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SUMMARY

The initial interaction of a pathogenic fungus with its host is complex
and involves numerous metabolic pathways and regulatory proteins.
Considerable attention has been devoted to proteins that play a cru-
cial role in these interactions, with an emphasis on so-called effector
molecules that are secreted by the invading microbe to establish the
symbiosis. However, the contribution of other types of molecules,
such as glycans, is less well appreciated. Here, we present a random
genetic screen that enabled us to identify 58 novel candidate genes
that are involved in the pathogenic potential of the fungal pathogen
Verticillium dahliae, which causes vascular wilt diseases in over 200
dicotyledonous plant species, including economically important
crops. One of the candidate genes that was identified concerns a
putative biosynthetic gene involved in nucleotide sugar precursor
formation, as it encodes a putative nucleotide-rhamnose synthase/
epimerase-reductase (NRS/ER). This enzyme has homology to bacte-
rial enzymes involved in the biosynthesis of the nucleotide sugar
deoxy-thymidine diphosphate (dTDP)-rhamnose, a precursor of L-
rhamnose, which has been shown to be required for virulence in
several human pathogenic bacteria. Rhamnose is known to be a
minor cell wall glycan in fungi and has therefore not been suspected
as a crucial molecule in fungal-host interactions. Nevertheless, our
study shows that deletion of the VANRS/ER gene from the V. dahliae
genome results in complete loss of pathogenicity on tomato and
Nicotiana benthamiana plants, whereas vegetative growth and spor-
ulation are not affected. We demonstrate that VANRS/ER is a func-
tional enzyme in the biosynthesis of uridine diphosphate (UDP)-
rhamnose, and further analysis has revealed that VANRS/ER deletion
strains are impaired in the colonization of tomato roots. Collectively,
our results demonstrate that rhamnose, although only a minor cell
wall component, is essential for the pathogenicity of V. dahliae.
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INTRODUCTION

Vascular wilt diseases caused by soil-borne pathogens are
amongst the most devastating plant diseases worldwide. The fun-
gus Verticillium dahliae causes vascular wilt diseases in over 200
dicotyledonous plant species, including important crops, such as
eggplant, lettuce, olive, spinach and tomato (Fradin and Thomma,
2006; Klosterman et al, 2009). Triggered by root exudates, the
melanized resting structures, microsclerotia, germinate and pene-
trate the roots through the root tips, wounds or sites of lateral
root formation (Fradin and Thomma, 2006). After crossing the cor-
tex, the hyphae of the fungus grow into the xylem vessels. The
mycelium remains exclusively in these vessels and produces coni-
dia which are transported acropetally with the water flow in the
xylem throughout the plant. On senescence, microsclerotia are
produced that are released into the soil on tissue decomposition
(Wilhelm, 1955). Typical symptoms of plants infected with V. dah-
liae comprise stunting, wilting, chlorosis and vascular browning
(Pegg and Brady, 2002).

Verticillium wilt diseases are difficult to control because of the
longevity of the microsclerotia and the inability of fungicides to
eliminate the fungus once it has entered the xylem tissues of the
host plant (Fradin and Thomma, 2006; Wilhelm, 1955). Moreover,
crop rotation is ineffective because of the broad host range of
V. dahliae. The only effective control measure, soil fumigation, is
expensive and has harmful environmental effects (Rowe et al,
1987). As a consequence, genetic resistance is presently preferred
to control Verticillium wilt diseases. Importantly, Verticillium resist-
ance has been described in several plant species, including crops
(Bolek et al, 2005; Hayes et al, 2011; Schaible et al, 1951; Simko
et al, 2004). From tomato (Solanum lycopersicum), the Vel Verti-
cillium resistance gene has been cloned that mediates resistance
to race 1 strains of V. dahliae that express the secreted Ave1 effec-
tor (Fradin et al,, 2009; de Jonge et al,, 2012). Putative VeT ortho-
logues have been identified within and outside the Solanaceae
family, suggesting that Vel-mediated Verticillium resistance may
be widespread in plants (Thomma et al,, 2011). Interestingly, Avel
contributes to V. dahliae virulence on susceptible tomato plants,
and homologues occur in a handful of taxonomically unrelated
plant-pathogenic fungi (de Jonge et al, 2012).
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Various other virulence genes have been identified in V. dah-
liae, including members of the expanded LysM effector and NEP-
like (NLP) protein family (de Jonge et al, 2013; Klimes et al.,
2015; Klosterman et al,, 2011; Santhanam et al,, 2013). Further-
more, genome analysis has revealed the relative abundance of
particular families of cell wall-degrading enzymes (CWDEs) when
compared with other fungi (Klosterman et al, 2011). The impor-
tance of CWDEs during pathogenicity was demonstrated by the
disruption of the CWDE regulator VASNF1, which reduced V. dah-
liae virulence (Tzima et al, 2011). In addition, genes involved in
nitrogen and amino acid metabolism were found to be important
for establishment in the nutrient-poor vascular system (Singh
et al, 2010; Timpner et al, 2013). Finally, virulence genes have
been described that are also involved in stress tolerance (Klimes
etal., 2015).

The identification and subsequent characterization of novel
genes involved in disease establishment are of fundamental
importance to understand the interaction between V. dahliae and
its hosts, and to potentially design novel strategies for disease
control. An effective way to identify novel pathogenicity genes in
plant-pathogenic fungi is the use of random mutagenesis coupled
with a rapid technique to screen the mutants for phenotypes.
Agrobacterium tumefaciens is a Gram-negative soil bacterium
that can infect hosts as diverse as fungi, oomycetes and plants,
and can be used to randomly insert a transfer DNA (T-DNA) into
the host genome. Over recent years, A. tumefaciens-mediated
transformation (ATMT) has been used to identify genes involved
in disease development in various plant pathogens (Giesbert
et al, 2012; Huser et al, 2009; Jeon et al, 2007; Korn et al.,
2015; Maruthachalam et al, 2011; Michielse et al,, 2009; Munch
et al,, 2011; Ramos et al., 2013; Schumacher et al, 2014; Xu and
Chen, 2013). In this study, we report the identification of pathoge-
nicity and virulence genes in V. dahliae through ATMT. A collec-
tion of 900 transformants of V. dahliae was generated and tested
for reduced disease development on susceptible tomato plants.
We subsequently studied one of the candidates in detail, a gene
that putatively encodes a biosynthetic gene involved in nucleotide
sugar precursor formation, to reveal its role in pathogenicity.

RESULTS

Identification of random V. dahliae transformants
affected in aggressiveness

In this study, we generated 900 random T-DNA insertion mutants
of V. dahliae by transforming conidiospores through ATMT. All
transformants were assessed for reduced potential to cause dis-
ease on tomato seedlings by root-dip inoculation and scored for
typical disease symptoms, including stunting, wilting, chlorosis
and necrosis, for up to 14 days post-inoculation (dpi). Seedlings
that exhibited reduced Verticillium wilt symptoms when compared

with plants inoculated with wild-type V. dahliae were selected,
and the corresponding V. dahliae mutants were retained for
rescreening, leading to a set of 200 transformants. Subsequently,
after calibration of the conidial concentration in the inoculum to
108 conidia/mL, all 200 transformants were reassessed for com-
promised ability to cause wilt disease on tomato plants for up to
21 dpi. Eventually, 80 transformants showed a reproducible defect
in disease development when compared with the wild-type pro-
genitor strain (Fig. 1).

Isolation of T-DNA flanking regions in selected
V. dahliae transformants

Inverse polymerase chain reaction (iPCR) was carried out on the
80 selected transformants to determine the T-DNA insertion sites.
The genomic borders flanking the T-DNA were amplified,
sequenced and the resulting sequences were queried against the
V. dahliae genome (Faino et al.,, 2015). In this manner, sequences
flanking the T-DNA were determined for 65 mutants, whereas T-
DNA flanking regions repeatedly could not be amplified from any
of the borders of the remaining 15 mutants. Of the 65 flanking
sequences, 12 sequences corresponded to the backbone of the
vector that was used for ATMT, whereas 10 sequences could not
unambiguously be assigned to a single genomic location. The
remaining 43 sequences resulted in single genomic hits, allowing
the determination of T-DNA integration sites. In total, 14 inser-
tions were found within predicted open reading frames (ORFs;
Table 1), of which two transformants carried an insertion in the
same ORF, whereas the remaining 29 insertions occurred in non-
coding regions. For these 29 insertions, the predicted genes flank-
ing the T-DNA were identified. In one case, we found that, for
two transformants, the T-DNA was integrated into the same non-
coding region, albeit at a slightly different location, resulting in
the identification of the same flanking genes. In another case, the
same candidate gene was identified twice in two transformants
as a result of an insertion upstream and downstream of the gene.
One flanking gene was only identified at 55,077 bp from the
insertion site, for which we disqualified it as a candidate gene. In
total, this resulted in the identification of 55 candidate genes from
the 29 mutants with insertions in non-coding regions.

In order to try to determine which of the two genes flanking a
particular insertion site in the non-coding region is likely to cause
reduced disease development, in planta expression of the flanking
genes was assessed making use of previously generated RNAseq
data of V. dahliae-inoculated Nicotiana benthamiana plants (Faino
etal, 2012; de Jonge et al,, 2012). For 10 insertions, this revealed
that only one of the two flanking genes is expressed during infec-
tion, disqualifying the 10 candidate genes that are not expressed.
Thus, 45 candidate genes were considered from mutants with an
insertion in the non-coding region and 13 candidate genes were
identified from mutants with an insertion in the ORF (Table 1).
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Fig. 1 Typical assay to identify
transformants with reduced
pathogenicity or virulence. Ten-
day-old tomato seedlings were
mock inoculated (M) or inoculated
with conidiospores of wild-type
Verticillium dahliae (WT) or
random T-DNA insertion mutants.
At 21 days post-inoculation, the
plants were scored for disease
development by comparing plants M
inoculated with wild-type V.

dahliae with those inoculated with

the T-DNA insertion mutants. The

sides (top) and tops (bottom) of

plants inoculated with five T-DNA

insertion mutants that are

impaired in aggressiveness are

shown.

Subsequently, the 58 candidate genes were queried against the
pathogen—host interaction (PHI) database that contains experi-
mentally verified pathogenicity and virulence factors of plant and
animal pathogens (Winnenburg et al, 2006, 2008); this resulted
in the identification of homologues (E < 107°) for only 19 of the
58 candidate genes (Table 2).

Analysis of a T-DNA insertion site links VANRS/ER to
virulence

In random mutant 389, the T-DNA was integrated 56 bp
upstream of the coding sequence (CDS) of a nucleotide-rhamnose
synthase/epimerase-reductase (NRS/ER) homologue VDAG_06010
(Table 1; Klosterman et al, 2011), which corresponds to
VDAG_JR2_Chr7g02960 in the V. dahliae JR2 assembly
deposited at http://fungi.ensembl.org/ (Faino et al, 2015). The
first CDS downstream of the T-DNA insertion site is found only at
2.4 kb, encoding a squalene synthetase (VDAG_06011 or
VDAG_JR2_Chr7¢g02950), an enzyme that has been implicated in
sterol and triterpene biosynthesis. However, considering the dis-
tance between the T-DNA insertion and the CDS of this gene, it is
unlikely that it is affected and causal to the reduced pathogenicity
phenotype of the RM-389 mutant. To assess whether any genes
had been overlooked by the automated gene prediction in the
region between the T-DNA insertion and the squalene synthetase
CDS, RNAseq reads from V. dahliae-inoculated N. benthamiana
(Faino et al., 2012; de Jonge et al,, 2012) were queried. However,
no reads were found to map to this region, suggesting that no in
planta transcribed genes reside in this region. Finally, with real-
time PCR on genomic DNA, using the single copy Avel gene as a
reference (de Jonge et al, 2012), it was determined that only a
single T-DNA insertion was present in the genome of the RM-389
mutant.

WT SD-133 416
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444-a 417 540

random mutants

Verticillium dahliae NRS/ER (VANRS/ER) shows weak (17%)
amino acid sequence similarity to the Salmonella enterica deoxy-
thymidine diphosphate (dTDP)-rhamnose biosynthesis component
rmID, a bacterial protein involved in the last step in the conversion
of dTDP-glucose to dTDP-rhamnose. In bacteria, the nucleotide
sugar dTDP-rhamnose is the precursor that facilitates the incorpo-
ration of L-rhamnose into glycan, which has been implicated in
the virulence of pathogenic bacteria such as Salmonella enterica,
Vibrio cholerae and Streptococcus mutans (Giraud et al., 2000).
Thus, considering all of the above, functional analysis of the
VANRS/ER gene was pursued.

VdNRS/ER is required for V. dahliae pathogenicity

Assessment of VANRS/ER expression on various growth media
(potato dextrose broth, Czapek-Dox, Murashige and Skoog
medium) revealed that the gene is expressed under these condi-
tions (data not shown). Targeted replacement of VdNRS/ER by a
hygromycin resistance cassette through homologous recombina-
tion was pursued in wild-type V. dahliae. Several independent
VANRS/ER deletion strains were obtained, two of which (A6070-1
and A6010-2) were used for further analysis (Fig. S1, see Support-
ing Information). To assess the role of VANRS/ER in V. dahliae
vegetative growth and conidiospore production, radial growth
and sporulation of the VANRS/ER deletion strains on potato dex-
trose agar were assessed, together with the random mutant (RM-
389) and an ectopic transformant with a random T-DNA insertion
outside of the VANRS/ER gene. This analysis showed that growth
and conidiation were not markedly affected on VANRS/ER deletion
(Fig. 2).

Subsequently, the role of VANRS/ER in V. dahliae pathogenicity
was addressed. To this end, the expression of VANRS/ER was
assessed in wild-type V. dahliae during infection of tomato plants
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Table 2 Homologues identified in the pathogen—host interaction (PHI) database among the 58 potential Verticillium dahliae pathogenicity genes.

0Old locus* New locust Annotation E-value Accession
VDAG_00839 VDAG_JR2_Chr1g01780 Transcription initiation factor tfiid subunit 12 7E-19 PHI:2168
VDAG_00844 VDAG_JR2_Chr1g01830 Exosome complex exonuclease 5E-12 PHI:3472
VDAG_01461 VDAG_JR2_Chr1g08260 Ring finger protein 2E-09 PHI: 1393
VDAG_00500 VDAG_JR2_Chr1g19180 Carboxypeptidase D 4E-55 PHI:901
VDAG_09440 VDAG_JR2_Chr2g01470 SGT-1-like protein 1E-156 PHI:1615
VDAG_09439 VDAG_JR2_Chr2g01480 SMC N-terminal-containing protein 2E-10 PHI:359
VDAG_02343 VDAG_JR2_Chr2g01760 Cell wall glucanase 9E-30 PHI:816
VDAG_02014 VDAG_JR2_Chr2g05250 Myb-like DNA-binding protein 1E-105 PHI: 1540
VDAG_01960 VDAG_JR2_Chr2g05800 KH domain containing protein 3E-22 PHI: 1662
VDAG_04427 VDAG_JR2_Chr3g02040 AGC/AKT protein kinase 0E+00 PHI:3131
VDAG_07704 VDAG_JR2_Chr4g00580 Pathway-specific nitrogen regulator 0E+00 PHI: 1960
VDAG_07012 VDAG_JR2_Chrdg05740 Fungal-specific transcription factor 0E+00 PHI:1954
VDAG_09008 VDAG_JR2_Chr4g08550 Zinc-binding dehydrogenase 7E-13 PHI:2895
VDAG_07314 VDAG_JR2_Chr4g10770 Copper amine oxidase 1 1E-106 PHI:2171
VDAG_09301 VDAG_JR2_Chr5g03950 Potassium sodium efflux p-type fungal type 0E+00 PHI:2098
VDAG_04591 VDAG_JR2_Chr6g07500 Calmodulin 4E-20 PHI:2640
VDAG_06253 VDAG_JR2_Chr7g00300 Cyclic nucleotide-binding protein 2E-10 PHI:372
VDAG_10193 VDAG_JR2_Chr7g10450 Cellulose-binding family I 6E-13 PHI:2388
VDAG_10191 VDAG_JR2_Chr7g10470 Methyltransferase 9E-40 PHI:2315

*Locus corresponds to the V. dahliae strain VdLs.17 assembly deposited at http://genome.jgi.doe.gov/programs/fungi/ (Klosterman et al., 2011).
tLocus corresponds to the V. dahliae strain JR2 assembly deposited at http:/fungi.ensembl.org/ (Faino et al., 2015).

$PHI database accession.
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Fig. 2 Targeted deletion of VANRS/ER (NRS/ER, nucleotide-rhamnose
synthase/epimerase-reductase) does not impair growth and conidiogenesis.
(A) Radial growth and colony morphology of wild-type Verticillium dahliae
(WT), random transformant RM-389, an ectopic transformant (EC) and two
VANRS/ER deletion strains (A6070-1 and A6070-2) after 7 days of incubation
on potato dextrose agar (PDA) medium at 22°C. (B) Average number of
conidia produced after 7 days of growth on PDA medium based on two
independent experiments. Letters indicate significant differences (P < 0.05)
calculated using Student's t-test.

in a time course harvested at regular intervals after inoculation,
showing that VANRS/ER is induced during in planta growth with a
peak in expression at around 12 dpi (Fig. 3). Subsequently, the
VANRS/ER deletion strains were inoculated on tomato plants,
alongside the random mutant (RM-389) and an ectopic transform-
ant, to investigate the role of VANRS/ER in fungal virulence.
Although inoculation of the plants with the wild-type V. dahliae
strain and the ectopic transformant resulted in the development
of symptoms of Verticillium wilt disease that included stunting of
the plants and wilting, inoculation with RM-398 or the VANRS/ER
deletion strains did not result in disease development (Fig. 4A).
The absence of disease symptoms was confirmed by measuring
the surface area of the foliage of the plants that were inoculated
with the various fungal strains. Plants that were inoculated with
VANRS/ER deletion strains developed similar foliage (canopy)
areas to mock-inoculated plants and plants inoculated with RM-
389 (Fig. 5A). In contrast, less foliage developed in plants that
were inoculated with the wild-type V. dahliae strain and the
ectopic transformant (Fig. 5A). Thus, we conclude that VdNRS/ER
is crucial for disease development by V. dahliae. To assess
whether VANRS/ER deletion strains retained the capability to colo-
nize tomato plants, fungal outgrowth assays were performed by
plating of stem sections harvested from the hypocotyls of the ino-
culated plants. Interestingly, although the ectopic transformants
and the wild-type strain extensively colonized the stems of tomato
plants, no outgrowth was observed for the VANRS/ER deletion
strains and RM-389, demonstrating that these genotypes were
not able to colonize the xylem vessels of the inoculated tomato
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Fig. 3 Expression of VANRS/ER (NRS/ER, nucleotide-rhamnose synthase/
epimerase-reductase) during infection of Verticillium dahliae on tomato.
Ten-day-old tomato (Solanum lycopersicum) cultivar MoneyMaker plants
were root inoculated with V. dahliae, and plants were harvested at regular
intervals from 4 to 16 days post-inoculation (dpi). After RNA isolation and
cDNA synthesis, real-time polymerase chain reaction was performed

to determine the relative expression levels of VA@NRS/ER using the

V. dahliae elongation factor 1-a gene as a reference. Expression at 4 dpi is
set to unity.

plants (Fig. 4A). The absence of tomato colonization by VANRS/ER
deletion strains was confirmed by real-time PCR quantification of
the fungal biomass (Fig. 5B). Importantly, pathogenicity was
restored on complementation of the VJNRS/ER deletion strains
with a genomic construct containing the wild-type VANRS/ER
locus (Fig. S2, see Supporting Information). Thus, it can be con-
cluded that VANRS/ER is required for pathogenicity on tomato.

A M

Fig. 4 VdNRS/ER (NRS/ER, nucleotide-
rhamnose synthase/epimerase-reductase) is
required for pathogenicity of Verticillium
dahliae on tomato and Nicotiana
benthamiana. (A) Top and side views of
tomato cultivar MoneyMaker plants that
were mock inoculated (M) or inoculated
with wild-type V. dahliae (WT), random
transformant RM-389, an ectopic
transformant (EC) and two VdNRS/ER
deletion strains (A6070-1 and A6010-2)
at 14 days post-inoculation (dpi). Fungal
outgrowth at 7 days after plating of stem
sections harvested at 14 dpi is shown at
the bottom of the panel. (B) Top and side
views of N. benthamiana plants inoculated
as specified for (A).
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Collectively, our findings thus suggest that the T-DNA insertion 56
bp upstream of VDAG_06010 in random mutant 389 impaired the
function of this gene, probably by impairing its expression
in planta. However, as this mutant was no longer able to colonize
tomato plants, the absence of gene expression during attempted
host colonization could not be assessed.

To investigate whether the observed role of VANRS/ER in path-
ogenicity is confined to tomato only, or also extends to other host
species, we tested the pathogenicity of the VANRS/ER deletion
strains on the solanaceous model plant N. benthamiana. Similar
to tomato, targeted deletion of VANRS/ER resulted in compro-
mised pathogenicity, as these plants remained devoid of Verticil-
lium wilt symptoms (Fig. 4B). Again, loss of pathogenicity was
confirmed by measurement of the canopy surface area (Fig. 5C)
and by real-time PCR quantification of fungal biomass (Fig. 5D).

Absence of VANRS/ER variation in a collection
of V. dahliae strains

Allelic variation can be a sign of selection pressure and adapta-
tion. To analyse potential VANRS/ER diversity, we mined the
genomes of 39 sequenced V. dahliae strains for the VANRS/ER
gene sequence (de Jonge et al, 2012) (L. Faino and B. P. H. J.
Thomma, unpublished data). Intriguingly, only two single nucleo-
tide polymorphisms (SNPs) were identified in two strains, each at
a different position and both resulting in a synonymous substitu-
tion that does not affect the sequence of the encoded protein. We
thus conclude that these substitutions do not affect the function
of VANRS/ER.

WT RM-389 EC

A6010-1 A6010-2
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Fig. 5 VANRS/ER (NRS/ER, nucleotide-rhamnose synthase/epimerase-
reductase) is required for pathogenicity of Verticillium dahliae on tomato and
Nicotiana benthamiana. Average canopy area of six tomato plants (A) and
real-time polymerase chain reaction (PCR) quantification of fungal biomass
(B) at 14 days after mock inoculation (mock) or inoculation with wild-type
Verticillium dahliae (WT), random transformant (RM-389), an ectopic
transformant (EC) and two VANRS/ER deletion strains (A6070-1 and A6010-
2). Different letters indicate significant differences (P < 0.05). Average canopy
area of six N. benthamiana plants (C) and real-time PCR quantification of
fungal biomass (D) on inoculation as specified for (A) and (B).

VANRS/ER is not required for cell wall integrity
and osmotic stress resistance

To examine the role of VANRS/ER in cell wall integrity and osmotic
stress resistance, the random mutant (RM-389), VANRS/ER dele-
tion strains and ectopic transformant were grown on minimal
agar medium supplemented with mannitol, sodium chloride, sorbi-
tol or Congo red. After 7 days of growth, the colony diameter was
measured, showing that mutant and wild-type strains were
equally sensitive to the cell wall stress reagents (Fig. 6). These
findings suggest that VANRS/ER is not involved in cell wall integ-
rity or osmotic stress resistance during mycelium development.

VANRS/ER is required for tomato root colonization

To examine the role of VANRS/ER in the initial stages of V. dahliae
infection, the roots of 10-day-old tomato plants grown in a hydro-
ponic solution were inoculated with conidiospores of the random
mutant (RM-389), the VANRS/ER deletion strains and the ectopic
transformant. After 5 days of incubation, the tomato roots were
inspected using a binocular microscope. Our data show that wild-
type spores efficiently attached to the root surface, resulting in
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Fig. 6 Targeted deletion of VANRS/ER (NRS/ER, nucleotide-rhamnose
synthase/epimerase-reductase) does not affect cell wall integrity and osmotic
stress resistance. Stress sensitivity assays were performed by placing a 5-pL
droplet (108 conidia/mL) of wild-type Verticillium dahliae (WT), an ectopic
transformant (EC) and two VANRS/ER deletion strains (A6070-1 and A6010-
2) on Czapek-Dox medium (C) or Czapek-Dox medium supplemented with
Congo red (250 mwm, 500 mw, 750 mm and 1 m), NaCl (250 mwm, 500 mw,
750 mm and 1 m), mannitol (250 mv, 500 mu, 750 mm and 1 w) or sorbitol
(300 mm, 600 mwm, 900 mm and 1.2 m). The colony diameter was measured
after 7 days of incubation at 22°C.

extensive fungal growth on the tomato roots (Fig. 7A). In contrast,
little fungal growth was observed on roots inoculated with the
random mutant (RM-389) or the VANRS/ER deletion strains (Fig.
7A). The reduced fungal biomass of the random mutant (RM-389)
and the VANRS/ER deletion strains on the tomato roots was con-
firmed by quantitative PCR (Fig. 7B). Collectively, these data show
that VANRS/ER functions to contribute to successful colonization
of roots by V. dahliae, potentially through root attachment.

VdNRS/ER is a functional enzyme that converts
uridine diphosphate-4-keto-6-deoxy-glucose
(UDP-KDG) to UDP-rhamnose

To examine whether VANRS/ER is involved in the biosynthesis of
UDP-rhamnose and to determine whether this activated sugar is
the precursor for the synthesis of rhamnose-containing glycan, we
examined the polysaccharide composition of V. dahliae grown
in vitro. As mentioned previously, VANRS/ER is expressed under
various in vitro conditions. Thus, polysaccharides were extracted
from conidiospores of wild-type V. dahliae, the VANRS/ER deletion
strain and the complementation strain, and analysed by gas
chromatography-mass spectrometry (GC-MS). In the samples
derived from wild-type V. dahliae and the complementation strain,
a peak was detected that corresponds to rhamnose, which was
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Fig. 7 VANRS/ER (NRS/ER, nucleotide-rhamnose synthase/epimerase-
reductase) is required for the colonization of tomato roots. Roots of 10-day-
old tomato cultivar MoneyMaker seedlings were immersed in one-fifth potato
dextrose broth (PDB) containing 10° conidia/mL of wild-type Verticillium
dahliae (WT), random transformant (RM-389), an ectopic transformant (EC)
and two VANRS/ER deletion strains (A60710-1 and A60710-2) for 72-96 h. (A)
Roots were rinsed with water and photographed under a microscope. (B)
Real-time polymerase chain reaction quantification of fungal biomass on the
roots. Different letters indicate significant differences (P < 0.05).

absent in the VANRS/ER deletion strain (Fig. 8). This finding con-
firms that VANRS/ER is involved in rhamnose biosynthesis.

If rhamnose-containing glycans play a role during the early
stages of host colonization, such as the attachment of conidio-
spores to the root, we anticipate that such glycans should be pro-
duced during conidiospore germination. Therefore, we determined
the sugar composition of germinating conidiospores. Indeed, the
sample derived from wild-type V. dahliae comprised a clear rham-
nose peak (Fig. 9A,B) that was absent in samples from the
VANRS/ER deletion strain (Fig. 9C). Taken together, these results
indicate that VANRS/ER plays a role in the formation of rhamnose-
containing glycan in germinating conidiospores during the early
stages of host colonization.

In contrast with bacteria that produce dTDP-rhamnose in a
three-step pathway, plants follow a two-step pathway to synthe-
size UDP-rhamnose (Oka et al, 2007; Watt et al, 2004). The
genes involved in UDP-rhamnose production have also been iden-
tified recently in other fungi, including the rice pathogen Magna-
porthe oryzae and the broad-host-range pathogen Botrytis cinerea
(Martinez et al., 2012). In B. cinerea, UDP-glucose is converted by
a 4,6-dehydratase (BfDh) into an intermediate UDP-KDG that is
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subsequently converted by a bifunctional 3,5-epimerase/4-reduc-
tase (BfER, i.e. NRS/ER) into UDP-rhamnose (Martinez et al,
2012). Thus, we examined whether VANRS/ER, like BfER, is a
functional enzyme that can convert UDP-KDG to UDP-rhamnose.
To this end, the dual enzyme activities of recombinant VANRS/ER
and BfDh were analysed by liquid chromatography-mass spec-
trometry (LC-MS) using UDP-glucose (UDP-Glc) as a substrate
(Martinez et al,, 2012). The first enzyme in the pathway is capable
of converting UDP-Glc to UDP-KDG (Fig. 10B,D), as expected, and,
with the addition of NRS/ER activity (VANRS/ER), UDP-KDG was
converted to UDP-rhamnose (Fig. 10C). The authenticity of
UDP-rhamnose was determined by its elution and by its mass and
MS/MS ion fragmentation (see inset in Fig. 10C). The enzyme
activity of recombinant VANRS/ER unambiguously shows that
VANRS/ER is a bifunctional enzyme with 3,5-epimerase and 4-
reductase activities (Fig. 10E). Thus, we conclude that deletion of
VANRS/ER contributed to the loss of UDP-rhamnose formation and
the lack of rhamnose-containing glycans during spore germination
and the early stages of infection.

DISCUSSION

Rhamnose is found in a variety of fungal glycoproteins and exopo-
lysaccharides, such as rhamnomannans. In our study, on a random
mutant library generated in the vascular wilt fungus V. dahliae,
we show, for the first time, that rhamnose-containing macromole-
cules are required for fungal pathogenicity through their contribu-
tion to the colonization of tomato roots. In random mutant 389,
the T-DNA was integrated 56 bp upstream of the coding region of
a putative NRS/ER. Our biochemical analyses of cell wall polysac-
charides (Figs 8 and 9) and enzyme activity (Fig. 10C) confirm
that VANRS/ER is involved in UDP-rhamnose biosynthesis and
show that this activated sugar is the precursor for rhamnose-
containing glycan.

VANRS/ER shows similarity to the bacterial rmID substrate-
binding domain, which is involved in the biosynthesis of dTDP-
rhamnose. In Gram-negative bacteria, such as Salmonella enter-
ica, Vibrio cholerae or Escherichia coli, L-rhamnose is an important
residue in the O-antigen of lipopolysaccharides, which are essen-
tial for serum resistance and intestinal colonization (Chiang and
Mekalanos, 1999). In mycobacteria, such as Mycobacterium tuber-
culosis, L-thamnose maintains the structural integrity of the cell
wall through connection of the inner peptidoglycan layer to the
arabinogalactan polysaccharides (Giraud et al,, 2000). Moreover,
disruption of dTDP-rhamnose biosynthesis in the plant growth-
promoting rhizobacteria Azospirillum brasilense and Azorhizobium
caulinodans results in reduced root attachment and colonization
(Gao et al, 2001; Jofré et al, 2004). Furthermore, work on the
foliar pathogen Colletotrichum graminicola, the causal agent of
stalk rot of cereals and anthracnose of maize, has revealed the
secretion of mucilaginous matrix by the fungus to promote the
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survival of fungal spores, the major component of which appeared
to be high-molecular-weight glycoproteins containing rhamnose
and mannose oligomers (Ramadoss et al, 1985). Subsequently,
this matrix was proposed to allow for the rapid adhesion of even
ungerminated conidia to the hydrophobic plant surface to ensure
germination and appressorium formation and the establishment
of an infection court (Nicholson and Kunoh, 1995). Interestingly,
further rhamnose-containing extracellular matrix is released on
germ tube elongation to surround the hyphae and extend
between them (Sugui et al, 1999). Finally, a recent study has
identified two genes encoding UDP-4,6-glucose dehydratase
(UG4,6-Dh) and  UDP-4-keto-6-deoxyglucose-3,5-epimerase-4-
reductase (UDP4k6dG-ER) enzymes from M. oryzae and B. cinerea
involved in UDP-rhamnose formation, although their contribution

to pathogenicity was not investigated (Martinez et al, 2012).
Based on our study, however, strong evidence is presented that
fungal UG4,6-Dh and U4k6dG-ER enzymes are involved in the for-
mation of UDP-rhamnose, which is incorporated into rhamnose-
containing polysaccharides that are crucial for fungal pathogenic-
ity. Interestingly, the plant colonization-associated phenotypes
observed thus far in our study and in those of others concern
adhesion to various plant tissues, including roots, foliage and
probably even the interior of xylem vessels, as V. dahliae is known
to spread throughout the xylem by producing conidiospores that
are carried with the water stream and that germinate once
trapped, for instance at vessel ends (Fradin and Thomma, 2006).
Arguably, the surfaces encountered under these conditions are
highly divergent, for instance with respect to hydrophobicity, but
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Fig. 9 Uridine diphosphate (UDP)-rhamnose is produced in germinating
conidiospores. Gas chromatography-mass spectrometry (GC-MS) analysis of
alditol acetate derivatives of the glycosyl residues from germinating
conidiospore polysaccharides. (A) Total ion count chromatogram of alditol
acetate-derived standard rhamnose (Rha). (B) Polysaccharides of
conidiospores from wild-type Verticillium dahliae (WT) display a peak with the
same retention time as the rhamnose standard. (C) VANRS/ER (NRS/ER,
nucleotide-rhamnose synthase/epimerase-reductase) deletion strain (A6070-1)
does not display a rhamnose peak. Other peaks in the chromatogram
correspond to ribose (Rib), arabinose (Ara) and xylose (Xyl). Asterisks indicate
unidentified compounds that are not sugars.

also with respect to chemical composition. However, a full under-
standing of how rhamnose-containing macromolecules contribute
to plant surface adhesion requires the identification of the
rhamnose-containing macromolecules that are produced by the
various plant-associated microbes, and their potential molecular
targets in the various host plants.

Here, we have shown that targeted deletion of VANRS/ER con-
tributes to the loss of V. dahliae pathogenicity on various host
plants. The role of rhamnose-containing macromolecules in cell wall
integrity and oxidative stress tolerance in fungi is largely unknown.
VANRS/ER deletion strains were able to grow and sporulate without
any visible defects, suggesting that rhamnose-containing glycans,
such as glycoproteins, polysaccharides or exopolysaccharides, are
not essential for vegetative growth or sporulation despite the obser-
vation that VANRS/ER is expressed on growth in vitro. In addition,
the growth rate of VANRS/ER knockout mutants was not affected in
the presence of inducers of cell wall stress and osmotic stress, sug-
gesting that the rhamnose-containing glycans are not involved in
functional cell wall structure and osmotic stress tolerance.

Based on the findings reported in this study, we propose a
model to explain the contribution of UDP-rhamnose to the virulence
of V. dahliae during infection on host plants. In the cytoplasm, UDP-
glucose is converted into UDP-rhamnose in two steps using
VdUG4,6-Dh and VANRS/ER. The rhamnose of UDP-rhamnose is
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then transferred to glycan(s). The nature of these glycans remains
unknown, but they consist of NaOH-solubilized cell wall polysaccha-
rides and, potentially, glycoproteins. Presently, we cannot exclude
the possibility that the rhamnose-containing polysaccharide is not
an extracellular polysaccharide (EPS), as shown to be the case in B.
cinerea. We propose that the rhamnose-containing glycan, pro-
duced during spore germination, plays a role in the attachment of
spores to the root surface, which results in successful colonization
of host plants. During host colonization, conidiospores are produced
by V. dahliae in the xylem to facilitate the spread of the fungus
throughout the host plant (Fradin and Thomma, 2006). Arguably,
rhamnose then acts to facilitate conidiospore attachment to vessel
ends and vessel walls in order to facilitate penetration into the next
vessel elements. Thus, the production of conidiospores and subse-
quent germination is an ongoing process in repetitive cycles during
disease progression, requiring continuous rhamnose biosynthesis.
As VANRS/ER deletion strains are unable to synthesize UDP-
rhamnose and unable to cause disease, inhibitors of UDP-rhamnose
synthesis may result in impaired pathogenicity and could present a
novel strategy for disease control.

EXPERIMENTAL PROCEDURES

Agrobacterium tumefaciens-mediated transformation
(ATMT)

The binary vector (pBHt2) harbouring the hygromycin B resistance gene
(hph) under the control of the Aspergillus nidulans trpC promoter was
used for ATMT (Mullins et al, 2001). This vector was introduced to
A. tumefaciens strain SK1044 to transform conidia of race 1 V. dahliae
strain JR2, as described previously (Faino et al, 2015; Santhanam, 2012).
Briefly, A. tumefaciens was grown at 28 °C for 2 days in minimal medium
supplemented with kanamycin (25 pg/mL). The A. tumefaciens cells were
diluted to an optical density at 600 nm (ODgqo) of 0.15 in induction
medium (IM), supplemented with 200 pm acetosyringone (AS). The cells
were grown for an additional 6 h before mixing them with an equal vol-
ume of V. dahliae conidiospore suspension (10° conidia/mL); 200 uL of
this mixture was plated onto a Hybond-N" filter placed on IM supple-
mented with 200 um AS. The plates were incubated in the dark at room
temperature for 48 h after which the filter was transferred onto a selection
plate [potato dextrose agar (PDA) supplemented with 50 pg/mL of
hygromycin B and 200 uwm of cefotaxime]. After 10-14 days, individual
transformants were transferred to 24-well culture plates containing 1 mL
of selection medium and incubated for 7-10 days. Spores from these cul-
tures were stored in 30% glycerol at —80 °C until further analysis.

Plant inoculations

Pathogenicity assays were performed as described previously (Santhanam
and Thomma, 2013). Briefly, individual transformants were subcultured in
six-well culture plates for 7-10 days. Subsequently, 10 glass beads
(~3 mm) and 3 mL of tap water were added to each of the wells and the
plates were sealed. The conidiospores were released by shaking the plates
for 15 min at 200 rpm on a reciprocal shaker, after which the sealant was
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UDP-L-Rha

removed. The roots of 10-day-old tomato (Solanum lycopersicum cv. Mon-
eyMaker) seedlings were rinsed in water and dipped into the conidiospore
suspension for 5 min. Seedlings were replanted in soil and scored for
symptom development (wilting and stunting) up to 14 days. Seedlings
that exhibited reduced Verticillium wilt symptoms when compared with
wild-type V. dahliae-inoculated plants were identified and the correspond-
ing mutants were retained for rescreening.

During rescreening, the infection assay was carried out essentially as
described above, with the modification that the conidiospore concentra-
tion of the transformants was calibrated to 10° conidiospores/mL. The
rescreening was repeated at least twice for each of the mutants that were
retained in the initial screen.
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Identification of T-DNA insertion sites

Genomic sequences flanking the T-DNA were isolated from the selected
transformants with iPCR, as described previously (Meng et al, 2007;
Santhanam, 2012). Essentially, 500 ng of genomic DNA were digested
overnight with Mspl or Ncol and heat-inactivated at 65 °C for 20 min. Sub-
sequently, 50 pL of ligation mix (10 uL of 10 X T4 DNA ligase buffer,
5 units of T4 DNA ligase and 38 uL of H,0) were added and incubated
overnight at 15 °C. Next, the DNA was precipitated and dissolved in 50 pL
of demineralized water. The genomic region flanking the T-DNA was
amplified in 50 pL of reaction mix using 2 pL of ligation product, 1 pL of
each primer (Table S1, see Supporting Information), 1 X PCR buffer,
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0.6 pL of deoxynucleoside triphosphate (dNTP) mix (10 mm), 0.8 units of
GO Taq DNA polymerase and 35.25 pL of water. The cycling conditions
consisted of one cycle for 2 min at 94°C, 35 cycles of 30 s at 94°C, 30 s
at 55°C and 3 min at 72°C, and a final extension step for 10 min at
72°C. PCR products were purified and sequenced. The sequences
obtained were used as query to slasT against the V. dahliae genome
(http:/fungi.ensembl.org/Verticillium_dahliaejr2/Info/Index) (Faino et al.,
2015).

Targeted mutagenesis and complementation

To generate a VdANRS/ER deletion construct, sequences flanking the
VANRS/ER CDS were amplified from genomic DNA of V. dahliae strain JR2
using the primers KO-6010-LF with KO-6010-LR to amplify the left border,
and KO-6010-RF with KO-6010-RR to amplify the right border, respectively
(Table S1). The resulting amplicons were cloned into pRF-HU2 as
described previously (Frandsen et al., 2008). ATMT of V. dahliae was per-
formed as described previously (Santhanam, 2012), and transformants
were selected on PDA supplemented with 200 pg/mL of cefotaxime
(Duchefa, Haarlem, the Netherlands) and 50 pg/mL of hygromycin (Duch-
efa). Homologous recombination was verified by PCR.

To generate a VANRS/ER complementation construct, a 2404-bp EcoRl/
Pad fragment containing the VDAG_06010 (VDAG_JR2_Chr7g02960)
CDS, with 1000-bp upstream and 450-bp downstream sequences, was
amplified from V. dahliae strain JR2 genomic DNA, and cloned into binary
vector pBT081 (Houterman et al., 2008). Complementation transformants
were selected on PDA supplemented with 200 pg/mL of cefotaxime and
100 pg/mL of phleomycin (InvivoGen, San Diego, CA, USA).

Growth, conidiogenesis and stress assays

Radial growth was monitored by placing a 2-uL droplet of a conidial sus-
pension of 10° conidiospores/mL in the centre of PDA or Czapek-Dox
medium, incubated at 22 °C and the colony diameter was measured after
10 days. For the quantification of conidiospore production, 5 mL of water
were added to the culture and a conidial suspension was prepared by
gently rubbing the mycelium. A 10-fold dilution of the conidial suspension
was counted using a haemocytometer. Stress sensitivity assays were per-
formed by placing a 2-uL droplet with 10° conidiospores/mL of wild-type
V. dahliae, two VANRS/ER deletion strains and an ectopic transformant in
the centre of a Czapek-Dox plate supplemented with Congo red (250 mw,
500 mm, 750 mm and 1 m), NaCl (250 mm, 500 mm, 750 mm and 1 m),
mannitol (250 mwm, 500 mwm, 750 mm and 1 m) or sorbitol (300 mm,
600 mm, 900 mm and 1.2 m), and incubated at 22 °C. Plates were photo-
graphed at 7 dpi and the colony diameter was measured using Image)
software.

Root colonization assay

The root colonization assay was performed as described previously (Di Pie-
tro et al, 2001). Briefly, the roots of 10-day-old tomato seedlings were
rinsed in water and placed in Erlenmeyer flasks containing a suspension
of 10 conidia/mL in one-fifth potato dextrose broth (PDB), and incubated
at 22°C and 100 rpm. Fungal colonization of the root surface was
observed macroscopically from 3 to 5 dpi. The experiments were per-
formed three times with similar results.
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Expression of recombinant VANRS/ER

The following expression constructs were expressed in E. coli strain
BI21(DE3): pET-6hSUMO-VDAG_06010, containing a 6-histidine-small
ubiquitin-like modifier (6hSUMO) tag fused to the N-terminus of V. dah-
liae VANRS/ER (VDAG_06010); pET-6hSUMO was used as an empty vec-
tor control (pET-SUMO); pET28-BfDH4.1 (Martinez et al., 2012) was used
to express and purify the 6-histidine-tagged Botryotinia fuckeliana UDP-
Glc 4,6-dehydratase (BfDH). The E. coli strains carrying the different con-
structs were cultured for 16 h at 37°C in LB medium supplemented with
50 pg/mL kanamycin and 35 pg/mL chloramphenicol. On the following
day, 5-mL cultures were transferred to 245 mL of fresh LB liquid medium
supplemented with the same antibiotics, and cell growth was resumed at
37°C at 220 rpm until the cell density reached an ODgqo of ~0.6. Gene
expression was then induced by the addition of isopropyl B-o-thiogalacto-
side (0.5 mw), and cultures were grown for an additional 20 h at 18°C at
220 rpm. Cells were collected by centrifugation (6000 g for 10 min at
4°C) and suspended in 10 mL of lysis buffer [50 mm Tris-HCI, pH 7.5, 10%
glycerol, 1 mwm ethylenediaminetetraacetic acid (EDTA), 2 mm dithiothreitol
(DTT), 0.5 mm phenylmethylsulfonylfluoride (PMSF), with or without
50 mm NaCl]. Cells were lysed in an ice bath with an S-4000 sonicator
(Misonix Inc., Farmingdale, NY, USA) equipped with a 1/8-in microtip
probe using 12 sonication cycles (10 s pulse; 20 s off). The lysed cells
were centrifuged (6000 g for 10 min at 4 °C); the supernatant was supple-
mented with 1 mm DTT and centrifuged again (20 000 g for 30 min at
4°C). The resulting supernatant was kept at —20°C. Protein purification
was carried out as described previously (Martinez et al,, 2012).

Enzyme assays

The dual activity of recombinant enzymes BfDH and VANRS/ER was ana-
lysed by LC-MS in a total volume of 50 uL, containing 50 mm Tris-HC, pH
6.5, 0.25 mm UDP-Glc, 0.5 mm NAD ™, 0.5 mm NADPH, 5 plL of purified
B. fuckeliana BfDH with or without the addition of 2 uL of VANRS/ER. The
reaction was incubated at 37°C for 1 h and terminated by heating for
5 min at 95 °C. After the addition of chloroform and centrifugation (10 000
g for 4 min), an aliquot (20 pL) of the upper phase layer was removed and
mixed with 38 L of acetonitrile and 2 pL of 0.5 m ammonium acetate,
pH 4.35. A portion (25 pL) of this mixture was analysed using HILIC (hydro-
philic interaction liquid chromatography) and mass spectrometry analyses.
This was performed using an liquid chromatography- mass spectrometry
electrospray ionization-ion trap-time of flight (LC-MS/MS IT-TOF MS) sys-
tem (Shimadzu Scientific Instruments, Columbia, MD, USA) operating in the
negative ion mode with a Nexera, Shimadzu, Columbia, MD, USA UFPLC
LC-30AD pump (Shimadzu), autosampler (Sil30) and column heater (set to
37°C). Nucleotide sugars were separated on an Accucore, Waltham, MA,
USA 150-amide HILIC column (150 X 4.6 mm?% 2.6 pm particle size,
Thermo Scientific, Waltham, MA, USA) using 40 mm ammonium acetate,
pH 4.3 (solvent A), and acetonitrile (solvent B) with the gradient conditions
as in Li et al. (2015).

Isolation of polysaccharide and sugar analyses
by GC-MS

Conidiospores were harvested from 7-day-old V. dahliae cultures grown
on PDA (Thermo Fisher Scientific Inc., Breda, the Netherlands).

© 2016 BSPP AND JOHN WILEY & SONS LTD MOLECULAR PLANT PATHOLOGY (2017) 18(3), 347-362


http://fungi.ensembl.org/Verticillium_dahliaejr2/Info/Index

360 P. SANTHANAM et al.

Germinating spores were prepared by inoculating 30 pL of conidiospores
into 12.5 mL of Gamborg's Glc (2%) on a medium-sized plate (9 cm). The
plates were incubated for 66 h at room temperature under regular light to
allow the spores to germinate. Polysaccharides were either extracted
directly from conidospore samples or from germinating conidiospores
(<100 pg) starting by incubation for 3 h at 80 °C whilst stirring with 5 mL
of 1 m NaOH. After centrifugation (10 000 g, 4°C, 10 min), the alkaline
extract was mixed with an equal volume of 96% ethanol. Following cen-
trifugation (10 000 g, 4°C, 15 min), the pellet was resuspended in 10 mL
of water and dialysed (3000 molecular weight cut-off) against two 10-L
changes of deionized water. The dialysed solution was centrifuged (10
000 g, 4°C, 15 min) and the water-soluble supernatant alkaline water
soluble (aWS) was collected and freeze—dried. The glycosyl residue com-
positions of these extracts were then determined.

An aliquot of each extract (1 mg) was supplemented with 10 pg inosi-
tol and hydrolysed with 1 mL of 2 m trifluoroacetic acid at 120°C. The
released monosaccharides were reduced to their alditols (York et al,
1986) and acetylated. The resulting alditol acetate derivatives were ana-
lysed by a GC-MS system consisting of a gas chromatograph (Agilent
7890a; Agilent Technologies, Santa Clara, CA, USA) equipped with an El-
MS detector (5975¢). A 1-pL sample or standard was injected via an Agi-
lent 7693 autosampler injector port (Agilent Technologies) (set at 250 °C;
3 mL/min helium) in a split (1 : 50) mode into a non-polar Equity-1 capil-
lary column (30 m X 0.25 mm i.d.; film thickness, 0.25 pm). The chroma-
tography gas carrier was helium (1 mL/min) and the column oven
temperature program used to separate the sugar derivatives was as fol-
lows: initial injection temperature of 60°C for 1 min, followed by an
increase of 27.5°C/min to 170°C, then of 4 °C/min to 235°C, and a hold
at 235°C for 2 min. The column was then kept at 260°C for 12 min,
cooled to 60 °C and then kept at 60 °C for 1 min prior to the next sample
injection. The temperature of the transfer line between the column ends
to the mass spectrometer was 250 °C. Detection was achieved using ElI-
MS operating with an electron impact ionization energy of 70 V with the
temperature of the MS ion source set at 230 °C and that of the quad at
150°C. MS data were collected in full scan monitoring mode in the m/z
range 50-550 from 5 to 50 min. The spectra were analysed using Soft-
ware MSD ChemStation D.02.00.275 (Agilent Technologies). Alditol ace-
tate derivatives of monosaccharide standards (50 pg each of rhamnose,
fucose, xylose, mannose and glucose, and 30 pg each of ribose, arabinose
and galactose), supplemented with 10 pg inositol (internal standard),
were prepared under the same conditions as the samples. For data analy-
sis, sugar residue peaks were identified based on the retention times of
standard monosaccharides and their characteristic mass spectra.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article at the publisher's website:

Fig. S1 Verification of deletion and complementation strains by
polymerase chain reaction (PCR). (A) Amplification of the
T-DNA flanking sequences from wild-type Verticillium dahliae
(w), 10 independent random transformants (lanes 1-10) and
the marker (m). (B) Amplification of the hygromycin resistance
gene (hph) and VANRS/ER from 10 independent transformants
(lanes 1-10) and wild-type V. dahliae (w). The marker (m) is
indicated. True deletion strains are marked with asterisks, and
the ectopic transformant is marked with an arrow. (C) Amplifi-
cation of the zeocin resistance gene (ble) and VANRS/ER from
five independent complementation strains (lanes 1-5), a
VANRS/ER deletion strain (*) and wild-type V. dahliae (w). The
marker (m) and true complementation strains (+) are
indicated.
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Fig. S2 Complementation of VANRS/ER deletion strain restores
pathogenicity on tomato. (A) Side and top views of tomato cul-
tivar MoneyMaker plants inoculated with wild-type Verticillium
dahliae (WT), a VANRS/ER deletion strain (A6070-7) and two
complementation strains (Comp-1 and Comp-2), or mock inocu-

lated at 14 days post-inoculation (dpi). (B) Fungal outgrowth at
7 days after plating of stem sections harvested at 14 dpi. (C)
Average canopy area of six plants at 14 dpi as described for
(A). Different letters indicate significant differences (P < 0.05).
Table S1 Primers used in this study.

MOLECULAR PLANT PATHOLOGY (2017) 18(3), 347-362 © 2016 BSPP AND JOHN WILEY & SONS LTD



