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Abstract: Members of the Fusarium oxysporum species complex (FOSC) has the capacity to special-
ize into host-specific pathogens known as formae speciales through horizontal gene transfer between
pathogenic and endophytic individuals. To this day, the origin of these formae speciales and the
genetic determinants dictating the switch from endophytic to pathogenic Fusarium oxysporum (Fox)
are still unknown. F. oxysporum f. sp. vanillae (Fov), member of FOSC, is the causal agent of root and
stem rot disease, representing the main phytosanitary problem in vanilla plantations worldwide.
Here we analyzed the RNA-seq libraries resulting from the interaction vanilla-Fov at early and late
stages of the infection, and what we initially identified as control in a previous study, detecting the
presence of Fox endophytes. We identified virulence, hypervirulence, sporulation, conidiation, ne-
crosis, and production of fusaric acid as key processes taking place during Fov-vanilla interaction.
Through comparison with endophytic Fox, we found that Fov can infect vanilla thanks to the
presence of pathogenicity islands and genomic regions associated with supernumerary chromo-
somes. These play a central role as carriers of genes involved with pathogenic activity and could
have being obtained by Fov through horizontal gene transfer. We also found that, unlike other
pathogenic members of FOSC, Fov do not use Secreted in Xylem proteins (SIX) to infect vanilla.

Keywords: formae speciales; horizontal gene transfer; behavior; endophytic; pathogenic; Fusarium;
RNAseq; comparative genomics; vanilla; Mexico

1. Introduction

Vanilla is the second more expensive spice and one of the most used worldwide [1].
This spice is native to Mexico and comes from the orchid Vanilla planifolia Jacks., now
widely cultivated in Asia and Oceania [1]. Mexico currently occupies the third place
among the main producers in the world, although vanilla production has seriously suf-
fered from the appearance of synthetic products that are easier to produce [2, 3]. Several
factors can limit vanilla production, but the main phytosanitary problem, putting at risk
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the vanilla industry worldwide, is root and stem rot disease caused by Fusarium ox-
ysporum f. sp. vanillae (Fov) [4-6].

Fov has been reported in different vanilla producing regions around the world,
however, its origin and evolution are poorly understood [4]. The fungal genus Fusarium
contains more 300 phylogenetically soilborne distinct species/species complexes [7], in-
cluding pathogenic and non-pathogenic strains. Within the Fusarium oxysporum species
complex (FOSC) exist a broad genomic plasticity. Many of the pathogenic strains, due to
their narrow host specificity, have been identified as formae speciales, each grouping
strains with the same host range, generally the same plant species [8].

For a long time was believed that members from the same formae speciales shared
genomic structure and the same evolutionary origin [10-12], but recent studies have
pointed that some formae speciales like Fov have multiple independent origins [13], evi-
dence of genomic plasticity. This genetic diversity into the formae speciales is also evi-
denced by the fact that some members can live in the host as endophyte without inducing
symptoms, while others are pathogenic, but what makes them pathogenic? Is mainly in
the pathogenic strains that the presence of certain supernumerary chromosomes, like
chromosome 14, has been reported, phenomenon associated with the shift from
non-pathogenic to pathogenic of FOSC members [9]. However, the presence of super-
numerary chromosomes alone does not explain what makes certain members of Fov
pathogenic and what makes them endophyte.

To answer this question our group analyzed the RNA-seq data obtained from the
interaction of Fov with V. planifolia at 2- and 10-days post inoculation (dpi). This data was
previously obtained by our group [14]. However, here for the first time, we were able to
identify that in the treatment used as control by our group, there were endophytic Fox,
allowing to establish comparisons between pathogenic Fov and endophytic Fox during
vanilla colonization. Through the analysis of the RNA seq, we have been able to identify
the main molecular mechanisms used by Fov to infect vanilla and to gain pathogenicity.

2. Materials and Methods

2.1 Experimental framework

The experimental framework, that includes plant material collection, infectivity as-
says, total RNA extraction, generation of cDNA libraries, and sequencing details, is ex-
plained in detail in Solano-De la Cruz et al. [14]. Raw data was submitted to the GEO
platform of NCBI-GenBank under the accession number: GSE134155.

2.2 RNA-seq quality control, splice-aware mapping and alignment filtering

The quality control of the reads obtained from the high-throughput sequences was
carried out using FASTQC version 0.11.2 [15], and MultiQC version 1.0 [16] software.
Reads above 32 nt, without the presence of adapters were considered for further analysis.
First, to filter and discard reads corresponding to the plant host, genome index and
alignment of reads was done utilizing the STAR program version 2.7.2 [17] using the
reference genome of F. oxysporum f. sp. lycopersici strain Fol 4287 available on Ensembl
Fungi, visualizing the alignment output with MultiQC version 1.0 software [16]. To fur-
ther filter the reads based on alignment quality, Samtools version 1.9 [18] and MultiQC
for post-filtering visualization, were used.

2.3 Phylogenetic analysis

To investigate the identity of the Fusarium spp. sequences found in the control, we
searched for the reads mapping EF-la. Both, control and treatment EF-la genes were
aligned and compared with reference sequences from GenBank using BLAST
(www.ncbinlm.nih.gov). A global sequence alignment was reconstructed using the
CLUSTAL_W option of the MEGALIGN and a phylogenetic tree was constructed using
the neighbor-joining method available in Mega version X [19].
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2.4 Genes identification and visualization of Fov genomic data

To be able to identify Fov transcripts participating in the infection, the intersection of
the genomic coordinates between F. oxysporum f. sp. lycopersici strain Fol 4287 genome
and the filtered reads was done using Bedtools version 2.25.0 [21]. This allowed the ex-
traction of genes ID using cut command and AWK. The bed files with the genomic coor-
dinates were used to map and visualize the Fov genomic data in Fol 4287 karyogram
template using the visualization tool from Ensembl Fungi of Ensembl Genomes consor-
tium [21] (https://fungi.ensembl.org/Fusarium_oxysporum/Location/Genome).

2.5 Enzyme annotation and metabolic reconstruction

To elucidate the metabolic pathways involving the genes identified, the annotation
of enzyme coding sequences and metabolic reconstruction of these biochemical processes
were conducted. First, we extracted the protein sequences using the Biomart-Ensembl
Fungi database [21] to annotate them with the BlastKoala tool from KEGG platform
(https://www kegg.jp/kegg/tool/annotate_sequence.html). Later, using the annotations,
the metabolic reconstruction was performed the species-specific KEGG pathway maps of
F. oxysporum as reference and the Search Pathway tool from KEGG platform
(https://www.genome.jp/kegg/tool/map_pathway1.html) [22].

2.6 Gene Ontology Enrichment Analysis

GO enrichment analysis was executed using the topGO R package [23]. We applied
the following criteria: p-value < 0.05 threshold, algorithm “classic” and “fisher” statistic.
As query we used the GenelDs lists obtained through the comparison with F. oxysporum
f. sp. lycopersici strain Fol 4287. Finally, the data obtained was visualized via RStudio
version 4.0.1 and ggplot2 package version 3.3.2 [24].

2.7 KEGG Gene Enrichment Analysis

To identify the biological processes overexpressed during the infection, we per-
formed the KEGG enrichment analysis using RStudio and the clusterProfiler package
[25]. To use the enrichKEGG function in this package, the input were the KO identifiers
obtained from BlastKoala annotation with the results filtered applying adjusted p-value
cut-offs < 0.05. For the visualization we used RStudio version 4.0.1 and ggplot2 R package
version 3.3.2 [24].

2.8 De novo annotation of Fov genes

To identify the potential functions of Fov transcripts we used the software Inter-
proScan 5 version 5.41 [26]. Which allows protein-coding sequences function prediction,
using as reference databases Pfam (http://pfam.xfam.org/) and SUPERFAMILY
(https://supfam.org/).

3. Results

3.1 Identification of F. oxysporum endophyte in vanilla

The quality analysis of the libraries corresponding to the V. planifolia transcriptome in
response to the F. oxysporum f. sp. vanillae infection, was successfully performed and con-
firmed our previous reports [14]. A surprising finding for us was the detection of F. ox-
ysporum reads in the mock-inoculated control treatments from our previous study [14].
The alignment of the libraries against the Fol 4287 genome was performed, obtaining
from the control libraries, at 2 dpi 7158305, 7249959, and 5741789 reads for each replicate,
respectively, while at 10 dpi 6458564, 6730883, and 6528340 reads. In 2 dpi, a total of
10917618, 10817677, and 10757914 aligned to Fol 4287 reads were collected, and at 10 dpi
9397911, 10190151, and 10190151, reads were retrieved. Next, we filtered the alignments
results by alignment quality and sorted them by genomic coordinates.
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To study the phylogenetic relationship between Fov and what we believe is a Fox en-
dophyte colonizing vanilla, a neighbor-joining analysis was performed. The results
clearly indicated that the sequence detected in the control is indeed from members of F.
oxysporum, and it did not group with Fov (Fig. 1). We were not able to establish the spe-
cific taxonomy of the endophytes, but this analysis clarified that we are not in the pres-
ence of Fov in the control samples, but in the presence of endophytes Fox.

Fox (FJ985287-USA)
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Figure 1. Phylogenetic tree reconstructed through the neighborhood-joining method of the EF-1a gene sequences from
the treatment (Fov) and control (endophytic Fox) and sequences retrieved from Genbank. Accession numbers and
country of the strains are indicated in parentheses. Fusarium solani was used as an outgroup in the tree. The phyloge-
netic tree was bootstrapped 1000 times. Bar, 2 substitution in 100 positions.

3.2 Fov genomic data visualization revealed the presence of supernumerary chro-
mosomes

The genes coded by the reads retrieved at 2-and 10- dpi from controls and treatments
were identified using Fol 4287 the genomic coordinates (Supplementary Table 1). These
genes were then mapped to Fol 4287 chromosomes finding that most of the transcripts
corresponding to endophytic Fox were mainly located in the core chromosomes of Fol
4287, reference genome for Fox formae speciales (Fig. 2). At 2 dpi, we observed the presence
of transcripts corresponding mainly to chromosomes 1, 2, 4, 5, 7, 8, 9 and 10 with the
presence of some transcripts in chromosomes 3, 6, 11, 12, 13 and 14, while no transcript
from chromosome 15 was detected (Fig. 2). At 10 dpi, we detected transcripts from
chromosomes 1, 2, 4, 5, 7, 8, 9 and 10, with less, but still present, from chromosomes 3, 11,
12 and 13. Interestingly, transcripts related to chromosomes 6, 14, and 15 were absent
(Fig. 2).
The number of transcripts resulting from the interaction Fov-vanilla (treatment) was
higher than the control, and after mapping we identified that they are not only from
genes located in the core chromosomes, but also in the supernumerary chromosomes
(Fig. 2). These was clear at 2 dpi after comparing control with treatment, showing a
higher number of transcripts in core chromosomes 1, 2, 4, 5, 7, 8 and 9 (Fig. 2), and in the
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supernumerary chromosomes associated with pathogenicity in Fox 10, 11, 12, 13 and 14
(Fig. 2). This was consistent at 10 dpi, with a high number of transcripts located in
chromosomes 10 to 15 during the interaction Fov-vanilla (Fig. 2). These results are strong
evidence of the presence of supernumerary chromosomes in Fov, something that until
this day had remained unknown.

B

2 dpi control 10 dpi control

2 dpi treatment

@ 10 dpi treatment

@ 2 dpi treatment 10 dpi trestment

2 dpi control 10 dpi control

11008 1004

et

Figure 2. Mapping of transcripts obtained from the interaction of endophytic Fox-vanilla (control) and Fov-vanilla
(treatment) using as reference the 15 chromosomes of Fol 4287 karyogram. A. Reads obtained at 2 dpi. B. Reads ob-
tained at 10 dpi. Panel I represent the reads obtained for the control, panel II the treatment, and panel III the super-
position of the reads obtained for the control and the treatment.

In addition to the presence of supernumerary chromosomes in Fov, we also identified in
the treatment reads that correspond to Fox pathogenicity island component (Fig. 3). This
sequence was detected at 10 dpi in the treatment only, not present in the meta transcrip-
tome data obtained from the interaction vanilla-endophytic Fox.
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Figure 3. Visualization of the treatment Fov (red tracks) at 10 dpi, its control (green tracks) and the gene structure (blue
tracks) in the genomic coordinates of Fol 4287 corresponding to a Pathogenicity Island Component.
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A trehalose metabolic process - ¢

3.3 Metabolic pathways Fov associated with V. planifolia infection

After annotating the genes present in the reads retrieved from the interaction endo-
phytic Fox-vanilla and Fov-vanilla, we performed a functional prediction annotation and
metabolic mapping using KEGG database [21] (Supplementary dataset 1). We also iden-
tified the number of genes having a role in each of the pathways at 2 and 10 dpi (Sup-
plementary Table 2, and Supplementary dataset 2). An interesting finding was that the
number of genes corresponding to each metabolic pathway identified was considerably
higher during late infection compared to early infection.

At 10 dpi we determined the presence of genes corresponding to the following met-
abolic pathways, only found during late infection: penicillin and cephalosporin biosyn-
thesis, homologous recombination, biotin metabolism, D-Arginine and D-ornithine me-
tabolism, atrazine degradation, synthesis and degradation of ketone bodies, sulfur relay
system, C5-branched dibasic acid metabolism, polyketide sugar unit biosynthesis; ca-
rotenoid biosynthesis, seleno compound metabolism, vitamin B6 metabolism, car-
bapenem biosynthesis, sesquiterpenoid and triterpenoid biosynthesis (Supplementary
dataset 1).

3.4 Gene Ontology and KEGG Gene Enrichment offer crucial insights about Fov
pathogenesis in V. planifolia

Through GO analysis, we obtained 43 and 125 statistically significant biological pro-
cesses related with pathogenicity at 2 dpi and 10 dpi, respectively. At 2 dpi we identified
transcripts involved on sporulation such as cell wall biogenesis and external encapsu-
lating structure organization. Also, mechanisms possibly linked to virulence and infec-
tion, like protein, peptide, and organic substance transport (Fig. 4A). At 10 dpi we iden-
tified mostly regulatory mechanisms of nucleic acids, metabolic processes of macromol-
ecules and organic substances, and mechanisms related to sporulation and cell cycle (Fig.
4B). These results suggest that pathogenic mechanisms key for the pathogen infection
remain active along the infection process from early to late stages. All these biological
processes were only found in Fov.
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Figure 4. Gene Ontology of top 30 biological processes of Fov activated during the interaction with V. planifolia. A. At

2dpi. B. at 10 dpi.
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Regarding the metabolism, we found 21 and 46 statistically significant pathways at 2
dpi and 10 dpi, respectively. At 2 dpi we observed pathways involved on reproduction
and biosynthesis of metabolites and other biomolecules (Fig. 5A). Similarly, we found
pathways linked with the same processes at 10 dpi (Fig. 5B). Additionally, there were
other types of biomolecules synthesized at the late stage of infection like cofactors and
amino acids that might be used by Fov during the necrotrophic infection. These results
further confirm the GO analysis where biological processes, and now metabolic path-
ways are associated with pathogenesis and stay operating through the infection.
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Figure 5. KEGG Gene Enrichment Analysis of top 20 and top 30 metabolic pathways of Fov activated during the in-
teraction with V. planifolia. A. At 2dpi. B. at 10 dpi.

3.5 De novo annotation of Fov transcripts shed light on the role of pathogenesis related
genes in the plant-host interaction

To characterize the molecular components that may play a main role during the
pathogenesis in vanilla, we did a de novo annotation as a functional prediction of Fov
genes. For that, we organized the genes on shared or not shared between early and late
Fov infection (Supplementary Table 2). Among the genes annotated, we found virulence
and hypervirulence factors during both stages of infection. Interestingly these virulence
factors increased in number and types during the late stage of infection (Supplementary
Table 3), in comparison with the early stage of infection (Supplementary Table 4). This
could mean that different virulence factors participate during different time frames along
the interaction Fov-vanilla.

At 2 dpi we obtained genes associated with sporulation, necrotic/pathogenic activity
and fusaric acid production (Supplementary Table 5-7). These results further confirm the
molecular mechanisms part of the pathogenic toolbox used by Fov during early stages of
the infection. At 10 dpi we found that the genes involved in the pathogenic processes at 2
dpi were also over expressed but the pathogen also use at this moment effector proteins
to facilitate the infection (Supplementary Table 8). Here we found that conidiation, ex-
pression of putative effector proteins, and production of fusarinine were active (Sup-
plementary Table 9 and 10). This analysis allowed the identification of processes taking
place exclusively late during the interaction Fov-vanilla, and not present during the in-
teraction endophytic Fox-vanilla.

4. Discussion
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F. oxysporum is the most cosmopolitan species of Fusarium worldwide, and the most
commonly reported endophyte in wild and agricultural crops [27, 28]. Through the
analysis of the RNAseq resulting from F. oxysporum f£. sp. vanilla — Vanilla interaction and
the healthy control [14], surprisingly for us, we found Fusarium spp. reads in the control.
After analyzing the reads we were able to confirm that belonged to a F. oxysporum not
grouping phylogenetically with other forma specialis or to Fov strains previously found in
Mexico [29]. Here we considered that Fox detected in the control as an endophyte, based
on the recently expanded endophyte concept [30]. Around 20 species of the genus
Fusarium have been isolated from the root of V. planifolia in Indonesia, but F. oxysporum
was the dominant species among those isolates, representing the 55.72% of the total (542
isolates) [12]. However, all Fox species analyzed in Indonesia were pathogenic, further
identified as Fov [12]. On the other hand, in Reunion Island, among 12 different Fusarium
species associated with vanilla, two were Fox, and only one pathogenic [31]. Although it
is true that most of these isolates are potentially pathogenic there are Fox isolates that do
not have the capacity to be pathogenic [32]. One of the main differences among patho-
genic Fox and endophytes are the colonization strategies. Is well documented that Fox
endophytes are mostly root and bark surface colonizers. Extensive colonization of the
root cortex and vasculature is generally restricted to pathogens, a property that correlates
with increased secretion of cell wall-degrading enzymes by these strains [33]. Pathogenic
strains can also enter and, to some extent, colonize the vascular vessels of a resistant host.

The main difference between Fox pathogenic and non-pathogenic strains is the
presence of supernumerary chromosomes. For example, the pathogenicity of Fol in to-
mato is directed by the presence of chromosome 14 [9], and there is evidence that hori-
zontal transfer between of this chromosome from a pathogenic isolate to an endophyte,
also transferring the pathogenic capability to the endophyte Fox [9, 34]. These chromo-
somes involved on the pathogenicity are characterized by a high content of transposable
elements and a low genetic density [9]. In Fol, the pathogenicity chromosome carries the
genes that encode putative effector proteins secreted by the pathogen in tomato xylem
sap after infection [35]. Some of these xylem secreted proteins, or SIX, have been fully
described in the pathosystem Fol-tomato as effectors that contribute to the infection, such
as Avr3, a small cysteine rich protein recognized by the plant and key for I-3 mediated
resistance in tomato [36]; Avr2, also known as SIX3, a virulence factor that triggers im-
munity in I-2 carrying tomato plants [37]; Avrl or SIX4, a small secreted protein found to
suppress the activity of two disease resistance genes of tomato [38]; and SIX6, an effector
that contributes to virulence and suppresses I-2 mediated cell death in tomato plants [39].
It is important to mention that most of these effectors were identified to be Fol strain
specific. To this day, none of these SIX proteins or similar effectors have been identified in
the genus of vanilla-related special forms. Therefore, some pathogenicity mechanisms
not dependent on these virulence factors have been suggested for Fov.

The synthesis of carbohydrates, as well as the production of sugars, alcohol and
organic acids are some of the most active metabolic pathways of Fox metabolism during
the germination process of conidia [40]. Indeed, our results showed that these pathways
are the most differentially expressed between endophytic Fox found in vanilla and Fov
infecting vanilla. The expression of genes related to the synthesis of carbohydrates, pro-
duction of alcohol and organic acids in the treatments with Fov was detected early and
late during the infection. We also showed the presence of transcripts related to carbohy-
drate metabolism, oxidative phosphorylation, glycolysis, and the pentose phosphate
pathway, metabolic pathways related to the germination of Fox conidia [41]. At2 dpi we
found the expression of genes coding hexokinase, trehalose 6-phosphate synthase, be-
ta-fructofuranosidase, neutral trehalase, murein transglycosylase, al-
pha-trehalose-phosphate synthase, trehalose 6-phosphate synthase, endoglucanase type
B, beta-glucosidase, glucoamylase, alpha-amylase, glycosyl hydrolase family, all corre-
sponding to the metabolism of starch and sucrose (Supplementary dataset 1 and 2). The
above is evidence of the use of an energy source during Fov infection in vanilla root,
which previous works have associated with the growth of hyphae in Fox during the
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germination of conidia, a biological process that is associated with the early stages of in-
fection.

At 10 dpi we found the following genes linked to the metabolism of starch and su-
crose highly expressed during Fov-vanilla interaction: beta-glucosidase, murein
transglycosylase, glucan 1,6-alpha-glucosidase, beta-glucosidase G, trehalase, be-
ta-glucosidase, alpha-glucosidase, endoglucanase, beta-glucosidase K, glycogen phos-
phorylase, endoglucanase, oligo-1,6-glucosidase, alpha alpha-trehalse, glucan
1,3-beta-glucosidase. In addition to the genes involved with glycolysis and gluconeo-
genesis: alcohol dehydrogenase (NADP +), aldehyde dehydrogenase (NAD +), pyruvate
decarboxylase, and aldose 1-epimerase. This shows the involvement of carbohydrate
metabolism in the late phase of Fov infection with vanilla.

The role of amino acid metabolism in plant-pathogen interaction and in the estab-
lishment of pathogenicity has been previously documented [42-46]. At 2 dpi and 10 dpi,
different genes related to amino acid biosynthesis were found expressed during
Fov-vanilla. It has been reported that the inhibition of amino acid biosynthesis has an an-
tifungal activity reducing Fox growth [47]. At 10 dpi we observed transcripts related to
arginine and proline metabolism such as glutamate 5-kinase; 1-pyrroline-5-carboxylate
dehydrogenase; ornithine aminotransferase; 1-pyrroline-5-carboxylate dehydrogenase;
N1-acetylpolyamine oxidase; N1-acetylpolyamine oxidase; amidase; ornithine decar-
boxylase; agmatine deiminase; and polyamine oxidase. In general, arginine and proline
metabolism has been associated with fungal pathogenicity, existing evidence that during
F. graminearum infection, these processes are active [48].

Protein metabolism is also key in the establishment of pathogenicity. We found at 2
dpi the presence of genes associated with the processing of proteins in the endoplasmic
reticulum, such as nuclear protein localization protein 4, protein disulfide-isomerase
erp38, translocation protein SEC63, protein transporter SEC23, and Dna]J-like subfamily
B. Also, in the treatment of 2 dpi we detected the presence of genes linked to proteolysis
mediated by ubiquitination in Fov transcriptome. These genes correspond to F-box and
WD-40 domain-containing proteins MET30 and CDC4, SUMO-conjugating enzyme ubc9,
ubiquitin-like 1-activating enzyme E1 B, and ubiquitin-conjugating enzyme E2 R. Re-
cently, numerous studies revealed that F-box proteins are required for fungal patho-
genicity [49]. The function of F-box proteins and their potential as part of the ubiqui-
tin-proteasome system has been reported in several fungal pathogens, including those
that cause human infections such as Cryptococcus neoformans and Candida albicans or plant
diseases such as Fusarium spp. and Magnaporthe oryzae [49]. Fusarium spp. F-box proteins
repertoire is larger than in yeast, with approximately 60-94 compared to around 20 in
Saccharomyces cerevisiae, C. albicans, or C. neoformans, suggesting that F-box proteins con-
tribute to the regulation of more complex developmental and metabolic processes occur-
ring in filamentous fungi [49].

Autophagy has been described as one of the main routes of cell traffic and recycling,
also playing a relevant role in pathogenesis [50]. It has been reported, through ge-
nome-wide analysis, that the wheat pathogen F. graminearum has 28 autophagy-related
genes, some necessary asexual and sexual differentiation [40]. At 2 dpi we found the
presence of genes involved with the autophagy overexpressed. Recently was found that
autophagy can affect the morphology, development, improvement, and pathogenicity of
Fox [51]. In the present work we found at 2 dpi genes related to the glycerophospholipid
metabolism pathway overexpressed like acetyltransferase, phosphatidylserine decar-
boxylase, phosphatidylserine decarboxylase, and ethanolamine-phosphate cytidyl-
yltransferase. During late infection, we found that more glycerophospholipid metabo-
lism pathways were overexpressed, pointing to their role on pathogenicity, in addition to
development. Lipid metabolism has such an important role for fungal development and
pathogenicity that has been suggested as a target for antifungal compounds [52].

The infection has been detailed described for F. oxysporum f. sp. lycopersici. Its path-
ogenic process is divided into four main events. It starts with the hyphae adhesion to the
plant surface, followed by the penetration of the plant structure which depends on biotic
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and environmental factors, considering that Fol is an opportunistic pathogen that needs
an injury to enter [53]. Once the fungus is established in the plant, the colonization pro-
cess will begin. The mycelium and spores advance towards xylem vessels causing co-
nidiation to start, for later being transported with the xylem sap through the plant. Fi-
nally, the pathogen causes the occlusion of xylem vessels and hydric stress by the accu-
mulation of mycelium and toxins leading to a variety of symptoms including vascular
wilt, abscission, chlorosis, and necrosis [54-57].

In vanilla, there exists few reports of F. oxysporum f. sp. radicis-vanillae affecting this
orchid. The symptoms start with the browning and death of underground and aerial
roots, continuing with wrinkles in leaves and stem and ending with the death of the
plant. The infection starts with the hyphae adhesion, a process that takes two days to
happen. After eight days the colonization of the roots is complete and the plant start to
exhibit the symptoms characteristics of the disease leading to the death [58, 59].

In this study we report at 2 dpi the expression of genes related to sporulation, fusaric
acid, necrosis, virulence and hypervirulence factors, explaining the beginning of conidia
germination and establishment of the infection. These pathogenesis-related genes act as
key players during this early plant-host interaction. In concordance, with progression of
plant colonization, the plants experiment softening of the root tissue as consequence of
fusarium wilt. These symptoms could be justified with the data shown at 10 dpi, where
we found the overexpression of genes related to conidiation, pathogenic effectors and
fusarinine in addition to those reported at 2 dpi. These are mainly linked to pathogenesis
and cell death, exhibiting a predominant necrotic behavior as reported in this formae spe-
cialis [59]. Based on the results, the possible pathogenic strategy of Fov was summarized
in figure 6.

Growing evidence supports the hypothesis that pathogenicity of FOSC relies on
transferable extra chromosomes and genes coding for Secreted in Xylem proteins also
known as SIX [34-36, 59]. Intriguingly, although we found the presence of pathogenicity
chromosomes and pathogenicity islands, we did not find SIX genes overexpressed dur-
ing Fov infection, suggesting a SIX-independent infection strategy.

Early stage of infection strategy of £ oxysporum f. sp. vanillae
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Conclusions

The bioinformatic analysis of Fov transcripts during the infection in V. planifolia re-
vealed that this formae specialis use different pathogenesis associated genes along this
process. Among them we must remark sporulation, conidiation, fusaric acid, necrosis,
pathogenic and virulence effectors as main molecular players. Events that are associated
with primary metabolism, carbohydrates, amino acid metabolism, autophagy, and sec-
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ondary metabolism. This study opens the door to better understanding the interaction
Fov-vanilla and to have clear targets for wet lab characterization. Another important
finding presented here was the identification of a pathogenicity component in Fov ge-
nome but not in endophytic Fox, which could be used as a molecular marker to detect
pathogenic Fov affecting vanilla or to monitor the soil and to avoid outbreaks. All these
should be explored in further studies. The results shown here highlight the key players
that confer the capacity to infect vanilla to the deadliest pathogen affecting this crop.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Dataset 1:
Metabolic routes, active by timepoint, Dataset 2: Genes overexpressed by timepoint, Table 1:
Fusarium oxysporum £. sp. vanillae reads filtered using Fol 4287 genome as reference, Table 2: Num-
ber of reads of each timepoint and reads shared between 2 and 10 dpi, Table 3: Hypervirulence and
virulence factors of Fov at 2 dpi, Table 4: Hypervirulence and virulence factors of Fov at 10 dpi,
Table 5: Sporulation of Fov at 2 dpi, Table 6: Necrosis/pathogenesis of Fov at 2 dpi, Table 7: Fusaric
acid production of Fov at 2 dpi, Table 8: Conidiation and sporulation of Fov at 10 dpi, Table 9: Ne-
crosis/pathogenesis of Fov at 10 dpi, and Table 10: Fusaric acid production of Fov at 10 dpi.
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