of the pathogenic strain and also
compete for infection sites on roots, thereby triggering plant defense reactions (Fravel et al.,
2003a). Bio control methods using antagonists like Pseudomonas fluorescens, Trichoderma
viride, Bacillus subtilis were also widely used in controlling the disease (Chen et al., 1995,
Dantoff et al., 1995, Webb et al., 2015). The biocontrol of Fusarium has been considered to
be a potential strategy in recent years, because of the chemical control measures resulting in

the accumulation of harmful chemical residues in the environment.

Diseases caused by Fusarium and other vanilla pathogen and pests have severely affected
the production, export and economy of vanilla producing countries. Different strategies of

control measures are used in vanilla growing countries based on their economic factor and
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manpower. A combination of strategies including planting non-infested cuttings and the
selection of cultivars resistant to Fusarium and other pathogens is crucial for controlling the

disease.

IV-1 Agronomical management

Fusarium oxysporum is particularly difficult to eliminate from soil by rotation or long
fallow. In vanilla plantations, different phytosanitary measures are followed in order to
control and prevent the spread of diseases (Fouche & Jouve, 1999). Removal and disposal
(phytosanitation) of infected plants are done in priority to prevent the spread of diseases
(Anandaraj et al., 2005). The use of good planting material and input of compost in regular
intervals also helps in controlling the disease. Other control measures such as mulching were

used to control Fusarium disease, especially with clove leaves (Tombe et al., 1992).

IV-2 Chemical control

The use of various fungicides and chemicals was also employed in controlling the stem
and root rot disease of vanilla. The fungicides containing Mancozeb and Carbendazime have
been used in Bali and Indonesia against Fusarium stem rot (Tombe & Sitepu, 1986).
Fungicides containing Phosetyl-Aluminium, Carbendazime, Prochloraze are also included in
the list of recommended fungicides against RSR (Fouche & Jouve, 1999, Anandaraj et al.,
2005). However there are no fungicides reported which can effectively tackle the RSR. The
practice of using fungicides is declining due to its hazardous nature, restrictions from

government agencies and their limited efficiency.

The use of plant extracts was also reported to be used in controlling Fusarium diseases in
vanilla. In-vitro experiments conducted in Bali (Suprapta & Khalimi, 2009), reported the
efficiency of extracts from Eugenia aromatica and Piper betel in inhibiting the growth of F.

oxysporum f. sp. vanillae. Essential oils such as cinnamon, thyme and clove oils were also
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claimed to be effective in inhibiting pathogen growth in-vitro. However the use of fungicides

and biocontrol agents are not effective in field experiments.

IV-3 Biocontrol agents

Biological control agents are reported to be used as control measure in vanilla plantations
in few countries. Biocontrol agents could be considered as an alternative for the chemical
fungicides considering the concerns for environmental protection and cost. Various biological
agents like 7. harzianum, T. virens, P. fluorescens, P. putida, Paecilomyces sp and B. subtilis
were tested in in-vitro, pot and field conditions and were reported to be effective against
Fusarium disease (Bhai et al., 2009, Naik et al., 2010, Sandheep et al., 2012, Sandheep et al.,
2014). Combined treatment of 7. harzianum and P. fluorescens through soil mixing also
enhanced the vegetative growth of vanilla apart from the primary function of disease control
(Sandheep et al., 2012). The use of non-pathogenic F. oxysporum was also proposed in

controlling the RSR in Indonesia (Tombe et al., 1992, He, 2007)

IV-4 Genetic resistance

Host plant resistance has been identified as the primary strategy for long-term management of
RSR. Indeed some sources of resistance to Fusarium are reported in related species. The
known RSR resistant species include V. pompona, V. phaeantha, V. barbellata, V. aphylla and
V. andamanica (Knudson, 1950, Theis & Jimenez, 1957a, Divakaran et al., 2006b). The
microscopic observation of wounded cells of V. phaeantha displayed the secretion of idioblast
in response to the pathogen (Alconero, 1968b). The unpublished results from Madagascar also
describe the resistance in vanilla species such as V. pompona and V. phaeantha. (Tonnier,
1960). Vanilla species can be relatively easily hybridized and a few hybrids showing
tolerance to Fusarium have been reported (Knudson, 1950, Delassus, 1963., Nany, 1996).

However the Fusarium resistant species usually possess poor aromatic features.
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V Aim and Objectives of the study

Vanilla is a high value cash crop, and still the backbone of the rural economy of several
of the poorest countries, notably in the Indian Ocean area. RSR caused by the telluric fungus
F. oxysporum is responsible for the failure of many attempts to intensive cultivation since the
domestication of V. planifolia and V. x tahitensis at the end of 19" century. Long term
research programs were carried out especially in Madagascar (Ambohitsara) and Puerto Rico
(Maraguey) in the first half of 20™ century to address this problem. Valuable information has
been acquired in particular regarding the identity of the causal organism and the potential of
some wild relatives of V. planifolia to generate resistant varieties. Despite these substantial
progresses, the Fov-vanilla patho-system remains very poorly known and RSR is still the first
constraint for vanilla production worldwide. In the Indian Ocean area, RSR was credited with
playing the first role in the vanilla crisis that severely undermined the industry at the dawn of

21% century. Vanilla continues however to be highly demanded by the world market.

Given the availability at the BRC VATEL in Reunion Island of a rich collection of
diverse and well characterized genetic resources of vanilla and the advent of powerful
investigation methods at cellular and molecular levels, this research was undertaken, with the
aim of filling gaps regarding our comprehension of the Vanilla-Fusarium interactions. This
knowledge is a prerequisite for further development of genetic resistance to RSR which is

hypothesized as the most promising route for controlling this devastating disease.

In this perspective, the following main specific questions were addressed during the

thesis:
»  What are the Fusarium species involved in RSR in Reunion island?

=  How diverse are the Fusarium isolates prevailing in Reunion Island?
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= How do they compare with isolates from other regions?

* What is the histo-pathogenicity of Fusarium in vanilla root tissue?

* What are the sources of resistance available in the vanilla germplasm of BRC

VATEL?

= How do susceptible and resistant vanilla genotypes differentially react to the

pathogen?

=  What are the genes involved in the plant response to pathogen aggression?

=  Which breeding strategy should be recommended for improving RSR control?

The works were carried out in the Mixed Research Unit PVBMT (CIRAD, University of
Reunion Island) in the Plant Protection Platform in Saint Pierre (Reunion Island) and at the
RIO imaging platform (CIRAD, INRA, CNRS) in Montpellier (France) in collaboration with

Dr. Genevieve Conejero.

The results are presented in the present manuscript in five chapters as follows:

The current chapter (Chapter 1) is an introduction which intends to summarize
information about the Vanilla crop, Fusarium oxysporum, Fusarium pathogenicity and plant

defense mechanisms that regulates the plant pathogen interaction.

Chapter 2 reports on surveys, recollection and characterization of Fusarium isolates
from various parts of Reunion Island and abroad. It describes the genetic diversity of the
Fusarium isolates, the development of a robust in-vifro inoculation method and the
classification of isolates based on the pathogenicity test. It also proposes to rename the causal
agent of RSR is F. oxysporum f. sp. radicis-vanillae, based on disease development in roots.

Information is presented as a paper submitted to Plant Pathology.
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Chapter 3 describes first the screening for Fusarium resistance in the CRB Vatel Vanilla
germplasm in Reunion Island and then the anatomical differences between vanilla accessions
using WFM techniques. This chapter also documents the colonization pattern as well as
structural and chemical modifications of cell-walls in susceptible and resistant genotypes,
using WFM, Multiphoton microscopy and Spectral analysis techniques. All this data makes a

second article to be submitted for publication in Frontiers in Plant Science.

Chapter 4 presents the results of the Illumina de novo transcriptome analysis and the
gene expression profile changes in the roots of resistant, moderately resistant and susceptible
accessions of vanilla, when infected with a pathogenic and non-pathogenic Fusarium

oxysporum.

Chapter S discusses the knowledge acquired about Vanilla and Fusarium and their
interaction. This chapter also elaborates about the novel strategies for controlling the

Fusarium disease, with respect to the results obtained from the thesis.
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CHAPTER II Etiology and
diversity of RSR and diversity of

the causal agent
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Abstract:

Root and stem rot (RSR) is a very detrimental disease of vanilla worldwide. Fusarium
oxysporum 1s frequently associated with the disease but other Fusarium species are also
reported. In this international study, we surveyed 52 vanilla plots in three of the most
important vanilla producing countries (Madagascar, Reunion Island and French Polynesia).
Subsets from the 377 single-spored Fusarium isolates recovered from rotten roots and stems
in the surveys were characterised by molecular genotyping (EF/a and IGS gene sequences)
and pathogenicity assays on Vanilla planifolia and V. xtahitensis, the two commercially
grown vanilla species. Fusarium oxysporum was shown to be the principal species responsible
for the disease since it represented 79% of the isolates recovered from the RSR tissues and
40% of these isolates induced severe symptoms on inoculated plantlets. Fusarium oxysporum
isolates were highly polyphyletic regardless of geographic origin or pathogenicity. Fusarium
solani, found in 15% of the samples, inducing only mild symptoms on plantlets, was
considered a secondary pathogen of vanilla. Three additional Fusarium species were
occasionally isolated in the study (F. proliferatum, F. concentricum and F. mangiferae). Wide
field and confocal microscopic observations showed that F. oxysporum penetrated the root
hair region of roots, then invaded the cortical cells where it induced necrosis in both V.
planifolia and V. Xtahitensis. The hyphae never invaded the root vascular system up to 9 DAL
As a whole, our data demonstrated that RSR of vanilla is present worldwide and that its causal

agent should be named F. oxysporum f. sp. radicis-vanillae.

Keywords: Cortical root rot, Genotypic diversity, Histology, Molecular identification,

Pathogenicity tests, Vanilla planifolia, Vanilla %tahitensis, World expansion
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I Introduction

Root and stem rot (RSR) has become the most important limitation for the production of
vanilla beans at the world production level (Alconero, 1968a, Pinaria et al., 2010a, Tucker,
1927). Available records show reduction of 50 to 90% of worldwide production (Pinaria et al.,
2010a, Bhai & Dhanesh, 2008). This disease is strongly limiting the intensification of vanilla
production under insect proof shade-houses, such as those in French Polynesia (FP), Reunion
Island (Benezet et al., 2000), Madagascar (Delassus, 1963, Dequaire, 1976) and Mexico
(Hernandez Hernandez, 2011). Until now, no effective and sustainable disease management
has yet been established. Vanilla phaeantha and V. pompona, as well as hybrids of these wild
relatives with the main cultivated vanilla species, V. planifolia, have been reported as being
resistant to the disease (Delassus, 1963, Theis & Jimenez, 1957b). However, neither of these
is cultivated because their beans do not have the desired aromatic properties (Pinaria et al.,
2010a). Several trials of biological control have been reported with some success but none has

been developed consistently in large areas (Pinaria et al., 2010a).

Fusarium oxysporum f. sp. vanillae has been reported as the causal agent of RSR on V.
planifolia for almost a century (Tucker, 1927) in all production areas (Tombe & Liew,
2010a). However, most reports do also mention other Fusarium species associated with the
symptoms (Alconero & Santiago, 1969, Pinaria et al., 2010a, Tombe & Liew, 2010a, Bhai &
Dhanesh, 2008), such as F. solani and F. semitectum. Nevertheless, except in a few cases,
these other Fusarium species were unable to induce symptoms on V. planifolia when
pathogenicity tests were performed. On the other hand, F. oxysporum f.sp. vanillae isolates,

when tested, clearly reproduced symptoms on vanilla stems (Pinaria et al., 2010a).

Fusarium oxysporum is a large, widespread and multilineage group of fungi forming a
species complex subject to genomic recombination and horizontal gene transfer. Most plant

pathogenic F. oxysporum strains are soil borne, infecting plants at the root and crown levels.
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Chlamydospores ensure the long term survival of the fungus in the soil. Pathogenic F.
oxysporum strains often spread systemically through the vascular system. Some particular
strains, indicated as “radicis” in their names, do not spread through the vascular system
towards the aerial parts of the plant. They are involved in the rotting of the root and crown
tissues. The infected plant shows signs of wilting and eventually dies from insufficient water

and nutrient uptake due to the loss of root tissues.

Both vascular and necrotic symptoms associated with RSRs are mentioned for V.
planifolia in the literature, but no clear discrimination has been made between the Fusarium
strains responsible for the two symptom types. In addition, very few reports describe in detail
the process of tissue colonisation and spread of the causal agent in the root tissues for either

type of symptom (Alconero, 1968a).

In the current study we present an in-depth analysis of root rot on V. planifolia in the
Indian Ocean (Reunion island, Madagascar and Indonesia) and on V. Xtahitensis in FP.
Vanilla xtahitensis is a hybrid between V. planifolia and V. odorata and cultivated mostly in

the Pacific region for its unique flavours.

The present report is the first to dissect, in a comparative manner, the causal basis of root
rot on vanilla in the most important areas of production in the world. It also demonstrates that
the F. oxysporum strains causing root rot should be named “radicis-vanillae” because there is
no progression of hyphae within the vascular tissues of both vanilla species tested, limiting
the rot only to the emerging roots. The experimental approaches included symptom
observations and analysis, Fusarium morphological biometrics, Koch’s postulates tests,
phylogenetic analysis of different strains with the translation elongation factor-1a (EF'/a) and
the ribosomal intergenic spacer (IGS) sequences, as well as histopathological studies of root

and stem tissues.
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Il Materials and Methods
II-1  Sample collection

Sampling surveys were conducted in the major vanilla growing areas of Madagascar (20-
29 May, 2009), Reunion Island (17 March- 19 April, 2011) and FP (2011-2012). In each
region, the plots were selected in order to reflect the diversity of agro-ecological conditions
based on location, cultivation system and disease intensity. In each plot, root and stem
samples were collected from vanilla plants showing root rot, chlorosis of stems and general
wilting, which are reported as common symptoms of Fusarium disease. The samples were
placed in polythene bags and maintained in cool conditions until further processing in the
laboratory. Four additional isolates from a previous survey conducted in Indonesia (Pinaria et
al., 2010a) were also included in the pathogenicity study conducted in Reunion Island.
Additional Fusarium strains isolated from vanilla in Comoros, Mexico, Indonesia and
Reunion Island (Pinaria et al., 2015a) were included for the genetic diversity analysis. The
non-pathogenic isolate Fo047 (Alabouvette, 1986), purchased from the collection of
Microorganisms of Interest for Agriculture and Environment (MIAE, Dijon, France), was
used as a reference in the genetic diversity and pathogenicity analyses. The geographic origin

of the isolates used in the study is given in Figure 1 and Supplementary Data Table 1.

II-2  Isolation, purification and morphological identification of Fusarium

isolates

The root and ste