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Abstract Verticillium spp. are soil-borne fungi contain-
ing many pathogenic species that affect a wide range of
cultivated plants. In potatoes, Verticillium dahliae,
V. nonalfalfae and V. albo-atrum cause Verticillium wilt
or, together with other pathogens, are responsible for the
occurrence of the potato early dying disease.
Verticillium pathogens are notoriously difficult to con-
trol, and techniques proved to be efficient, such as
chemical soil fumigation, are causing environmental
concerns worldwide. Phosphites (Phi) represent a class
of chemicals with a good environmental footprint, that
are currently used to control oomycete pathogens, such
as the potato late blight agent, Phytophtora infestans. To
determine the potential inhibitory effects of Phi on
Verticillium spp., isolates of V. dahliae and
V. nonalfalfae were tested in vitro and the ICs, of Phi
was found to vary between 60.9 and 481.9 pg/mL. The
effects of Phi were further tested in field trials, carried
for two years, using Phi-treated potato plants infected
with a V. nonalfalfae isolate. Infection progression was
assessed in both years by qPCR and was found to be
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significantly reduced in Phi-treated plants. The concen-
tration of Phi in these plants, determined by high per-
formance ion chromatography, was found to vary be-
tween 25.0 and 86.2 ug/mL in leaves and between 55.7
and 113.8 ug/mL in tubers. Even though the concentra-
tions of Phi required to control Verticillium spp. were
found to be relatively high compared to those needed to
inhibit the development of oomycete pathogens, the
results from this study indicate that Phi can limit the
development of Verticillium spp.

Keywords Soil borne pathogens - Verticillium dahliae -
Verticillium albo-atrum - Phosphite - HPIC - Pathogen
quantification by qPCR

Introduction

Cultivated potato (Solanum tuberosum) is the fourth
most important food crop in the world and, with a
production of over 388.2 million tons in 2017 (FAOstat
data), represents the first non-grain food commodity
(FAO 2018). Major difficulties in growing potato com-
mercially are attributed to its susceptibility to various
insect pests, such as the Colorado potato beetle
(Leptinotarsa decemlineata) and to plant diseases such
as late blight, caused by the oomycete Phytophthora
infestans (Lobato et al. 2008; Haverkort et al. 2009).
Nevertheless, many fungal pathogens can also cause
substantial decrease in tuber yields. Among them are
the soil-borne fungi Verticillium dahliae, V. nonalfalfae
and V. albo-atrum that are causing Verticillium wilt. In
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heavily infested fields, Verticillium wilt causes early
senescence of plants impacting tuber yields (Smith and
Rowe 1984; Rowe et al. 1987; Powelson and Rowe
1993; Johnson and Dung 2010; El-Bebany et al.
2013a). Moreover, the combined action of these
Verticillium species, and of other fungi, including spe-
cies from Fusarium and Colletotrichum, root-lesion
nematodes, and soft rot bacteria, induce symptoms de-
scribed as the potato early dying disease (PED), causing
very significant reductions in tuber yield and quality
(Rowe et al. 1987; Powelson and Rowe 1993; Johnson
and Dung 2010). For instance, the average yield in
Prince Edward Island (PEI), a province that generates
22.3% of the total potato production in Canada
(Statistics_Canada 2017), is around 33 tons/ha, which
is below the national average, and significantly less than
the yields of approximately 43 tons/ha recorded in the
USA (Statistics Canada 2012). The reduced potato
yields in this province might be related to the ubiquitous
presence of V. dahliae in the potato production areas
(Celetti and Platt 1987; Mahuku and Platt 2002b; Borza
etal. 2018). Propagules of V. dahliae, V. nonalfalfae and
V. albo-atrum can persist in soil up to a decade, affecting
a broad range of annual and perennial plants, including
many species used as rotation crops (Rowe et al. 1987;
Powelson and Rowe 1993; Agrios 2005; Larkin et al.
2011). Due to the fact that Verticillium isolates are
genetically heterogeneous, this group of fungi repre-
sents one of the most challenging phytopathogens to
control (Jiménez-Gasco et al. 2014; Inderbitzin and
Subbarao 2014).

Pesticides are needed to ensure a good crop production,
though many of these products have a negative impact on
the environment. Pesticides, such as methyl bromide
(Gamliel et al. 1997) and chloropicrin (Tsror et al.
2000), have been used to control different soil-borne
pathogenic fungi by fumigation, including Verficillium
spp., nematodes, insects, and weeds (Rowe and
Powelson 2002; Agrios 2005; Bubici et al. 2019). How-
ever, these chemicals can be very toxic to humans and
animals, and methyl bromide is also considered an ozone-
depleting substance (Reimann et al. 2018). Consequently,
their usage is restricted or even banned (e.g., methyl
bromide) in many countries (Gareau 2017; Reimann
et al. 2018), leaving producers with fewer alternative
products to control Verticillium wilt in potatoes and other
crops (Rowe and Powelson 2002; Ochiai et al. 2007;
Davis et al. 2010; Larkin et al. 2011). Disease manage-
ment strategies using biological control agents such as the
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antagonistic bacteria Serratia plymuthica and
Paenibacillus polymyxa (Rybakova et al. 2016), crop
rotation, bio-fumigation and green manures, and solariza-
tion (Johnson and Dung 2010) have failed to significantly
reduce Verticillium soil inoculum and they are generally
not cost effective. Therefore, currently, there are very few
approaches that can be used to control Verticillium wilt in
potatoes, while the incidence of Verticillium wilt is ex-
pected to increase in the future, due to global warming and
decreased crop rotation time (Heale and Karapapa 1999;
Siebold and Tiedemann 2012).

Phosphites (Phi, HPO;? /H,PO5 ) are salts (anions) of
phosphorous acid (H3PO3) (Guest and Grant 1991) that
are effective in suppressing the development of various
oomycetes species from the Phytiaceae and
Peronosporaceae families in a large number of crops
(Guest and Grant 1991; Thao and Yamakawa 2009;
Borza et al. 2014; Gémez-Merino and Trejo-Téllez
2016; Liljeroth et al. 2016). Inhibitory effects of Phi have
been reported in bacteria such as Erwinia amylovora
(Aéimovi¢ et al. 2015), E. carotovora (Lobato et al.
2011) and Streptomyces scabies (Lobato et al. 2010)
and on fungi such as Fusarium circinatum (Cerqueira
et al. 2017), F. solani (Lobato et al. 2010; Lobato et al.
2011) and Rhizoctonia solani (Lobato et al. 2010). Phi-
based fungicides are considered environmentally friendly
because phosphites can be degraded to naturally occur-
ring phosphates by soil microorganisms that harbor the
enzyme phosphite dehydrogenase (Relyea et al. 2005).

Several studies indicated that Phi-based fungicides
are systemic fungicides, exerting their effects by two
different modes of action (Smillie et al. 1989; Guest
and Bompeix 1990; Guest and Grant 1991;
Machinandiarena et al. 2012; Massoud et al. 2012;
Stasikowski 2012; Lim et al. 2013; Wu et al. 2019).
The direct mode of action entails an interaction between
pathogens and Phi; in this case, in order to achieve good
protection against oomycetes in planta, concentrations
of Phi have to be higher than 100 pg/mL (Smillie et al.
1989; Guest and Grant 1991; Grant et al. 1992; Borza
et al. 2014; Burra et al. 2014; Borza et al. 2017). In
addition to the direct more of action, several studies
showed that Phi act indirectly by priming the plant
immune response. This additional protection explains
the suppressive effects of Phi at rather low in planta
concentrations (Smillie et al. 1989; Guest and Bompeix
1990; Guest and Grant 1991; Machinandiarena et al.
2012; Massoud et al. 2012; Stasikowski 2012; Lim
et al. 2013)



Eur J Plant Pathol (2019) 155:1333—-1344

1335

Phi-based fungicides are recognized to be effective in
controlling diseases caused by oomycete pathogens, and
Phi’s inhibitory effects have been described in some
bacterial and fungal species (Lobato et al. 2010;
Acimovi¢ et al. 2015; Gémez-Merino and Trejo-Téllez
2016; Cerqueira et al. 2017), however, their effects on
Verticillium are largely unknown (Ribeiro Junior et al.
2006; Mule¢ et al. 2002). The aim of this study was to
assess the inhibitory effects of Phi on V. nonalfalfae and
Verticillium dahliae, in in vitro and in vivo conditions.
The in vitro inhibitory concentration of Phi was deter-
mined for several V. dahliae and V. nonalfalfae isolates;
one of the isolates that was tested in vitro, V. nonalfalfae
strain P1856 (Mahuku and Platt 2002a; Kasson et al.
2014), was selected for the subsequent two-year field
trials. The in vitro data indicated that Phi can inhibit the
growth of V. dahliae and V. nonalfalfae. Real-time quan-
titative PCR assessment of V. nonalfalfae abundance in
potato plants revealed that the pathogen succeeded to
establish itself in the plants; however, the growth of
V. nonalfalfae was found to be significantly inhibited
in Phi-treated potato plants, confirming the inhibitory
action of Phi seen in the in vitro experiments. To better
understand the efficacy of Phi, its concentration was
determined in both leaves and tubers by high perfor-
mance ion chromatography (HPIC). Overall, these re-
sults suggest that Phi can be used to limit the develop-
ment of Verticillium pathogens in potatoes and, likely, in
other crops.

Materials and methods

The in vitro effects of phosphite on V. dahliae and V.
nonalfalfae strains

The Phi-based fungicide used in the experiments was
Confine™ (Winfield Solutions, LLC, St. Paul, MN),
which contains 45.8% (w/w) mono- and di- potassium
salts of phosphorous acid and has a pH of approximately
5.8. To assess the effects of Phi, the V. dahliae and V.
nonalfalfae isolates (Table 1) were grown on potato
dextrose agar (PDA) supplemented with different con-
centrations of Confine™. Plugs of 5 mm in diameter
were used to inoculate the PDA plates. The concentra-
tion of Phi in the medium was adjusted to 0.1, 0.5 and
1.0 mg/mL, and each treatment had four biological
replicates. Plates were incubated at room temperature
for 2 weeks, and the mycelial growth, estimated by

measuring the diameter of the growth area, was recorded
at 7 and at 14 days post-inoculation (DPI). The colony
diameter (cm) from control and the three different con-
centrations of Phi, recorded on the 14th day, was used to
calculate the half maximal inhibitory concentration
(ICs0) of Phi.

Experimental design of the field trials and application
rates of Confine™

The field trials were performed for two successive years
(Y1 and Y?2) at the Agriculture and Agri-Food Canada,
Harrington Research Station, in PEIL, using the potato
cultivar Shepody. The pathogen selected for inoculation
was V. nonalfalfae strain 1856 (Kasson et al. 2014;
Borza et al. 2019), which was originally described as
V. albo-atrum group 1 (Mahuku and Platt 2002a). Field
trials were conducted using a randomized complete
block design (RCBD) with three treatments and a con-
trol (not inoculated with V. nonalfalfae, not treated with
Confine™), each of which had four replicates. Each
replicate consisted of a row of 10 plants, with 30 cm
spacing between each seed tuber. In the first treatment,
plants received four applications of 1% Confine™ dur-
ing the growing season (T1, Confine™ - treated), while
in the second treatment plants were inoculated with
V. nonalfalfae strain 1856 at a concentration of 90,000
conidia/mL (T2, inoculated with V. nonalfalfae). Inocu-
lation was performed 30 to 40 days after the planting of
the potato seeds by applying 25 mL of inoculum on each
side of the plant, in small holes (10 cm deep, 5 cm from
the stem). Plants from the third treatment received four
times 1% Confine™ during the growing season and
were inoculated with V. nonalfalfae strain 1856 (T3,
inoculated with V. nonalfalfae and Confine™ - treated)
in the same conditions as in the second treatment.

Potato leaf and tuber sampling, extraction and analysis
by high performance ion chromatography

Leaf samples were harvested for phosphite (Phi) and
phosphate (Pi) quantification by high performance ion
chromatography (HPIC). In the first year (Y1), Phi and
Pi were determined at two time points, after three appli-
cations of Confine™ (Y1-1, August 9), and after four
applications of Confine™ (Y1-2, August 26). In the
second year (Y2), the two anions were assessed only
once, after four applications of Confine™ (August 27).
Sampling was done from control and treatments, with
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Table 1 Strains of Verticillium dahliae and V. nonalfalfae that were tested for susceptibility to phosphite

Isolate number Verticillium species Host of the isolate Origin Reference
P1856 V. nonalfalfae Potato Manitoba Mahuku and Platt 2002

Kasson et al. 2014
Vs04-35 V. dahliae Potato Manitoba Alkher et al. 2009; El-Bebany et al. 2013
Vs04-41 V. dahliae Potato Manitoba Alkher et al. 2009; El-Bebany et al. 2013
Vs06-11 V. dahliae Sunflower Manitoba Alkher et al. 2009; El-Bebany et al. 2013

four replicates for each experimental condition, one
from each block. Each replicate consisted of a pool of
six leaves; each of these leaves was collected from
different plants in the same block. All collected samples
were immediately placed in a cooler with ice packs until
transferred to -20 °C for storage. Samples from six
tubers from different plants of the same replicate, were
cut into small pieces, pooled and transferred into a
15-mL centrifuge tube, frozen in liquid nitrogen and
stored at -80 °C until analysis. Four replicates were
analyzed from each experimental condition (control
and treatments) and sample type (leaves and tubers).
Sample processing and analyses by HPIC were conduct-
ed as described by Borza et al. (2014). The concentra-
tions of Phi and Pi were determined in the control (non-
infected with V. nonalfalfae and not treated with Con-
fine™) and in the treatments that received Confine™
applications, that is, in T1 (Confine™ - treated) and T3
(inoculated with V. nonalfalfae and Confine™ - treated).
Since Confine™ was not applied on T2 (inoculated with
V. nonalfalfae), this treatment was not analyzed by
HPIC.

Verticillium identification and quantitation in stems
and tubers from field trials

Sampling for V. nonalfalfae identification and quantita-
tion was done in August, at the time points described in
the previous section. Samples consisting of six stems
collected from six different randomly-selected plants
were pooled from each replicate. Stems, 2 to 4 cm long
and maximum 1 cm in diameter, were cut from the lower
part of the plant, i.e. approximately 10 cm from the
ground, and placed in a Ziploc® plastic bag. After
sampling, bags were stored at -20 °C. In the laboratory,
slices of 100-200 mg from each stem were further cut
into small pieces, mixed and placed in individual
1.5-mL tubes that were kept at -20 °C until used for
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DNA isolation. Tuber samples comprising the vascular
system were cut from the stem end; further processing
was performed identically to the procedure described for
stems.

Field assessment of disease incidence and severity

Disease rating was done in both years (Y1 and Y2), at
two time points towards the end of August, by estimat-
ing through visual inspection, the incidence of disease
(% plants with symptoms) and disease severity (% dis-
ease symptoms on each plant) which included wilting,
necrosis and chlorosis.

DNA isolation from stem and tuber samples

Small pieces of stem or tuber samples collected as
described above, were ground in liquid nitrogen with a
mortar and pestle. An amount of 100 mg of fine powder
was used for DNA extraction using the GenJET™ plant
genomic DNA purification kit (Fermentas Life Sci.,
Fisher Scientific, Toronto, ON). DNA was eluted in
100 uL of buffer and its concentration was determined
using the Qubit® dsDNA Broad Range assay and a
Qubit 2.0 fluorimeter (Life Technologies, ThermoFisher
Scientific, Burlington, ON).

Real-time quantitative PCR

Identification and quantification of V. nonalfalfae and
V. dahliae from plant samples was performed by real-
time qPCR using the StepOnePlus Real-Time PCR sys-
tem (Applied Biosystems, ThermoFisher Scientific,
Burlington, ON). The qPCR primers used in the exper-
iments are listed in the Supplementary materials
(Table S1). The qPCR amplification using these
primers, followed by gel electrophoresis, indicated that
a single product of the correct size was obtained for each
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primer pair. In addition, following qPCR amplification,
the melt-curve (0.3 °C from 55 to 95 °C) was deter-
mined to verify that the expected T, and a single
amplicon were obtained. The qPCR was performed in
a 20 puL reaction volume using 2 uL. of DNA (2to 5 ng
DNA), 1 uL 4 uM each of the forward and reverse
primers and 10 pL 2X iTag™ Universal SYBR® Green
Supermix (BioRad, Mississauga, ON). Cycling param-
eters consisted of one denaturing cycle of 95 °C for 30 s,
followed by 40 cycles of 95 °C for 10 s and 60 °C for
30 s. Each biological sample had three technical repli-
cates. The absolute quantification (standard curve)
method was used to determine the amount of
V. nonalfalfae and of V. dahliae in plant samples. The
DNA standard for V. nonalfalfae was represented by the
DNA isolated from V. nonalfalfae strain P1856 (Kasson
et al. 2014; Mahuku and Platt 2002a), while the refer-
ence for V. dahliae was represented by the V. dahliae
isolate Vs04-41 (Alkher et al. 2009; El-Bebany et al.
2013b). Quantification of V. nonalfalfae and V. dahliae
was performed by comparing the data with triplicate
DNA standards (five 1:5 serial dilutions covering the
0.2 ng to 0.32 pg range). The amount of DNA detected
in plant samples (ng/g of plant tissue) was converted to
number of cells/g of plant tissue by dividing the amount
of DNA determined by qPCR to the estimated amount
of DNA present in a V. dahliae cell (36.47 fg of DNA/
genome) and V. nonalfalfae cell (35.54 fg of DNA/
genome), as previously described (Borza et al. 2018;
Borza et al. 2019). The rationale of this conversion was
to provide a more meaningful, easy to understand esti-
mate of the colonization level of potato-stem xylem by
the mycelium and conidia of Verticillium ssp. The
amount of DNA in the target samples and the amplifi-
cation efficiency were determined automatically using
StepOnePlus’ software. The identity of V. nonalfalfae
and V. dahliae amplicons was also validated by DNA
sequencing using the primers listed in supplementary
data (Table S2).

Statistical analyses

Statistical analyses, ANOVA (One-Way and the General
Linear Model) and T-test were performed with a 95%
confidence interval using the software Minitab 17
(Minitab Inc., PA, USA). When significant effects of
treatments were found in ANOVA, a multiple means
comparison was carried out using Tukey’s analysis, with
a 95% confidence interval.

Results

Effects of phosphites on the in vitro growth of V. dahliae
and V. nonalfalfae strains

The in vitro testing of the effects of Phi on Verticillium
isolates revealed that Phi can significantly suppress their
development on the PDA medium, but the degree of
inhibition varied greatly (Fig. 1). V. nonalfalfae strain
P1856 was found to be the most sensitive, having the
lowest ICs( (60.9 pg/mL), while V. dahliae strain Vs06—
11 was found to be the most tolerant, having the highest
ICs0 (481.9 ng/mL) The ICs, values of the other two
V. dahliae strains, Vs04—41 and Vs03-35, were 258.2
9 nug/mL and 479.7 9 ug/mL, respectively. The eight-
fold difference in the ICs, of Phi among the four isolates
indicated a significant natural variation within
Verticillium with respect to their susceptibility to Phi.

Phosphite and phosphate contents of leaves and tubers

The content of Phi in the leaves and tubers showed some
variation when trial data from the two successive years
were compared from similar time points and tissue types
(Table 2). Four applications of Confine™ resulted in
much higher concentrations of Phi in leaves in the
second growing season (Y2) in both treatments (T1
and T3) compared with the similar treatments and time
point from the first year (Y'1). The highest amount was
86.2 +10.9 pg Phi/g fresh tissue, determined in T3 from
Y2, while the lowest was 25.0+4.6 pg Phi/g fresh
tissue, found in the same treatment, T3 from Y1. Inter-
estingly, in Y1, a higher amount of Phi was detected in
the first time point, in both treatments (T1 and T3)
compared to the second time points from that year, even
the second treatment received an additional application
of Confine™ after the first sampling. In contrast with
the situation observed in leaves, Phi concentration in
tubers, in both T1 and T3 treatments, was found to be
almost two-times higher in Y1 samples (113.8 +4.7 and
109.7+16.4 ug Phi/g fresh tissue, respectively) com-
pared to that of Y2 samples (61.9+6.8 and 55.7+
15.3 pg Phi/g fresh tissue, respectively).

Phosphates (Pi) concentration in leaves varied be-
tween 239.2 + 14.6 and 474.5 + 41.9 ug Pi/g fresh tissue
(Table 2). Except for the first time point, no significant
differences were determined between the control and
treated samples (T1 and T3) when similar time points
were compared, suggesting that the application of
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Fig. 1 The development of
Verticillium strains on PDA
medium supplemented with 5 1
different concentrations of
phosphite (Phi) at 14 days post
infection. Error bars represent SD

Diameter of colonies (cm)

Control

Confine™ did not influence Pi accumulation in leaves.
Noticeable differences have been observed in T1 and
T3, between the two time points from Y1. At the first
time point, Pi concentrations in T1 and T3 were lower
than in the second time point and for T1, this difference
was statistically significant. However, the concentration
of Piin T1 was not statistically higher than that of T3 in
any of the time points, indicating that the infection with
V. nonalfalfae did not affect the uptake of Pi during Y1
and Y2 growth seasons. The concentration of Pi in the
tubers ranged from 828.6 +41.3 to 1178.8 +38.6 ug Pi/
g fresh tissue, more than twice than that of determined in
leaves. Similarly, applications of Confine™ on leaves or
the early infection with V. nonalfalfae of potato plants in
T3 had no overall negative effect on the concentration of
Pi in the tubers.

Amount of Verticillium estimated by qPCR

The level of infestation with V. nonalfalfae strain P1856
in the treated potato plants was evaluated by qPCR
using DNA samples extracted from the potato stems.
Two different target sequences were used for quantita-
tion, the Inter Genic Spacer (IGS) ribosomal DNA se-
quences and the (3-tubulin gene (Supplementary mate-
rials, Table S1). IGS are present in multiple copies in the
genome of Verticillium species, including V. nonalfalfae,
therefore, it allows the identification of lower amounts
of target DNA as compared to {3-tubulin, which is
considered to be a single copy gene.

Estimates of the abundance of V. nonalfalfae in the
potato plants, using IGS and 3-tubulin provided similar
results. V. nonalfalfae successfully colonized the plants
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m V. dahliae Vs04-35

O V. dahliae Vs04-41
—E OV. dahliae Vs06-11
V. nonalfalfae P1856

100 500 1000
Phosphite concentration (ug/mL)

that were artificially inoculated; that is, the plants from
T3 and T4 (Table 3 and Table S3). The amount of
V. nonalfalfae was reduced between 1.5 to 4 times in
T4 compared to T3, in all time points and irrespective of
the target sequences; most of these differences were
statistically significant. These results suggest that Phi
had inhibitory effects on in planta growth of
V. nonalfalfae. Using IGS as target sequences, low
amounts of V. nonalfalfae were found in a few tubers
of Y2 samples (Table 3). The area in which the pathogen
could be detected was restricted to the cortex area from
the stem end of the tubers (data not shown).

As previous studies (Mahuku and Platt 2002b; Celetti
and Platt 1987) and several surveys conducted by our
laboratory (Borza et al. 2018; Borza et al. 2016; Borza
et al. 2017; Wang-Pruski et al. 2016) indicated that
V. dahliae is widely distributed in PEI, we investigated
whether this species is present in the potato plants used
in the Y1 and Y2 trials. The same samples used to
quantify the level of infestation with V. nonalfalfae were
used to quantify V. dahliae. As 1GS provided a more
sensitive method of detection and quantification, this
sequence was targeted by the qPCR assay. Indeed,
V. dahliae was found in all potato plants that were used
in the Y1 and Y2 trials (Supplementary materials,
Table S4), thought its abundance was lower than that
of V. nonalfalfae from T2 and T3 (Table 3). Likely, the
lower number of cells reflects the fact that the initial,
natural inoculation of plants, was done by a lower
number of V. dahliae propagules (Johnson and Dung
2010; Dung and Johnson 2012) as compared to the
inoculum prepared using V. nonalfalfae strain P1856.
This hypothesis is supported by the fact thatin Y1, at the



Eur J Plant Pathol (2019) 155:1333—-1344

1339

Table 2 Phosphite (Phi) and phosphate (Pi) contents of the leaves
and tubers. In both years, Phi and Pi contents in tubers were
determined after 3 months of storage. The general linear model
was used to perform analysis of variance (ANOVA). Multiple

means comparison was carried out using Tukey’s analysis. Statis-
tical analyses were performed separately for leaves and tubers, and
for each time point, using the T1 and T3 data for Phi and the C, T1
and T3 data for Pi

Treatment Anion Number of samples Leaf (ug /g fresh tissue; average + SE) Tuber (ug /g fresh tissue; average + SE)
Y1-1 Y12 Y2 Y1 Y2

C Phi n=4) 0.0 0.0 0.0 0.0 0.0

Tl Phi (n=4) 63.1+£9.7%  347+11.2° 7372+75%  113.8+4.7° 61.9+6.8"

T3 Phi (n=4) 40.5+15.6™ 25.0+4.6° 86.2+10.9° 109.7 +16.4* 55.7+15.3°

C Pi (n=4) 4745+41.9% 380.4+344%" 4083+59.1% 864.9+25.5° 1178.8 +38.6°

Tl Pi (n=4) 2347+229° 458.6+48.6° 3287+155% 828.6+41.3° 971.6+71.2°

T3 Pi (n=4) 2392+ 14.6° 3284+39.1° 413.1+67.4° 915.6+67.8" 1167.1 £54.6°

C, Control. T1, Confine™ — treated. T3, Infected with V. nonalfalfae strain P1856 and Confine™ - treated. Y 1-1, first year, first time point,
three applications of Confine™. Y 1-2, first year, second time point, four applications of Confine™. Y2, second year, four applications of

Confine™

first sampling time point (August 9), the number of
V. dahliae cells was much lower than at the second time
point (August 26) (Supplementary data, Table S4).
Noteworthy, using IGS as target sequences, V. dahliae
was also detected in tubers from the Y2 trial (Supple-
mentary materials, Table S4).

Species validation by sequencing

The presence of V. nonalfalfae strain P1856 in the
potato plants used in the trials was verified by se-
quencing a fragment of the (3-tubulin gene and an-
other one from the IGS locus (Supplementary mate-
rials, Tables S1 and S2). Several samples from T2
and T3, from both years were sequenced along with
the DNA of the original isolate of V. nonalfalfae
strain P1856. Both B-tubulin and IGS sequences
identified in plant samples were found to be identical
to that of V. nonalfalfae strain P1856. The 3-tubulin
sequence identified in the plant samples had 100%
identity with the 3-tubulin present in the genome of
V. nonalfalfae strain VnAal40/PSU140/NRRL
66861 (Kasson et al. 2019).

A fragment of the -tubulin gene was used to vali-
date the V. dahliae found in samples from the trials
(Supplementary materials, Table S2). Indeed, sequence
data confirmed that the 3-tubulin sequence belongs to
V. dahliae that having 100% identity, over 664 nucleo-
tides, to many other V. dahliae sequences deposited in
GenBank.

Disease rating

In both growth seasons, in late August, all plants exhib-
ited limited disease symptoms including wilting, necro-
sis and chlorosis. Though all plants in the experiment
displayed such symptoms, resulting in 100% disease
incidence in control and treatments, disease severity
was rather low in both years. In Y1, differences in
disease severity between control and T1-T3 were not
statistically different (data not shown). However, in Y2,
a clear progression of disease from the first time point
(August 21) to the second one (August 27) was ob-
served (Fig. 2). At the first time point only T2, inocu-
lated with V. nonalfalfae but not treated with Confine™,
was statistically different from control, T1 and T2. At
the second time point. There was a clear separation
between V. nonalfalfae infested plants (T2 and T3) and
uninfected plants (control and T2). This trend suggests
that V. nonalfalfae strain P1856 is moderately virulent to
the potato plants. The fact that T3 was found to be
statistically different from T2 may reflect the fact that
Phi had some inhibitory effects on both, V. nonalfalfae
and the naturally occurring V. dahliae.

Tuber yield

Total tuber market weight in Y1 suggested that the
infection with V. nonalfalfae strain P1856 reduced the
yield (Fig. 3). However, this trend was not again ob-
served in Y2 when differences between control and
treatments were minimal. The treatment with Confine™
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Table 3 Quantitation of V. nonalfalfae strain P1856 in the potato
stems and tubers using the Inter Genic Spacer (IGS) ribosomal
DNA as a target sequence. T-test with a confidence level of 95%

was used to determine whether the means of T2 and T3 differ
significantly between these treatments. " Difference significant at
P<0.05

Treatment Sampling time  Tissue

Number of V. nonalfalfae cells in positive % positive samples from the
samples (average + SE; x 10*/g tissue)

Number of samples
total number of samples tested analysed

C Yi-1 Stems 0
T1 Stems 0

T2 Stems  1119.9+169.4"
T3 Stems  209.2+83.5"

C Y12 Stems 0

T1 Stems 0

T2 Stems  12,841.0+1761.3"
T3 Stems  2787.9+1061.1"
C Y2 Stems 0

T1 Stems 0

T2 Stems  2325.94+1049.3
T3 Stems  639.1 £408.6

C Y2 Tubers 0

T1 Tubers 0

T2 Tubers  0.1+0.0

T3 Tubers 0.3+0.2

0 (n=4)
0 (n=4)
100 (n=4)
100 (n=4)
0 (n=8)
0 (n=8)
100 (n=8)
100 (n=8)
0 (n=4)
0 (n=4)
100 (n=4)
100 (n=4)
0 (n=4)
0 (n=4)
25 (n=4)
75 (n=4)

C, Control. T1, Confine™ - treated. T2, Infected with V. nonalfalfae strain P1856. T3, Infected with V. nonalfalfae strain P1856 and
Confine™ - treated. Y1-1, first year, first time point. Y1-2, first year, second time point. Y2, second year. Tuber samples from Y2 were

processed after 3 months of storage. NC, not calculable

had no clear positive or negative effects on the yield in
either Y1 or Y2. In Y1 some reduction in the total tuber
market weight was observed in T1 as compared to
control, while no differences could be determined be-
tween T2 and T3. In Y2 the yield was slightly improved
in T1 as compared to control and again, no differences
between T2 and T3 could be determined.

Discussion

The suppressive effects of Phi on oomycete growth are
well known (Guest and Grant 1991; Thao and
Yamakawa 2009; Gémez-Merino and Trejo-Téllez
2016; Trejo-Téllez and Gomez-Merino 2018). Howev-
er, its effects on bacteria and fungi have been less
studied, likely due to the fact that a few study showed
that its efficiency is not as high as against oomycetes
(Lobato et al. 2010; Cerqueira et al. 2017). Previous
in vitro studies indicated that the concentrations of Phi
in excess of 1000 pg/mL are needed to suppress the
growth of pathogens such as S. scabies (Lobato et al.
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2010), F circinatum (Cerqueira et al. 2017), F. solani
(Lobato et al. 2010; Lobato et al. 2011) and R. solani
(Lobato et al. 2010). In vitro data obtained in this study
for V. nonalfalfae and V. dahliae strains indicate signif-
icant differences in the susceptibility to Phi, with an
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Fig. 2 Disease severity rating of the potato plants in the second
year (Y2). The rating was done by estimating % disease symptoms
which included wilting, necrosis and chlorosis. C, Control. T1,
Confine™-treated. T2, infected with V. nonalfalfae strain P1856.
T3, infected with V. nonalfalfae strain P1856 and Confine™ -
treated. Y2—1, second year, first time point (August 21). Y2-2,
second year, second time point (August 27)
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Fig. 3 Total tuber market weight
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IC50 ranging from 60.9 to 481.9 pg/mL, concentrations
that are somewhat lower than those found in other
aforementioned bacteria and fungi. The rather large
range of tolerance to Phi of Verticillium taxa needs to
be further explored to determine whether it represents a
trait that is isolate-specific or species-specific. Never-
theless, as suggested by Lobato et al. (2010), because of
the rather high concentrations required to obtain signif-
icant inhibition in fungi, Phi’s effects can be best de-
scribed as fungistatic and not fungicidal.

To further explore the possibility that Phi acts as an
inhibitor of Verticillium spp., field experiments were run
in two successive years. Phi concentrations in leaves and
tubers showed large variations in Y1 and Y2, compara-
ble to the range observed in previous experiments and
field trials (Borza et al. 2014; Borza et al. 2017). Most
importantly, substantial amounts of Phi were found in
tubers, especially in Y1, indicating that Phi translocation
was not affected by the presence of V. nonalfalfae and
V. dahliae in the vascular system. During tuber matura-
tion, nutrients with minerals are increasingly stored in
tubers (tubers function as a sink for nutrients). The
differences between the two years in the concentrations
of Phi in leaves and tubers could be explained by an
earlier maturation in Y1, as compared to Y2. However,
we cannot exclude the possibility that other biotic and
abiotic factors influenced the trend observed for Phi and
Pi. No negative effects were observed, after multiple
applications of Confine™, on the Pi concentration in
leaves and tubers. Also, the early inoculation with
V. nonalfalfae of plants in T3 had no obvious effects
on Pi uptake from soil and translocation in the plant as
differences observed in the concentration of Pi in the
leaves and tubers of control, T1 and T3 plants, were
minimal.

Control ™ T2 T3

V. nonalfalfae strain P1856, which was used to inoc-
ulate the plants, was moderately affected by Phi, while the
naturally-occurring V. dahliae was less influenced by Phi,
similarly to what was found in the in vitro experiments.
All V. dahliae strains were more tolerant to high concen-
trations of Phi (ICs,, 258.2-497.7 ug Phi/mL) than the
V. nonalfalfae strain P1856 (ICsg, 60.9 png Phi/mL). Con-
centrations of Phi determined in planta (in leaves and
tubers) were close to the ICsy of V. nonalfalfae strain
P1856 and this can explain its reduced abundance in T3
as compared to T2 determined by qPCR.

Some of the tubers tested in Y2 were found to be
infected either by V. nonalfalfae or by V. dahliae or, in a
few instances, by both pathogens. The qPCR methods
and the sampling procedure proved to be sensitive
enough to document this process. Overall, in the tuber
samples, V. dahliae prevailed over V. nonalfalfae. Note-
worthy, V. nonalfalfae strain P1856 and the naturally
occurring V. dahliae were not mutually exclusive in
either leaf or tuber samples. Whether the difference in
the ability to colonize the vascular system of potato
plants represents a strain-specific or a species-specific
trait needs to be elucidated by further studies.

Data from field experiments suggests that
V. nonalfalfae strain P1856 is moderately aggressive to
potato cultivar Shepody, as it succeeded to colonize all
plants that were inoculated, but disease severity (wilting,
necrosis and chlorosis) was low, and no PED disease
could be observed in the second half of August, towards
the end of the growing season, in any of the two years in
which field trials were conducted. The same observation
applies to V. dahliae which colonized the potato plants
from a naturally occurring inoculum. No strong vascular
discoloration was observed in the tubers analysed
though, as mentioned before, a large proportion of
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tubers have been found to be infected by one or by both
Verticillium pathogens.

Previous papers documented the presence of patho-
genic V. albo-atrum and V. dahliae and of non-
pathogenic V. tricorpus in potato plants from PEI
(Mahuku and Platt 2002a; Mahuku and Platt 2002b;
Robinson et al. 2006). Recent studies showed that the
former V. albo-atrum group 1 actually comprises two
species, described as V. nonalfalfae and V. alfalfae,
while V. albo-atrum group 2 represents the “true”
V. albo-atrum (Inderbitzin et al. 2011; Inderbitzin and
Subbarao 2014). The V. nonalfalfae strain P1856 used in
our trials was isolated from potatoes in Manitoba and
was initially reported as V. albo-atrum group 1 (Mahuku
and Platt 2002a). Recent surveys of several fields carried
out by our laboratory revealed that in PEI, the incidence
of V. nonalfalfae and of V. albo-atrum is much lower
than that of V. dahliae (Wang-Pruski et al. 2016; Borza
et al. 2016; Borza et al. 2018). The fact that V. dalhiae
was found to infect, late in the season, the potato plants
used in this study was, therefore, not that surprising, as
the experimental fields in Harrington Research Station
were not fumigated prior to the trials.

Tuber yields were very different in the two years. In
Y1, arather strong effect on tuber yield could be attrib-
uted to the infection with V. nonalfalfae, as the yields of
T2 and T3 were much lower than that of control and T1.
However, this trend was not observed in Y2. Confine™
treatment had no influence on tuber production as there
were no differences between control and T1, and T2 and
T3, respectively. Overall, these results reflect the well-
known fact that tuber yield is influenced by a large
number of biotic and abiotic factors of great complexity,
also suggesting that Verficillium pathogens and Con-
fine™ application had a rather limited effect on this
quantitative parameter. These results obtained by using
Confine™, a Phi-based fungicide, are similar to those
recently reported in a study in which thiophanate-meth-
yl, a benzimidazole compound, was evaluated for its
efficacy in controlling V. dahliae development in pota-
toes (Bubici et al. 2019). In the current study, as well as
in the field experiments reported by Bubici et al. (2019),
treatments decreased plant colonization by delaying the
development of Verticillium spp., but did not improve
tuber yields.

The worldwide usage of Phi-based formulations, on a
broad range of crops, is increasing every year, to control
oomycete pathogens that are causing severe diseases
such as blights and downy mildew, or as biostimulants

@ Springer

and fertilizers (Thao and Yamakawa 2009; EFSA 2014,
EFSA et al. 2018; Trejo-Téllez and Gémez-Merino
2018). This study demonstrated that the benefits of
using these compounds extend beyond oomycetes path-
ogens, as they can limit the development of pathogenic
Verticillium species, with potentially positive effects on
crop health and development.
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