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resistance in chickpea (Cicer arietinum L.) using
rapid hydroponic phenotyping
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Summary. Fusarium wilt, caused by Fusarium oxysporum f. sp. ciceris (Padwick) Mat-
uo and K. Sato is a major cause for low productivity of chickpea. Presence of multiple
pathogenic races makes it difficult for the breeder to screen for Fusarium wilt resist-
ance. Twenty-two chickpea genotypes were grown in Hoagland solution and inocu-
lated with five different F oxysporum races two isolates of each race), including host
and pathogens from the major chickpea growing region of India. The resistant chick-
pea line “WR 315” showed a “highly resistant” reaction, and the susceptible line “JG
62” showed a “highly susceptible” reaction across all pathogen races and isolates. How-
ever, the parent lines “Pusa 372” and “JG 11” showed “susceptible” reactions, while the
marker-assisted backcrossing (MABC) lines of “Pusa 372” (IL.11,12,14) and “JG 11”7
(IL.15,16,17) were superior for assessed characters (lengths of roots and shoots, fresh
and dry weights), and were highly resistant to most races. This is the first study to use
race specific screening of MABC lines using hydroponic host culture in chickpea.

Keywords. Chickpea introgression lines, marker-assisted backcrossing, phenotyping.

INTRODUCTION

Chickpea (Cicer arietinum L.) is a major cool season grain legume of
global importance grown in approx. 57 countries (Merga and Haji, 2019).
Cicer arietinum is a diploid (2n = 16), annual, self-pollinated plant and with
a genome size of approx. 738 Mb (Varshney et al., 2013). The Middle East
region between southeast Turkey, northwest Iran and parts of Syria, are the
likely the primary centre of origin of this food crop plant. Chickpea is grown
in a total of 13.7 million hectares (Mha) each year, with total grain produc-
tion of world 14.3 million tons (MT) (FAOSTAT, 2020). In India, 8.35 M ha
of chickpea are grown each year with 7.17 MT produced (DAFW, 2019). For
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self-sufficiency in India, 16 to 17.5 MT production is
required from the present 10.5 M ha area, and average
required productivity of 1500 to 1700 kg ha'! (Dixit et
al., 2019, Hickey et al., 2019).

Major constraints of chickpea production and pro-
ductivity are biotic and abiotic stresses. Within biotic
stresses, Fusarium oxysporum f. sp. ciceris (Padwick)
Matuo and K. Sato (Foc), which causes Fusarium wilt,
is the most important potential pathogen, which causes
yield losses ranging from 10 to 100% (Jimenez-Diaz et
al., 1989, Sharma et al., 2005). High pathogen variabil-
ity makes development of disease resistant cultivars. Yel-
lowing and wilting pathotypes of Foc have been report-
ed based, on pathogenicity tests with eight physiological
races (Haware and Nene, 1982; Trapero-Casas and Jime-
nez Diaz, 1985). Among them, race 0 and 1B/C cause
host yellowing, and 1A, 2, 3, 4, 5, and 6 cause wilting, all
the races have distinct geographical distributions (Jimé-
nez-Diaz et al., 2015). Foc isolates from chickpea grow-
ing in Indian states were highly variable compared to
international isolates, with each state having more than
one race. Chickpea cultivars tested on a new differen-
tial set revealed eight new Foc races in India (Dubey et
al., 2012). The soilborne pathogen can survive for many
years in the absence of hosts, which poses serious draw-
backs for cultivar phenotyping and Fusarium wilt man-
agement (Haware et al., 1996). Pathogen variability and
mutability result in losses of host resistance, and these
remain the main hurdles for plant breeders aiming to
develop effective disease resistance (Barve et al., 2001).

Current assessments of host phenotype character-
istics for disease resistance in breeding programmes
mainly rely on visual scoring of disease under plot or
micro plot, artificial inoculation conditions, and screen-
ing at disease hotspot locations. These methods are
time-consuming, laborious, and expensive, and generate
bias in recording of field data. Screening for Fusarium
wilt under open field conditions is difficult, complex,
inefficient, and unreliable, for screening large numbers
of host lines, as results are influenced by environment,
host and genetic factors. Effective and reliable phenotyp-
ing for Fusarium is therefore important to rapidly iden-
tify host resistance, and pathogen racial patterns, with
limited environmental influences.

Hydroponics techniques have become the most effi-
cient and reliable for screening large numbers of host
germplasm lines (Amalraj et al., 2019). These methods
avoid dependency on soil to provide essential elements
for host growth (Sheikh et al., 2006). Using hydroponic
systems, nutrition, pH, temperature, and dissolved oxy-
gen can be closely controlled (Thompson et al., 1998).
As well, marker assisted backcross breeding can target
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specific wilt resistance traits for selection against donor
genomes in gene introgression, and can more effectively
use molecular markers than conventional backcrossing
(Varshney et al., 2014; Bharadwaj et al., 2021). Marker
assisted backcrossing (MABC) is a precise and effective
technique to introgress single loci that control traits of
interest while retaining other important characteristics
of recurrent parents (Collard and Mackill, 2008).

The present study was designed to use the hydro-
ponic techniques for race specific screening of MABC
lines against Fusarium race isolates, to identify levels of
resistance in chickpea hosts at seedling stages.

MATERIALS AND METHODS
Plant material

An in -planta infection technique was used to screen
chickpea lines for wilt resistance. This was carried out
on hydroponically grown seedlings, which were inocu-
lated with virulent Foc conidia. Twenty-two host geno-
types were used in this study, including one resistant
line “WR 315” (Millan et al., 2006; Halila et al., 2010),
one susceptible line “JG 62” (Haware et al., 1992; Ali et
al., 2002), two parents (JG 11 and Pusa 372) and their
MABC introgression lines, along with the three geno-
types ILCO (from Latvia), ILCO (from Czechoslova-
kia) and BGD112, were used in this study (Table 1). All
of these introgression lines are advanced BC;F; lines,
which contain proposed lines for advanced varietal tri-
al (AVT 1) of the All India Coordinated Research Pro-
gram (AICRP) on Chickpea. A total of six SSR mark-
ers, including TA110, TA37, TR19, GA16, TA27, TA96
reported to be in the cluster containing genes conferring
FW resistance on the linkage group CaLG02, were used
to identify polymorphic markers for parental polymor-
phism (Millan et al., 2006).

Pathogen multiplication and conidium production

Two representative isolates from each of five dif-
ferent Foc races, distributed across the major chickpea
growing regions of India (Central zone, South zone,
Northwest plain zone, and Northeast plain zone) were
obtained from the Pulse Pathology laboratory, Divi-
sion of Plant Pathology, ICAR-IARI New Delhi. These
isolates were identified for each race and based on dif-
ferential responses, and the isolates were characterized
into five races based on a new set of differential cultivars
(C 104, JG 74, CPS 1, BG 212, WR 315, KWR 108, GPF
2, DCP 92-3, Chaffa and JG 62). A total of 70 isolates of
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Table 1. Chickpea genotypes, and introgression line numbers used
in this study.

Table 2. Races and origins of Fusarium oxysporum f. sp. ciceris used
in this study, including regions of collection (Dubey et al., 2012).

Introgression line

v
I
Z
°

Genotype

No.
1 Pusa 372 -
2 WR 315 -
3 (*3Pusa 372///( Pusa 72/ WR 315) 1
4 (*3Pusa 372///( Pusa 72/ WR 315) 3
5 (*3Pusa 372///( Pusa 72/ WR 315) 5
6 (*3Pusa 372///( Pusa 72/ WR 315) 8
7 (*3Pusa 372///( Pusa 72/ WR 315) 9
8 (*3Pusa 372///( Pusa 72/ WR 315) 15
9 (*3Pusa 372///( Pusa 72/ WR 315) 18
10 (*3Pusa 372///( Pusa 72/ WR 315) 22
11 (*3Pusa 372///( Pusa 72/ WR 315) 25
12 (*3Pusa 372///( Pusa 72/ WR 315) 27
13 (*3Pusa 372///( Pusa 72/ WR 315) 28
14 (*3Pusa 372///( Pusa 72/ WR 315) 34
15 (*3JG 11///( JG 11/ WR 315) 37
16 (*3JG 11///( JG 11/ WR 315) 39
17 (*3)G 11///(JG 11/ WR 315) 42
18 JG 11 -
19 JG-62 -
20 ILCO (Czechoslovakia) -
21 ILCO (Latvia) -
22 BGD 112 -

Foc were characterized, representing the pathogenic and
morphological groups of 640 isolates which had been
collected from the 13 important 13 chickpea growing
states in India. The common cultivars used by Jimenez-
Diaz et al. (2015) and Dubey et al. (2012) were C104,
G74, CPS1, BG212, WR315 and JG 62. Earlier studies
based on old differentials showed the presence of eight
races of the pathogen, of which only races 1A, 2, 3 and 4
were reported in India (Haware and Nene, 1982).

The international differentials developed during
1982, and these needed to be modified with a new set of
chickpea cultivars, to keep up with the changed patho-
gen population (Dubey and Singh, 2008; Dubey et al.,
2010). Dubey et al. (2012) used a modified set of new
differentials that categorised isolates into eight races
instead of the four races reported in India by Haware
and Nene (1982). Of these eight races, the five most vir-
ulent and widely distributed were used to screen geno-
types in the present study. Previous research did not
study virulence of different isolates to groups of differ-
entials, and utilised molecular characterization which
relied on information available in the literature corre-
lated with molecular groups for which virulence infor-

Race  Isolate code Region (place of collection in India)
R1 118 ICRISAT, Hyderabad, Telangana
121 Dharwad, Karnataka
119 IIPR, Kanpur, Uttar Pradesh
R2 .
129 IIPR, Jhansi, Madhya Pradesh
31 Faridkot, Punjab
R3 . .
45 Ludhiana, Punjab
R4 153 JNKYV, Jabalpur, Madhya Pradesh
108 TARI, New Delhi
RS 4 RAS, Jaipur, Rajasthan
6 RAS, Durgapur , Rajasthan

mation was available. These same sets of isolates were
utilised for molecular characterization by four different
molecular markers, including random amplified poly-
morphic DNA, universal rice primers, simple sequence
repeats, and intersimple sequence repeats. These four
sets of markers exhibited 100% polymorphism, and
based on the unweighted paired group method with
arithmetic average analysis, the isolates were in eight
groups based on genetic similarities from 37 to 40%
(Dubey et al., 2012) (Table 2).

The isolates were each grown on Selective Fusarium
Agar (SFA) in Petri dishes, and incubated at 28 + 2°C for
7 d. Four SFA discs of each Foc race isolate were trans-
ferred into 20% (v/v) selective Fusarium broth for conid-
ium production. Conidium concentration was assessed
using a hemocytometer, and average concentrations of
3.2 x 10° conidia per mL"! were used for inoculations.

Hydroponics and host growth conditions

Chickpea seeds were disinfected for 5 min in com-
mercial bleach (0.042% (w/v) sodium hypochlorite)
added to deionized water, and were rinsed well in run-
ning tap water. The seeds were then imbibed at 4°C for
48 h. Imbibed seeds were then germinated in 10% aer-
ated nutrient solution on mesh in the dark for 3 d. Seven
d-old seedlings were then transferred to continuously
aerated 25% nutrient solution to grow the seedlings
under sterile hydroponic conditions on floats in ster-
ile water containing macro- and micro-nutrients (half-
strength Hoagland’s nutrient medium) (Hoagland and
Arnon, 1950). For the first week, half strength nutrient
solution was used, and was then gradually increased to
full strength nutrient solution after 10 d. Control sets
of seedlings were grown Hoagland’s nutrient media to
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PUSA 372 X WR 315(3-14)

JG 11 X WR 315(15-17)

A

Overview of Hydroponics

Setup

Figure 1. Hydroponics experimental set up used to screen chickpea lines for Fusarium wilt susceptibility.

compare disease incidence with wilt pathogen geno-
types. The desired Foc conidium suspensions (3.2 x
10° conidia mL™) were added to each hydroponic tray,
and 12 d-old seedlings were inoculated, and these were
examined for wilt reactions (yellowing and wilting)
for up to 30 d post inoculation. The nutrient media
and conidium suspension of each pathotype/race were
replenished at 4 d intervals during this period.

The inoculation experiment was carried out at the
ICAR-Indian Agricultural Research Institute, New
Delhi, India (Lat. 28.6377° N, Long. 77.1571° E) dur-
ing 201920, in a temperature-controlled growth facility
maintained at 20/14 + 2°C day/night temperatures, with
a daily photoperiod of 16 h and 45% relative humidity at
germination, and then maintained 26 + 2°C for effective
infection (Figure 1).

Microscope observations, histopathological studies, disease
assessments and disease progression

Microscope examinations of seedlings were carried
out at 25 and 30 d after inoculation. The observations
Growth and disease progression assessments were made
for the resistant (“WR 315”) and susceptible (JG 62)
controls, and all the MABC lines. Seedling roots were
gently washed in tap water to remove adhered particles,

and were each hand sectioned into eight to ten 1-2 mm
pieces of (cross and longitudinal sections), using a dou-
ble-sided razor blade. The root pieces were then placed
on glass microscope slides in drops of tryptophan blue
or water, and then covered with cover slips for micro-
scopic analyses. Single host genotypes were used in three
replicates to study microscopic and histopathological
characteristics, and for assessments of disease progres-
sion. For each assessed seedling, two hand sections were
prepared and observed under a compound microscope at
x10 magnification.

After inoculation, the plants were regularly moni-
tored and scored every 3 d for disease symptoms and
progression. Disease symptoms were scored using a six
point (0-5) scale (modified from that described by Pour-
alibaba et al., 2015), as follows:

0 = “no symptoms”- (0)-Immune,

1 = “tiny initiation on the leaf and yellowing in older
leaves™- (0.1-10%) - Highly Resistant,

2 = “leaf showing complete yellowing of older and
younger leaves”- (10.1-25%) - Resistant,

3 = “complete yellowing and falling of leaves™ (25.1-
50%), Moderately susceptible,

4 = “wilted/curled/dried leaf, or defoliation”- (50-75%),
Susceptible,

5 = “dried completely or killed plant” - (75.1-100%),
Highly susceptible.
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To represent all possible disease patterns in the plants,
the disease scores were applied separately to each leaf. For
effective comparison of resistance between the host geno-
types, the disease score was developed for each complete
plant. Considering n. 1, n. 2, n. 3, n. 4, and n. 5 is the
number of leaves showing, respectively, symptom types 1,
2, 3, 4 or 5, respectively, the formula used for calculating
disease Index (DI)/disease score of each plant was:

DI = ((nl x 0.10) + (n2 x 0.25) + (n3 x 0.5) + (n4 x 0.75)
+ (n5 x 1)/t) x100);

where 0.1, 0.25, 0.5, 0.75 and 1 are the indices that con-
form, respectively, to symptom categories y of 1, 2, 3,
4 or 5, and t represents the number of leaves in total
including asymptomatic and fallen leaves due to disease.
The absence of symptoms was scored as DI = 0 and dead
plants as DI = 100 (Srinivasa et al., 2019) (Figure 2).

The Foc inoculum was first used on seedlings that
were 15 d-old, and relative progression of Fusarium wilt
was observed at 10, 15, 18, 21, 24, 27, 30 d after inocula-
tion to calculate the areas under the disease severity curves
(AUDSC), using the formula Y = Pn-1i=1 [(Xi+ Xi + 1
)/2] (ti + 1 — ti), where Y is the AUDPC, Xi is the disease
incidence of the ith evaluation, and Xi + 1 is the disease
incidence in next observation, and (ti + 1 —ti) is the num-
ber of days between two observations (Gupta et al., 2021).
Final assessments were made 45-d-old seedlings.

Plant phenotypic characters
Sampling was carried out for each plant in all

the three replications, and growth parameters were
assessed, including root and shoot lengths, and root

Figure 2. Disease Indices (0-5) used for assessments of chickpea
plants for severity of Fusarium wilt.

and shoot fresh and dry weights, to determine effects
of Fusarium wilt (Foc) on plant phenotypes. Harvest-
ing of roots and shoots were carried out separately,
and to remove surface contamination, the roots were
rinsed in distilled water for about 20s, followed by blot-
ting to remove excess moisture. The dry weight of roots
and shoots were determined by drying the plant parts
at 80°C for 72 h. Genotypes with the lowest and high-
est disease scores were considered, respectively, to be
highly resistant and susceptible to wilt. A completely
randomized design was used in the experiment, and for
phenotyping, single genotypes were used in each repli-
cation. These data were combined to determine means,
descriptive analysis, correlations of root and shoot
lengths, root and shoot dry and fresh weights, and
mean wilt scores for each genotype.

Kruskal-Wallis rank-sum test for comparison of disease
scores

The chickpea genotypes showing the lowest dis-
ease scores were considered to be resistant to Fusarium
wilt, and those with high values were classified as sus-
ceptible. Disease scores and Kruskal Wallis tests gave
comprehensive assessments of resistant and susceptible
genotypes in this study (Supplementary Tables 3 and 4).
The Kruskal Wallis test is non-parametric that does not
assume that the data come from a particular distribu-
tion. Here ranks of the data values were used in the test
rather than the actual data points.

Statistical analyses

Results were determined for different means, stand-
ard errors, standard deviations, and coefficients of vari-
ation. Statistically significant values were tested at P
= 0.05, and Tukey’s test was applied at this probabil-
ity assess significant differences between means. All the
data including t tests were analysed using the STAR
programme (Statistical Tool for Agricultural Research
Version 2.0.1, 2014). A heat map was created using the
R software ‘stats’ package, and correlation analyses were
carried out using the “corrplot” package (version 0.84).

RESULTS

Histopathological observations

Presence of fungal mycelium was observed in the
susceptible and resistant control plants. In the resist-
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Table 3. Mean AUDPCs (+ standard errors) for different chickpea genotypes (Sr. No.) inoculated with different races of Fusarium oxyspo-

rum f. sp. ciceris.

Sr. No. Race 1 Race 2 Race 3 Race 4 Race 5

1 264.72 + 8.92 155.68+8.36 385.08+10.58 459.065+£12.79 390.83+7.08
2 11.39+1.41 5.7240.68 14.34+1.17 7.44+0.91 11.66+1.0
3 161.85+8.00 31.14+1.61 49.17+3.16 33.95+3.01 128.25+5.42
4 131.13+6.86 62.64+3.08 64.76+3.79 149.07+6.33 129.91+5.75
5 146.88+8.94 123.30+6.01 86.22+4.17 82.73+3.98 86.71+4.23
6 20.82+1.73 121.08+5.43 1.92+0.32 159.73+£7.11 99.14+4.21
7 57.26+4.28 25.72+1.97 8.26+0.66 216.76+7.29 118.76+4.95
8 165.13+7.29 99.93+5.54 74.4243.60 110.37+5.53 228.5145.51
9 82.86+4.15 12.15+0.74 79.24+3.67 129.82+5.5 147.87+7.03
10 91.77+6.66 41.64+1.89 81.45+4.24 235.41+6.8 181.45+6.25
11 101.43+5.19 11.0+0.71 121.03+5.72 67.44+3.5 148.15+6.80
12 61.61+3.85 1.36+0.23 13.87+1.12 131.62+5.86 27.70+1.42
13 159.21+8.62 90.27+4.10 60.19+4.01 29.79+1.82 59.334+2.60
14 18.73+2.32 17.51+£1.34 71.75+4.43 16.03+£1.36 63.58+2.51
15 89.90+4.92 69.02+3.29 57.44+2.97 51.90+3.28 65.42+2.88
16 36.25+3.26 32.92+1.54 71.73£3.41 73.3343.46 112.04+4.56
17 92.12+3.96 52.80+2.6 85.07+3.63 123.70+5.1 65.31+4.43
18 197.74+9.53 360.62+8.04 456.50+11.14 389.54+10.44 373.249.99
19 865.07+23.26 877.81+19.8 1053.49+16.06 1161.10+£17.27 778.21+17.85
20 512.94+16.10 281.69+14.34 1200.07+19.11 493.61+13.71 159.68+8.23
21 109.92+5.05 123.75+6.09 68.06+2.73 170.06+7.65 311.16+9.85
22 202.22+4.44 110.11+5.23 133.95+5.81 51.56+3.32 77.32+3.59
t value 4.014™ 3.0292" 2.8013™ 3.63717" 4.7276™

Table 4. Descriptive statistics for seven chickpea plant traits ana-
lysed in this study.

Trait* Min Max Range  Mean SD (&A%
SL 11.9 30.3 184 20.46 3.52 10.59
RL 8.9 29.3 20.4 16.07 3.82 4.97
SFW 0.47 1.64 1.17 0.87 0.23 7.61
SDW 0.044 0.16 0.0116  0.0873 0.02 6.71
RFW 0.35 1.56 1.21 0.79 0.267 4.92
RDW 0.036 0.172 0.136  0.0744 0.02 10.11
DS 0 100 100 15.6 184 13.3

*SL, shoot length; RL, root length; SFW, shoot fresh weight; SDW,
shoot dry weight; REW,-root fresh weight, SDW, shoot dry weight.
DS = Disease Score;

ant controls (WR 315) the xylem vessel discoloration
was not prominent compared to the susceptible controls
(JG 62), where xylem vessel discolorations and complete
disruption were observed at the early stages of infection
(Figure 3).

Figure 3. Example micrographs of chickpea root cross sections
used in histopathological studies of Fusarium wilt. (i) resistant con-
trol host line WR 315, and (ii) susceptible control host JG 62. a,
cortex; b, phloem; and ¢, xylem.

Identification of resistance against Fusarium wilt under a
hydroponic system, based on in planta infection

Wilt symptoms were observed in the susceptible cul-
tivar (JG 62) at 8 d after inoculation, but no symptoms
were observed in the resistant genotype (WR 315). Parent
Pusa 372 showed moderately susceptible responses against
the Foc races 1, 3, 4, and 5, and showed resistant pheno-
type for race 2. JG 11 showed moderate susceptibility for
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races 2, 3, 4 and 5, and showed resistant phenotype for
race 1. Eight host genotypes showed highly resistant reac-
tions against five races of Foc. Among the 22 genotypes
tested, four showed highly resistant responses to race 1,
four were resistant to race 2, ten were resistant to race 3,
seven were resistant to race 4, and seven genotypes were
resistance to race 5. Fifteen MABC introgression lines
of Pusa372 and JG 11 were tested against all five races
s among which nine showed highly resistant response
under hydroponic conditions. MABC introgression lines
of Pusa 372 (IL.11,12,14) and JG 11 (IL.15,16,17) showed
high resistance reactions to Fusarium wilt (Figures 4 and
5). ILC (CZ) showed varied reactions, with highly suscep-
tible phenotypes for race 3, susceptible reaction to races 1
and 4, and moderately susceptible phenotypes for races 2
and 5. ILC (Lat) was highly resistant to races 1, 2 and 3,
and moderately susceptible for races 4 and 5. The variety
Pusa Green 112 (BGD 112) was resistant to races 2, 3, 4,
and 5. Control plants grown in nutrient solution not show
any disease symptoms during the experimental period.
Also, AUDPCs were calculated for all the host geno-
types and with respect to all five Foc races under con-
sideration. For race 1, AUDPC was greatest (865.07) for
the susceptible control JG 62, was next greatest for ILCO
(CZ), followed by parent Pusa 372 (264.72) and ]G 11
(197.74). For MABC lines for race 1, the lowest AUDPC
(18.73) was recorded for IL14, followed by IL6 (20.82) and
IL16 (36.25). The resistant control WR 315 gave the low-
est AUDPC value of 11.39. For race 2, AUDPC was great-
est (877.81) for the susceptible control JG 62, next greatest
(360.62) for JG11, followed by ILCO (CZ) (281.69 and par-
ent Pusa 372 (155.68). For the MABC lines for race 2, the
lowest AUDPC (1.36) was recorded for IL12, followed by
IL11 (11.0) and IL9 (12.15). The resistant control WR 315
gave an AUDPC of 5.72. For race 3, AUDPC was greatest
for ILCO (CZ) ((1053.49, followed by susceptible control JG
62 (1200.07), JG 11 (456.50) and parent Pusa 372 (385.08).
For the MABC lines and race 3, the lowest AUDPC (1.92)
was recorded for IL 6, followed by IL 7 (8.26) and IL12
(13.87). The resistant check WR 315 gave the lowest AUD-
PC of 14.34. Against race 4, AUDPC was greatest (1161.10)
for the susceptible control JG 62, followed by ILCO (CZ)
(493.61), and parent Pusa 372 (459.06) and JG11 (389.54).
For MABC lines against race 3, the lowest AUDPC (16.03)
was recorded for IL 14, followed by IL 13 (29.79) and
IL3 (33.95). The resistant control WR 315 gave the low-
est AUDPC value of 7.44. For race 5, AUDPC was great-
est (778.21) for the susceptible control JG 62, followed by
parent Pusa 372 (390.83), and JGl11 (373.2). For the MABC
lines against race 5, the lowest AUDPC (27.70) was record-
ed for IL 12, followed by IL 13 (59.33) and IL14 (63.58). The
resistant control WR 315 gave the lowest AUDPC value of

Pathogen races

Varieties

Figure 4. Heat map indicating Fusarium wilt severity scores for
chickpea genotypes. from highly susceptible (red) to highly resist-
ant (yellow) lines.

|
WR 315 ¥W5 Pusa372+WS JG 62+ WS IL. 11+ WS IL. 12+ WS IL. 18+ WS

(Cohtral

Figure 5. Differential responses of susceptible, resistant MABC
lines, and resistance controls under Fusarium wilt stress (WS), and
comparison with a very susceptible line (Control).

11.66. For AUDPCs, the susceptible check JG 64 gave the
greatest value followed by parent Pusa 372, and the low-
est AUDPC was recorded for the resistant control WR 315
(Table 3, Supplementary table 1). Results for AUDPC val-
ues for selected host genotypes are presented in Figure 6.

Host plant phenotypic traits measured under hydroponic
conditions

The descriptive statistics for all seven host traits
showed significant variations under wilt stress condi-



10

o
=]

0
Q

—a—Gen 1

~
=]

=e=Gen 2

1 ——Gen 11

@
=1

Gen 12

——Gen 14

w
o

—a—Gen 15

—a=Gen 16

Disease Score (%)
=]
o
A

—e—Gen 17

w
o

—e—Gen 18

—+—Gen 19

o
=}
i mlan

=
o

E & 1
10 15 18 21 24 27 30
Days Post Inoculation

Figure 6. Disease progress curves for selected chickpea genotypes
grown in hydroponic culture inoculated with Fusarium oxysporum
f. sp. ciceris race 1.

tions, indicating considerable variation among the host
genotypes (Table 4). Mean plant height under wilt stress
was 20.5 cm, with a minimum of 11.9 cm (JG 62) and
a maximum of 30.3 cm (IL.14). Mean root length under
wilt stress was 20.0 cm, with a minimum of 8.9 cm (JG
62) and a maximum of 29.3 cm (IL.14). For mean shoot
fresh and dry weights under wilt stress conditions were
0.87 g and 0.87 g, with respective minima of 0.47 g (JG
62) and 0.044 g (JG 62), and maxima of 1.64 g (IL.4)
and 0.16 g (IL.6). Mean root fresh and dry weights were,
respectively, maxima 1.56 g (IL.12) and 0.172 g (IL.13),
and minima 0.79 and 0.07 and 0.35 (IL.20) and 0.036
(JG 62).

Correlations between host plant parameters

Correlation analyses were carried out for seven host
plant traits (Figure 7). Correlations were statistically
significant and strongly positive between the traits root
fresh and dry weights (0.88), shoot fresh and dry weights
(0.86), and root fresh weights and root lengths (0.53).
Root and shoot weights were significantly and positively
associated (0.44). Significant and negative associations
occurred between disease scores and root lengths (-0.37)
and root fresh weights (-0.33). Root fresh weights and
shoot fresh weights (0.44) were positively related.

Reductions in host phenotypic traits

The greatest mean reductions in host plant param-
eters were observed for susceptible control plants of JG

Jawahar Jorben et alii

62, with reductions of 47% in shoot length, 91% in root
length, 34% in shoot fresh weight, 50% in shoot dry
weight, 75% in root fresh weight, 56% in root dry weight,
and an overall average 59% reduction across traits. Mean
reductions for parent Pusa 372 were 35% for shoot length,
31% for root length, 31% for root length, 22% for shoot
fresh weight, 19% for shoot dry weight, 54% for root fresh
weight, 48% for root dry weight, and an overall aver-
age reduction across all traits of 35%. Mean proportional
reductions for IL3 were 13% in shoot length, 38% in root
length, 19% in shoot fresh weight, 11% in root dry weight,
23% in root fresh weight, 44% in root dry weight, with an
overall average reduction across all traits of 25%. Mean
reductions for IL11 were; 13% in shoot length, 21% in
root length, 24% in shoot fresh weight, 37% in shoot dry
weight, 40% in root fresh weight, 18% in root dry weight,
with a 25% overall average reduction across all traits.
Mean reductions for IL12 were; 10% in shoot length, 27%
in root length, 24% in shoot fresh weight, 7% in shoot dry
weight, 37% in root fresh weight, 17% in root dry weight,
with a 20% overall reduction across all traits.

Greatest proportional reductions considering all
host characters was measured for JG 62 (59%), then for
Pusa 372 (35%) and JG 11 (32%), and the least reduction
was for the resistant control WR 315 (11%) (Table 5, Sup-
plementary Table 2).

Host parameters were affected differently by the dif-
ferent pathogen races. For shoot lengths, greatest reduc-
tion (21%) was measured for race 5, followed by race 3
(20%), race 2 (18%), race 1 (17%), and race 4 (12%) respec-
tively. For root lengths, the greatest reduction was meas-
ured from race 5 (32%), followed by race 3 (32%), race
1 (23%), race 4 (20%), and race 2 (19%). For shoot fresh
weights, the greatest reduction was from race 5 (47%), fol-
lowed by race 1 (32%), race 3 (31%), race 2 (30%), and race
4 (22%). For shoot dry weights, the greatest reduction was
measured from in race 5 (47%), followed by race 3(26%),
race 1 (24%), race 2 (23%), and race 4 (17%). For root fresh
weights, the greatest reduction was from race 3 (40%), fol-
lowed by race 5 (38%), race 4 (37%), race 1 (37%), and race
2 (33%). For root dry weights, the greatest reduction was
from race 5 (43%), followed by race 1 (36%), race 2 (34%),
race 3 (24%), and race 4 (14%). The results for the different
races when subjected to “t” tests showed statistically sig-
nificant differences among the host genotypes in respons-
es host parameters assessed (Tables 5 and 6).

DISCUSSION

Screening of chickpea genotypes for susceptibil-
ity to Foc is usually carried out in wilt “sick” plots or
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Figure 7. Correlations and distributions of six mean chickpea root parameters and mean Fusarium wilt scores, measured after hydroponic

culture with Fusarium oxysporum f. sp. ciceris.

using pot culture techniques, which are environmen-
tally sensitive, time consuming, involve complex inocu-
lation methods, and where it is difficult to screen large
numbers of host genotypes (Belaidi, 2016). Hydroponic
screening for disease resistance has been reported for
bean root rot (Anderson and Guerra, 1985), Fusarium
sp. in banana (Zheng et al., 2018), in Medicago sativa
(Cong et al., 2018), and screening for Phytophthora root

rot resistance in chickpea (Amalraj et al., 2019). The pre-
sent study is the first successful use of hydroponic cul-
ture for screening race-specific Fusarium wilt resistance
in chickpea.

Histological distortions of vascular tissues in host
roots and shoots in resistant and susceptible controls
were observed. Formation of cavities were observed
between phloem and xylem tissues, medulla and xylem,
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Table 5. Average percentage reductions for different chickpea host
lines (Sr. No.) for traits after inoculations with different races (R1 to
R5) of Fusarium oxysporum f. sp. ciceris.

Sr. No R1 R2 R3 R4 R5 Average
1 31 66 56 19 51 35
2 15 13 9 9 24 14
3 15 12 13 7 13 12
4 32 23 21 13 10 19
5 7 18 2 6 1 7
6 13 6 13 5 7 9
7 1 5 36 2 22 11
8 33 15 3 1 3 10
9 13 6. 18 10 8 11
10 18 7 36 12 22 18
11 10 17 16 10 9 12
12 12 0.8 14 11 12 10
13 9 11 8 6 0.9 7
14 29 12 5 10 16 14
15 18 19 10 4 24 15
16 3 21 38 7 41 20
17 0.3 54 21 14 24 20
18 31 19 36 29 31 29
19 30 40 50 35 91 46
20 16 9 11 9 1 9
21 2 21 8 24 12 13
22 17 2 14 2 33 12
t values 7.2896™ 5.3361"" 6.2446™" 6.2377"" 4.8384™"

Table 6. Percentage reduction of SL, RL, SFW, SDW, RFW and
RDW with respect to five different races of Fusarium oxysporum f.
sp. ciceris.

Sr.No. Racel Race2 Race3 Race4 Race5 Average t value
SL 16.56 1849 20.32 11.70 21.15 1649 6.9
RL 22.87 1935 3199 20.11 3216 2375 6.797
SFW 3242 29.77 30.58 22.03 46.59 22.59 16.14™
SDW 2431 22,67 2647 1686 4698 24.52 6.50""
REW 3691 3323 3952 3730 3843 33.20 10.589™
RDW 36.31 34.03 24.12 14.64 43.04 2783 7.62"

phloem and cells of cortical parenchyma, and prolif-
eration of cells in vascular cambium was also observed.
Stem cross sections revealed xylem colonization by the
pathogen, while resistant plants showed normal develop-
ment. The hydroponic system allowed effective assess-
ments of compatible and incompatible interactions
between chickpea races and resistant and susceptible
cultivars (Jiménez-Ferndndez et al., 2013). Similar results
of xylem colonisation between resistant and suscepti-
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ble cultivars were observed by Caballo et al. (2019) for
race 5 of Fusarium oxysporum f. sp. ciceris. Obstruction
of host water conduction systems affect photosynthesis
due to closure of stomata induced by water deficit, and
also affect functioning of RuBisCO (Pedrosa et al., 2011).
Fusarium wilt affects three crucial photosynthesis pro-
cesses, including thylakoid electron transport, carbon
reduction cycles, and CO, supply for stomata (Allen et
al., 1997).

Compatible interactions (susceptibility) of Foc
infections inhibit plant growth through water stress
and pathogen action. Therefore, increased root length
in resistant plant genotypes is an efficient host defence
mechanism against root-invading pathogens (Caballo
et al., 2019). Host leaves also lose turgidity, which leads
decreased shoot and root dry weights (Jalali and Chand,
1992; Jimenez-Diaz et al., 2015). Increased root length
and fresh weight could be used as selection criteria for
host resistance using hydroponic techniques. In the pre-
sent study, negative and low correlations were observed
between disease scores, shoot lengths, and shoot and
root fresh and dry weights, indicating low variation
among MABC lines for disease resistance. These are
in advanced selection generations (AVT lines), and are
near-isogenic for disease resistance.

Disease observations were taken by observing indi-
vidual leaves, which increased accuracy of disease score
calculation. These measurements showed that parent
host lines (Pusa 372 and JG 11) were moderately suscep-
tible to most of the assessed Foc races. The susceptible
control (JG 62) was highly susceptible to all of the Foc
races, and the resistant control (WR 315) was highly
resistant to these races (Sharma et al., 2005; Milan et
al., 2006). For all of the seven measured host physical
characters and disease score, the parent Pusa 372 intro-
gression lines (11, 12, 14) and JG 11 introgression line
(17, 18) were generally superior for all characters, and
were highly resistant to disease. Line ILC (CZ) showed
varied reactions for different Foc races, and was mod-
erately susceptible only to Foc races 5 and 2. ILC (Lat.)
showed was highly resistant against all the tested Foc
races, showing the potential for utilization of this lan-
drace for diversification of resistant controls to other
than WR 315. The variety Pusa Green 112 (BGD112) was
resistant to all assessed races except race 1, and is there-
fore a potent donor source for Fusarium wilt resistance
(Yadav et al., 2004). Analysis of AUDPCs also showed
that MABC lines had the lowest disease progression.

Reductions due to Foc were detected in growth
traits of the resistant chickpea susceptible control,
MABC lines, and the other varieties studied. Average
plant parameter reductions were greatest after inocula-
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tion with Foc race 5 (for shoot and root lengths, shoot
fresh and weights, and root dry weight) and race 5 (for
root fresh weight). For all the host phenotypic characters
assessed, the greatest reductions were observed in root
fresh weight (Table 5).

Average percentage reductions were 55% for MABC
line 3, 25% for line 11, and 20% for line 12, and 35% for
parent Pusa 372, 12% for donor parent WR 315, 31%
for the national control JG 11, and 59% for the suscep-
tible control JG 62. This indicates that in the case of
MABC lines and a resistant check showed a lower per-
cent reduction in the growth traits suggesting resistant
response as compared to parents and susceptible check
(Maitlo et al., 2014). Punja and Rodriguez (2018) stud-
ied Fusarium species infecting roots of hydroponically
grown marijuana plants, and observed reductions in
root lengths and volumes, which were similar to reduc-
tions measured in the present study. This emphasizes
how Foc can affect different host landraces, parents and
MABC lines, and indicates the superiority of MABC
lines over other genotypes.

MABC is regarded as a rapid method for develop-
ing host varieties that are resistant to Fusarium wilt
(Varshney et al., 2014). MABC development in chickpea
has relied mostly on field or “wilt sick” plot screening
for variety development (Mannur et al., 2019; Roorkiwal
et al., 2020). Nevertheless, some of these varieties have
become susceptible to Fusarium wilt, possibly due to
changes in wilt incidence, pathogen genotype differenc-
es, and genotype/environment interactions (Neupane et
al., 2007; Sharma et al., 2012). In the present study, race
purity of Foc inocula was maintained under hydroponic
culture, and the inoculated races were reisolated. This
gave accurate, reproducible and reliable disease quantifi-
cation, at an early stage of host infection. Screening using
hydroponics based screening will increase accuracy and
be useful for future MABC development programmes.

Hydroponic systems can be costly compared to tra-
ditional “sick plot” method, requiring specific skills, and
host plants that are readily infected by pathogens. Many
hosts require similar nutrient media, and hydroponic
systems allow rapid inoculum spread (Pandey et al.,
2009; Sardare and Admane, 2013). Use of this method
will aid current and future efforts in breeding for Fusari-
um wilt resistance in chickpea, as for genetic studies.
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New or Unusual Disease Reports

First report of Leptosphaeria maculans and
Leptosphaeria biglobosa causing blackleg
disease of oilseed rape in Tunisia

Essia MAGHREBI™*, OLra BELDI?, TaraNI OCHI!, BIRGER KOOPMANNS3,
HaNeENE CHAABANE!, BocHRA AMINA BAHRIH*

I Laboratory « Pests and Integrated Protection in Agriculture» (LR/BPIA), University of
Carthage, National Agronomic Institute of Tunisia (INAT), Tunisia

2 General Directorate of Protection and Quality Control of Agricultural Products, Tuni-
sian Ministry of Agriculture, Water Resources and Fisheries, Tunisia

3 Plant Pathology and Crop Protection Division, Department of Crop Sciences, Georg-
August-University Gottingen, Gottingen, Germany

* Department of Plant Pathology, Institute of Plant Breeding, Genetics and Genomics,
University of Georgia, Griffin, USA

*Corresponding authors. E-mail: maghrebi.essia@gmail.com; bbahri@uga.edu

Summary. Blackleg has been observed in oilseed rape in Tunisia since 2017. Morpho-
logical observations, pathogenicity tests, and sequencing of the internal transcribed
spacer regions for four fungal isolates from affected plants confirmed the presence of
Leptosphaeria maculans and Leptosphaeria biglobosa. These results provide the first
record of L. maculans and L. biglobosa as causes of blackleg of oilseed rape in Tunisia.

Keywords. Blackleg disease, oilseed rape, fungal identification.

INTRODUCTION

Brassica napus L. is one of the most common domesticated Brassica
crops for human and animal nutrition (Friedt et al., 2018). Oilseed rape is
estimated to occupy more than 35.6 million hectares (ha) of world agricul-
tural area with average production of 71 million tons (t) in the 2021-2022
growing season (World Agricultural Production, 2022). The oilseed rape
crops have been reintroduced into the Tunisian national cultivation sys-
tems since 2014 (Medimagh et al., 2018), and average yields have increased
from 1.3 t ha! in 2014-2015 to 1.8 t ha! in 2018-2019 (Maghreb Oléagineux,
2022). With more than 15,000 ha of current rapeseed crop area, these crops
are important in Tunisia, especially in the northern regions of the country
(Maghreb Oléagineux, 2022).

Five hybrid European spring varieties are currently subscribed in the
Tunisian catalogue of varieties and dominate Brassica napus cultivation in
Tunisia (Maghreb Oléagineux, 2022). Reductions in oilseed rape yields have
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been noticed due to biotic stress (Wang et al., 2020;
Zheng et al., 2020). Blackleg (Phoma stem canker) is an
important fungal disease threat to international oilseed
rape production (Howlett, 2004; Fitt et al., 2006). Lepto-
sphaeria maculans (Desm.) Ces. and de Not. (anamo-
rph Phoma lingam) is the principal cause of this disease
together with L. biglobosa Shoemaker and H. Brun (L.
biglobosa) (Rouxel et al., 1994; Shoemaker and Brun,
2001). Leptosphaeria biglobosa is considered to be less
aggressive than L. maculans, and often attacks the upper
parts of host plants (Williams, 1999; Shoemaker and
Brun, 2001; Mendes-Pereira et al., 2003). In 2017, symp-
toms similar to blackleg were observed in Beja, Bizerte,
Nabeul and Manouba, the four main oilseed rape pro-
duction areas of Tunisia.

The objective of the present study was to identify the
causal agents responsible for the blackleg on oilseed rape
in Tunisia. Cultural and morphological features, molec-
ular sequencing of the internal transcribed spacer (ITS)
region, phylogenetic analysis, and pathogenicity tests
were performed for isolates of fungi obtained from oil-
seed rape crops.

MATERIALS AND METHODS
Isolation and morphological identification of causal agents

To isolate the causal agent, diseased oilseed rape
plants were sampled from four northern regions of
Tunisia (nine fields) during April and May 2018. The
samples were conveyed to the Pests and Integrated
Protection in Agriculture research laboratory in Tuni-
sia. For each sample, five infected stem sections (5 cm
length) were surface-sterilized in 1% sodium hypochlo-
rite solution for 30 s, followed by 70% ethanol for 20 s,
and three rinses in sterile water. The stem sections were
then transferred into 90 mm diam. Petri dishes con-
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taining V8 juice agar supplemented with 25 mg mL!
of chloramphenicol. After 15 d incubation under 12 h
photoperiod at 20°C, serial dilutions were performed
to obtain single conidium isolates that were then main-
tained on V8 juice agar at 20°C. From the initial isolate
collection (Table 1), four isolates (obtained from four
fields) were randomly selected for morphological and
genetic identifications. Isolates L31 and L36 were from
two fields in Manouba and isolates L48 and L50 were
from two fields in Nabeul.

For macroscopic identification, 5 mm mycelium agar
discs of each isolate were inoculated onto 90 mm diam.
Petri dishes containing malt agar, V8 juice agar or pota-
to dextrose agar (PDA). Colonies were photographed at 7
and 14 d after incubation at 20°C in complete darkness.
For each isolate, colony colour, and conidium size and
shape were analyzed under light microscope and then
measured using ImageJ software (Schneider et al., 2012).

Molecular and phylogenetic analyses of the causal agents

Genomic DNA was extracted from the four select-
ed isolates using the CTAB protocol (Doyle and Doyle,
1987). PCR was performed to amplify the ITS region
using the forward ITS1 (5-TCCGTAGGTGAACCT-
GCGG-3’) and the reverse ITS4 (5-TCCTCCGCT-
TATTGATATGC-3’) primer, as described by White et
al. (1990). The amplifications were carried out using
the Thermo Cycler 2720 (Applied Biosystems) in 25
puL reaction mixtures. PCR conditions were as fol-
lows: 4 min of initial denaturation at 94°C, followed
by 30 cycles of denaturation each at 94°C for 1.5 min,
2 min of annealing at 55°C and 3 min of extension
at 72°C, with a final elongation at 72°C for 10 min.
A Sanger sequencing using both directions was car-
ried out by CarthaGenomics Advanced Technologies
(Tunis, Tunisia). The consensus ITS sequence of each

Table 1. Details of Tunisian regions from which Leptosphaeria spp. isolates were sampled in Brassica napus crops in 2018.

Region Municipality Commune Field No. Latitude  Longitude Altitude (m) Number of sampled isolates
Beja Beja North Ghyria 1 36.72900  9.135720 409 6

Beja Beja North Beja 2 36.72200 9.192360 245 1

Beja Testour Oued Zargua 3 36.66700  9.444870 169 2

Bizerte Tinjah Tinjah 4 37.17681 9.769790 4 4

Bizerte Tinjah Tinjah 5 37.15695  9.765250 15 3

Manouba Tebourba Chouigui 6 36.90000 9.850000 67 6 (Inc. Isolate L36)
Manouba Tebourba Eddekhila 7 36.89000 9.728000 74 5 (Inc. Isolate L31)
Nabeul Menzel Bouzalfa Menzel Bouzalfa North 8 36.69120 10.59816 58 3 (Inc. Isolate L48)
Nabeul Menzel Bouzalfa Errahma 9 36.71000 10.74000 133 4 (Inc. Isolate L50)
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Table 2. Isolates of the Leptosphaeria maculans and Leptosphaeria biglobosa species complex used as references in the phylogenetic analyses.

IBCN GenBank
Species Subclade Isolate name Origin Host accession References
number
number
IRAN Br37 - Iran - MG701143  Amirdehi et al., 2017
Pk4 - Iran B. napus MW444866 Zamanmirabadi et al., 2022
Leptosphaeria ‘brassicae’ UK7 - UK B. napus DQI133891 Liu et al., 2006
maculans CBS 275.63 - UK - MW810266 Zhao et al., 2021
Leroy / FSU428 80 Canada B. napus AJ550883
lepidii’ Lep-2 / FSU432 84 Canada Lepidium sp. AJ550890
‘thlaspii 92-01-2 / FSU373 65 Canada T arvense AJ550891
CBS303.51 - France Isatis tinctoria AJ550892
. o 2.1/ FSU415 29  Australia B. napus AJ550869 Mendes-Pereira et al., 2003;
australensis i
PHW1268 / PHW126 / FSU471 91  USA B. oleracea  AJ550870  Voigt et al., 2005
‘erysimii‘ Ery-2 / FSU431 83 Canada Erysimum sp. AJ550872
PL53 - Poland B. napus AJ550865
2379-4 [ FSU437 89 Canada B. napus AJ550863
Leptosphaeria brassicac’ PHWI1270 / PHW129 / FSU473 93 USA  B.oleracea  AJ550857
biglobosa CBS127249 - France B.juncea  JF740199  De Gruyter et al, 2012
HNO9%6 - China B. napus MZ312591 -
UK5 - UK B. napus DQ133890 Liu et al., 2006
‘americensis’ Phl1002 - USA B. rapa MG321243  Zou et al., 2019
‘occiaustralensis’ UWA21-8 - Australia B. napus AM410082  Vincenot et al., 2008
Lb1135 - China  B. napus MK335624 Luo et al., 2021
canadensis BJ-114 / FSU430 82 Canada B.juncea  AJ550866  “icndes-Pereiraefal, 2003

Voigt et al., 2005

-: Unknown or not available information

Figure 1. Blackleg (Phoma stem canker) symptoms on oilseed rape
plants observed during field sampling in Tunisia in spring 2018. (a)
Lesions observed on an upper leaf of the cv. PR45H73, in the Man-
ouba region. (b) Severe symptoms on a stem of the cv. Trapper, in
the Bizerte region.

isolate was then analyzed using the Basic Local Align-
ment Search Tool (BLAST) software on NCBI avail-
able from: https://www.ncbi.nlm.nih.gov/. The best
match for each sequence with the lowest E-value and
the highest query cover and percentage of identity was
recorded. In addition, a phylogenetic analysis was car-
ried out by aligning, using the ClustalW algorithm,
the ITS sequences of the four isolates from Tunisia
with available reference sequences of L. maculans and
L. biglobosa in the GenBank database. Isolates from
different countries of origin, representative of previ-
ously published Leptosphaeria subclades, were used
in this assessment (Mendes-Pereira et al., 2003, Voigt
et al., 2005, Liu et al., 2006, Vincenot ef al., 2008, De
Gruyter et al., 2012, Amirdehi et al., 2017, Zou et al.,
2019, Zhao et al., 2021, Luo et al., 2021, Zamanmi-
rabadi et al., 2022) (Table 2). A phylogenetic tree was
obtained using the Maximum Likelihood method and
the Tamura-Nei model (Tamura and Nei, 1993) with
1000 bootstrap replications, under the Mega XI soft-
ware (Tamura et al., 2021).
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Pathogenicity tests

Seedlings of oilseed rape cv. Topas (which has no
major resistance genes (Larkan et al., 2016)) were grown
under controlled conditions of 20°C, 90% relative humid-
ity and 16 h light, 8 h dark cycles. Using the cotyledon
assay for pathogenicity (Bonman et al., 1980), nine plants
were slightly wounded in each cotyledon lobe with a sterile
needle, and were then each inoculated with a 10 uL spore
suspension at 1 x 107 conidia mL' (Winter and Koop-
mann, 2016; Alnajar et al., 2022). Mock inoculations with
only sterile distilled water were also carried out in a simi-
lar manner. Each isolate and water controls were inoculat-
ed onto nine plants. Symptom evaluations were carried out
14 d post-inoculation using the IMASCORE rating scale
(Volke, 1999; Balesdent et al., 2001). Leptosphaeria macu-
lans that gave sporulating grey-green tissue collapse in
inoculated seedlings was re-isolated and morphologically
identified, to assess Koch’s postulates.

Mal L-agar

Malt-agar
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RESULTS AND DISCUSSION

In the northern visited oilseed rape fields of Tuni-
sia, typical symptoms of blackleg were observed on the
crop plants, that included large green to grey-coloured
leaf spots and basal stem lesions, which were cream to
pale brown thick dark brown borders. Lesions on liv-
ing plants and on 2-month-old crop residues contained
multiple pycnidia often releasing pink mucilage. Disease
incidence was variable from one sampled field to anoth-
er, but ranged between 48 and 100%. No severe attack
leading to plant lodging was observed in the northern
oilseed rape growing regions of Tunisia in 2018.

After 14 d of incubation, the fungal isolates L3I,
L36, and L50 had regular white-dark green colonies
on PDA and white-brown mycelium on V8 agar, and
irregular small brown to black colonies on malt agar.
Colonies of isolate L48 varied from distinct brownish-
yellow with yellow pigmentation on PDA and malt agar

\

-

V8-agar Malt-agar

Figure 2. Front and reverse sides of cultures of Leptosphaeria maculans isolate L50 (a) and Lepotosphaeria biglobosa isolate L48 (b), grown
for 7 or 14 d at 20°C in the dark on Potato Dextrose agar (PDA), V8 agar or malt agar.
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Figure 3. Micrographs of Lepotosphaeria maculans isolate L50 after 21 d on V8 agar at 20°C in the dark. (a) Pycnidia with typical pinkish
mucilage (40 %), and (b) pycniospores (conidia) (100 x).
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ﬁE.bCan IBCNS2 L. bigiobosa ‘canadensis
L48
LbAmer PhI002 ——= L. bigichosa ‘americensis’
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55 LmBrass IBCN8O(Leroy)

LmBrass IRAN Br37

LmLepidi IBCN84 —— L. maculans ‘lepidii’

—

0.01

Figure 4. Phylogenetic tree of Leptosphaeria maculans and Leptosphaeria biglobosa isolates performed on the ITS sequenced region based
on the Maximum Likelihood method and Tamura-Nei model. This analysis was carried out using Mega XI software (Tamura et al., 2021),
with 1000 bootstrap replications, and involved 28 nucleotide sequences of 327 final nucleotide positions [four sampled isolates from Tunisia,
21 other representative isolates of each subclade available in GenBank, and three different Leptosphaeria species (Camara et al., 2002): L.
typharum (AF439465), L. dryadis (AF439461) and L. weimeri (AF439466)].
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Figure 5. Leaf lesions on 14-d-old seedlings of oilseed rape cv. Topas (Larkan et al. 2016) inoculated with Leptosphaeria maculans iso-
late L50 (a) or Leptosphaeria biglobosa isolate L48 (b), under controlled conditions (20°C and 16 h dark 8 h light per day). Compatible
(leaf spots) reactions were observed for L50 (a), and hypersensitive reactions were observed for L48 (b). No symptoms occurred on control

plants inoculated with sterile water (c).

to white and dark-brown with notable aerial mycelium
on V8 agar (Figure 2). Similar morphological charac-
teristics have been previously reported, and supported
identification of L. maculans for isolates L31, L36, and
L50; and L. biglobosa for isolate L48 (Somda et al., 1996;
Howlett et al., 2001; Chen et al., 2010; Vakili Zarj et al.,
2017). The pycnidia in cultures were black and globose,
and 200-500 um in diameter. The pycnidia each had an
ostiole, from which a conidial cirrhus protruded (Figure
3a). Each cirrhus had a mucilaginous texture and was
light pink. No cirrhus colour variations toward bright
red or “oxblood”, as described by Rouxel et al. (1994),
were observed for the isolates. All conidia were single-
celled, hyaline, ovoid to cylindrical, and of dimensions
2-4 x 1-2 pm (Figure 3b). The shape and size of the
observed conidia and pycnidia for all four isolates cor-
responded to the descriptions for Leptosphaeria species
(Somda et al., 1996; Howlett et al., 2001).

Sequenced ITS fragments for the four isolates were
registered in GenBank under the accession numbers
MZ542280 to MZ542283. Molecular analyses confirmed
the identification of L. maculans and L. biglobosa from
oilseed rape fields in Tunisia. Blast results of the ITS

sequences against the NCBI database showed that iso-
late L48 had 91% similarity with L. biglobosa subgroup
‘canadensis’ (GenBank number KJ574217). The remain-
ing three isolates showed 86% (for L31), 93% (for L36),
and 97% (for L50) similarity with L. maculans subgroup
‘brassicae’ (GenBank number KT225526).

The phylogenetic analyses using the ITS sequences
of the four isolates from Tunisia and L. maculans ref-
erence isolates revealed that L. maculans isolates L31,
L36 and L50 were most related to the reference isolate
IBCN80 (GenBank number AJ550883) belonging to the
L. maculans ‘brassicae’ subgroup (Figure 4). The L. biglo-
bosa isolate L48 was closely related to all L. biglobosa
‘canadensis’ reference isolates, including IBCN63 (Gen-
Bank number AJ550868) and IBCN82 (GenBank num-
ber AJ550872).

The pathogenicity tests showed that for the three L.
maculans isolates, typical host symptoms of grey-green
tissue collapse with numerous pycnidia (IMASCORE =
6) were visible at 14 d post-inoculation (Figure 5a). For
the L. biglobosa isolate L48, an hypersensitive reaction
was developed (IMASCORE = 1) (Volke, 1999; Bales-
dent et al., 2001) for all replicates (Figure 5b). These
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phenotypic results were similar to those found by Zou
et al. (2019), and confirmed the grouping of L48 to the
subclade ‘canadensis’. To fulfil Koch’s postulates, L.
maculans was re-isolated from the artificially inoculated
plants. All control plants had no disease (Figure 5¢).

This report is the first of Leptosphaeria maculans
and Leptosphaeria biglobosa on oilseed rape in Tunisia,
causing blackleg. L. maculans has been previously iden-
tified on wild radish (Raphanus raphanistrum L.) in
Tunisia (Djebali et al., 2009). The information from the
present study will be useful for future blackleg diagnosis
and disease management in oilseed rape in Tunisia.
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New or Unusual Disease Reports
First report of tomato leaf curl New Delhi virus
in Lagenaria siceraria var. longissima in Italy
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Piazzale Enrico Fermi 1 — 80055 Portici (NA), Italy
*Corresponding author. E-mail: giuseppe.parrella@ipsp.cnr.it

Summary. During 2022, a new disease of bottle gourd, causing leaf mosaic and yel-
lowing symptoms, was observed in a private garden in the Campania region, Southern
Italy. Incidence of disease was high (up to 80% of plants with symptoms). Polymer-
ase chain reaction (PCR) with coat protein specific primers to tomato leaf curl New
Delhi virus (TOLCNDV) indicated association of a begomovirus with the disease. The
sequence comparison and phylogenetic analysis of the complete DNA genome further
revealed the virus as within TOLCNDV-ES strain. Nevertheless, phylogenetic relation-
ships showed two distinctive subgroups among ToLCNDV-ES isolates, with subgroup I
composed only of TOLCNDV-ES isolates identified in the Campania region, including
the isolate found in bottle gourd. The possible evolutionary forces that determined evo-
lution of the two subgroups within the TOLCNDV-ES strain, including the role of the
vector and cultural practices, are briefly analyzed and discussed.

Keywords. ToLCNDV-ES, ToLCNDV-In, bottle gourd, begomoviruses, subgroups
division.

During field monitoring for cucurbit viruses carried out in 2022 in the
Campania region of Southern Italy, an unusual disease was noted on some
bottle gourd plants (Lagenaria siceraria (Molina) Standl.) of the longis-
sima variety, growing in a private garden. Symptoms consisted of stunting,
reduced leaf area and severe bright-yellow mosaic of the younger leaves and
yellowing of the oldest leaves (Figure 1). The flowers were also affected, with
deformations and anomalies such as blistering, fraying and reduced size.
Fruit development was stunted, many turned necrotic and dropped a few
days from fruit set. In many plants production was completely compromised.
Incidence of the disease was high with 80% of the plants affected (n = 23).
The insect vector Bemisia tabaci (Gennadius) (Hemiptera: Aleyrodidae) was
found associated to the bottle gourd plants inspected, and the genotype of
ten specimens of the vector was identified as previously described (Parrella
et al., 2012; Parrella et al., 2014). Only the Q2 variants of the Mediterranean
(MED) species were found on the plants.

To identify the putative virus(es) associated with the syndrome observed,
ten symptomatic plants were chosen, and one leaf per plant was sampled. The
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Figure 1. Symptoms associated to tomato leaf curl New Delhi virus
(ToLCNDYV) infections in bottle gourd (Lagenaria siceraria var. lon-
gissima): severe bright-yellow mosaic of young leaves and yellowing
of oldest leaves.

samples were analyzed by double antibody sandwich
ELISA using commercial Kits (Bioreba AG) for cucumber
mosaic virus (CMV), and by indirect plate trapped antigen
ELISA for potyviruses (potygroup test). No positive reac-
tions were observed for all the samples analyzed by ELISA.
Loop-mediated isothermal amplification (LAMP)-based
kit (Enbiotech), including positive and negative controls
specific for tomato leaf curl New Delhi virus (ToOLCNDV,
genus Begomovirus, family Geminiviridae), was then used
to check samples for TOLCNDV infections. Results showed
that all samples tested positive for this virus.

DNA was extracted from all symptomatic leaf sam-
ples, and from leaves of a healthy and a ToLCNDV-
infected zucchini plant, and was used in PCR reactions
with primer pair TLCNDVCP1 (5-CTCCAAGAGA-
TTGAGAAGTCC-3’) and TLCNDVCP2 (5-TCTG-
GACGGGCTTACGCCCT-3), designed to amplify a 1.0
kb fragment encompassing the AV1 (coat protein) gene
of TOLCNDV. The expected amplicon was obtained only
from symptomatic plants, indicating the presence of
ToLCNDV in the bottle gourd samples (Figure 2). The
identity of the virus was further confirmed by sequenc-
ing 3 out of 10 amplicons. The three sequences showed
100% nucleotide sequence similarity among them, and
the greatest level of similarity (99.8%) with the Ital-
ian TOLCNDV pepper isolate Caa-164/16 (GenBank no.
MK?732932), identified in 2019 in the Campania region
(Luigi et al., 2019).

The full-length genome sequence (DNA-A and
DNA-B) was determined from two ToLCNDV-infected
bottle gourd plants. DNA from these plants was used
for rolling-circle amplification using $29 DNA polymer-
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Figure 2. PCR detection of TOLCNDV in symptomatic bottle gourd
(Lagenaria siceraria var. longissima) plants. Lanes M, 100 bp DNA
ladder; -, negative control (healthy bottle gourd plant); +, positive
control (TOLCNDV infected zucchini plant); 1-10, symptomatic
bottle gourd plants.

ase (TempliPhi kit, GE Healthcare) and digested with a
set of restriction endonucleases (Haible et al., 2006). The
two samples yielded amplification products with identi-
cal restriction patterns. One sample was selected to clone
the putative DNA-A and DNA-B begomovirus genome
components using single BamHI or Ncol sites. Inserts of
two clones, one corresponding to DNA-A and the other
to DNA-B, were completely sequenced.

The DNA-A sequence (2738 nt, GenBank no.
OP588911) showed the greatest nucleotide similar-
ity (99.4%) with the DNA-A of the Italian isolates Som-
166/16, Caa-164/16 and Cum-45/16 (GenBank nos.
MN782303, MK732932 and MF688670, respectively),
whereas the DNA-B sequence (2,686 nt, GenBank no.
OP588912) showed greatest nucleotide similarity (99.5%)
with the DNA-B of the Italian isolate Cum-45/16 (Gen-
Bank no. MF688671). Phylogenetic and molecular evolu-
tionary analyses were performed with MEGA version 11,
using both Maximum Likelihood and Neighbor-Joining
methods and Tamura-Nei model (Tamura et al., 2021).

Phylogenetic reconstructions placed all the ToLC-
NDV isolates from the Campania region in a distinct
subgroup within the TOLCNDV-ES phylogenetic group
(Figure 3).

ToLCNDV European isolates belong to the ToLC-
NDV-ES strain, which are particularly adapted to
cucurbits and poorly infectious in other hosts, includ-
ing tomato (Fortes et al., 2016). In addition, a pumpkin
ToLCNDV-ES isolate, belonging to the subgroup I of
Italian TOLCNDV isolates and identified in continen-
tal Italy (Campania region), has been shown to infect
tomatoes only when coinfected with TYLCV, which
may complement functions (e.g. virus movement with-
in hosts) that are blocked in the TOLCNDV-ES-tomato
interaction (Vo et al., 2022).
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Figure 3. Phylogenetic analyses based on the complete nucleotide
sequences of TOLCNDV DNA-A (A) and B (B) components of dif-
ferent virus isolates from the Mediterranean area (ToLCNDV-ES)
and Asian continent (TOLCNDV-In). Evolutionary analyses were
conducted in MEGA X (Kumar et al., 2018), using the Maximum
Likelihood method and Tamura-Nei model (Tamura and Nei,
1993), with 1000 bootstrap replicates. The percentage of trees in
which the associated taxa clustered together is shown next to
the branches for values >75%. In both trees, the TOLCNDV iso-
late from bottle gourd (Lagenaria siceraria var. longissima) Las-1
groups together with the other three isolates identified in the same
Italian region (Campania), thus forming a distinct subgroup, the
subgroup I (red box), within the TOLCNDV-ES major clade. The
green box groups the TOLCNDV isolates belonging to subgroup
IT (isolates from Spain and Lazio, central Italy) within the ToLC-
NDV-ES major clade.
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The results of the present study highlight the poor
adaptation of TOLCNDV-ES isolates to tomato, at least
those belonging to subgroup I. In this apparent spe-
cialization of TOLCNDV-ES isolates to infect cucurbits,
the MED-Q2 genotype of B. tabaci may have played a
role. The MED-Q2 strain is widespread in the Campa-
nia region, especially on intensive cultivation of zucchini
that overlaps from spring to autumn-winter. The MED-
Q2 populations characterized in this region are also
extremely invasive, characterized by abundant popula-
tions and high numbers of annual generations, due to
an unbalanced sex ratio in favour of females, apparently
correlated with an almost fixed infection of the Rikkett-
sia sp. as secondary endosymbionts (Parrella et al., 2018).

The combination of these factors may have contrib-
uted to the emergence, selection and spread of TOLCNDV
isolates that are highly adapted to cucurbits. In addition,
from a phylogenetic point of view, within the TOLCNDV-
ES major clade and both considering the coat protein
(Panno et al., 2019) or the whole genome (the present
study), the TOLCNDV-ES isolates identified in Campania
group together, forming a distinct subgroup, both for the
DNA A and DNA B sequences (Figure 3). Therefore, the
phylogenetic relationships among ToLCNDV-ES isolates
correlated with their different biological features.

This report represents the first finding of ToLC-
NDV in bottle gourd in Italy, confirming the widespread
occurrence of this virus in different cucurbit crops in
Italy. Although Lagenaria siceraria has been already
reported as a host of TOLCNDV in Thailand (by Ito et
al., 2008) and India (by Sohrab et al., 2010), both publi-
cations described symptoms of stunting and very small,
yellow or chlorotic, slightly curled leaves, that are dif-
ferent from the symptoms we observed on bottle gourd
in Italy and reported here (Figure 1). Genetic differences
both of the virus strains, spreading in the two conti-
nents (Fortes et al., 2016), and of the bottle gourd vari-
eties cultivated in Europe and Asia (Levi et al., 2009)
could explain these differences.

Based on the evidence collected in the field during
several years of monitoring in the Campania region,
relating to the constant and abundant presence of the
MEDQ2 variant of B. tabaci and to the absence of ToLC-
NDV infection in tomato, further research on the possi-
ble contribution in TOLCNDV evolution by this B. tabaci
genotype would be appropriate.
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Summary. Leaf rust is a major wheat disease in southern Spain, where durum wheat
is an important crop. Until the 2019/2020 season, this disease was effectively man-
aged, as the most widely planted cultivars in southern Spain had effective resistance
genes. A problem arose in the spring of 2020, when every farm field and durum wheat
trial examined displayed leaf rust symptoms. Leaves had few but large uredinial pus-
tules, different from those of the normal leaf rust caused by Puccinia triticina, and telia
developed rapidly after only a few days. The symptoms clearly fitted with P. tritici-duri,
another wheat leaf rust species already reported in the western Mediterranean Basin.
This species is not new in southern Spain but has never been observed at such high
severity on almost every durum wheat cultivar grown in that region. Leaf rust severity
was assessed in durum wheat field trials in the 2020, 2021 and 2022 growing seasons
in four provinces of southern Spain. During 2020 and 2021, 13 single pustule isolates
of leaf rust were also collected from different cultivars of durum wheat. Inoculation of
the isolates on a differential host set showed that four different races were present, two
being of P. tritici-duri. Only cultivar Calero showed consistent resistance to the races of
P, tritici-duri employed in this study.

Keywords. Leaf rust, virulence, resistance, telia.

INTRODUCTION

Durum wheat (Triticum turgidum L. subsp. durum (Desf.) Husn.) is an
especially important crop in the Mediterranean Basin, sown on 13.14 Mha.
In Spain, it is an important crop in the southern region of Andalusia, with
a sown area of 180 Kha (in 2019-2020), representing approx. 60% of the
durum area in the country (MAPA, 2022). Leaf rust, caused by Puccinia tri-
ticina Eriks., is one of the main biotic constraints of wheat in Spain. From
1998 to 2005, leaf rust outbreaks on durum wheat were quite frequent in
Andalusia, which forced farmers to apply fungicides, and breeders to devel-
op resistant cultivars. In the spring of 2020, leaf rust uredia (or pustules)
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were observed in west Andalusia on previously resist-
ant durum wheat cultivars, such as the popular Don
Ricardo known to harbour the leaf rust resistance genes
Lr27+Lr31. The pustules were scarce but larger than usu-
al, with a tendency to rapidly form telia on the abaxial
sides of the pustules. The atypical symptoms observed
were consistent with leaf rust caused by Puccinia tri-
tici-duri V. Bourgin that had already been reported in
Morocco, Portugal, and Spain. This species has Anchusa
azurea Mill. (Boraginaceae) as the alternate host, instead
of Thalictrum speciosissimum (Ranunculaceae), the
alternate host of P. triticina (Ezzahiri and Roelfs, 1992;
Anikster et al., 1997).

The objectives of the present study were to deter-
mine the severity of this newly emerged leaf rust species
on a group of important Spanish durum wheat cultivars,
and to characterize the virulence spectra of isolates of P.
triticina and P. tritici-duri collected in four locations of
southern Spain in 2020, 2021 and 2022.

Jaime Nolasco Rodriguez-Vazquez et alii

MATERIALS AND METHODS

Five durum wheat cultivars popular in south-
ern Spain, namely Amilcar (susceptible check), Don
Ricardo, Athoris, Euroduro, and Calero, were sown in
field trials, each with three replications (plots each of 8
rows and measuring 1.4 x 5 m) in the locations of Ecija
(near Seville), Conil de la Frontera (near Cadiz), Cor-
dova, Escacena del Campo (near Huelva), and Jerez de
la Frontera (near Cadiz). Natural leaf rust infections
occurred during all three seasons the experiments were
conducted. Leaf rust severity was assessed using the
modified Cobb scale at the time of maximum infection
(Roelfs et al., 1992). Samples of infected durum wheat
leaves were obtained from four locations (Conil, Esca-
cena, Ecija, and Cordova), in 2020 and 2021. Infected
leaves were collected from plant breeder plots and com-
mercial fields. Single pustule isolates (six in 2020, seven
in 2021) were inoculated and grown on the susceptible
check Atil/Local Red. A set of 20 near isogenic lines of

Figure 1. Symptoms of Puccinia tritici-duri in durum wheat field trials in southern Spain, showing large but sparse pustules (left panel).
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the bread wheat cultivar Thatcher was used to deter-
mine the virulence spectrum and nomenclature of the
13 collected single pustule isolates (Kolmer and Hughes,
2017). The susceptible checks Thatcher and Atil/Local
Red, the cultivar Gatcher, two additional Thatcher iso-
genic lines, plus 14 durum wheat cultivars with known
resistance genes were also inoculated. Four plants of
each genotype were grown in trays (60 x 40 x 10 cm)
containing (3:1 peat:sand), in a greenhouse of the Uni-
versity of Seville (Spain). The plants were inoculated
at two different stages, onto fully developed but young
leaves (the first leaf (seedling) and the fifth leaf of each
plant), by blowing a mix of uredospores and talcum
powder (1:50) (approx. 0.2 mg per genotype). Inoculat-
ed plants were placed in a dark dew chamber for 14 h
at 20°C, and 100% relative humidity. Twelve days after
inoculation, the plants were evaluated for rust develop-
ment. Infection types were scored using the 0-4 scale
described by Stakman et al. (1962).
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RESULTS AND DISCUSSION

During the 2019-2020 season, leaf rust infections
were observed in the field on all durum wheat cultivars
tested except Calero (Table 1). The symptoms observed
were considered atypical because of the abundance of tel-
ia and because the five host cultivars had previously and
repeatedly displayed reactions in farmers’ fields rang-
ing from complete resistance (Don Ricardo) to interme-
diate resistance (Amilcar). Rust severity varied among
the cultivars and site-years, ranging from 5 to 65% in
the susceptible cultivar Amilcar. The variability can be
accounted for by different annual weather patterns, and
because the sites such as Conil and Jerez were near the
ocean where relative humidities are high day-night ther-
mal oscillations are small. However, the relative rankings
of the cultivars remained the same throughout.

Data of infection types of the 20-line differential set
showed that the 13 isolates corresponded to four differ-
ent races (Table 2). Two of the races were Puccinia tritici-
na and two were P. tritici-duri. Puccinia triticina differed

Figure 2. Uredia of Puccinia triticina (left) and uedia and telia of P. tritici-duri uredia+telia (right) on infected durum wheat leaves in a
greenhouse 30 d after inoculation
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Table 1. Mean leaf rust severity (%) on five durum wheat cultivars grown in replicated field trials at five locations of southern Spain from

2019/20 to 2021/22.

Cultivar / Location-year Ecija 2020 Jerez 2020 Conil 2020 Cordova 2020 Conil 2021 Escacena 2022
Amilcar 18 a* 50 a 65a 5b 17 a 6a

Don Ricardo 10b 23 ¢ 25¢ l1c 7b 3a
Athoris 10b 32 be 40 b 7b 10b 4 ab
Euroduro 18a 37b 53 ab 12a 15a Ila
Calero lc 1d 5d lc lc 1b

*Duncan test. Within each column, means accompanied by a common letter are not different (P < 0.05). Disease severities shown are
means of single ratings taken for each of the three replicated plots per cultivar.

from P. tritici-duri in its avirulence on Lrl, Lr3ka, Lr9,
Lr17, and virulence on Lr18, Lr20, whereas P. tritici-duri
gave a constant mesothetic reaction on almost all the
Thatcher near isogenic lines, except for those with Lr24,
Lr26 and Lr28 genes. The mesothetic reaction of P. triti-
ci-duri was also common when this pathogen was inocu-
lated onto the additional set of durum wheat cultivars,
including cultivars considered resistant to P. triticina
(Camayo, Storlom). Another difference between the two
rust species was the speed with which they developed
telia under our greenhouse conditions, with P. tritici-
duri doing so 26 d after inoculation, much more rapidly
than the 45 d for P. triticina.

Puccinia tritici-duri has been present in the west-
ern Mediterranean Basin for a long time (D’Oliveira
and Samborski, 1966; Anikster et al., 1997), in coun-
tries such as Morocco, Portugal and Spain with tradi-
tions of planting durum wheat. Rust-infected Anchusa
azurea (the alternate host of P. tritici-duri) was observed
in southern Spain before 1918 (Gonzalez-Fragoso, 1918),
but all A. azurea plants inspected at different locations
in Andalusia during 2020 and 2021 were free of rust.
It is likely that P. tritici-duri had coexisted with P. tri-
ticina for a long time, infecting durum wheat fields.
From 1992 to 2005, durum wheat acreage increased in
Andalusia and other regions of Spain, due to subsidies
from the European Union, and leaf rust became a seri-
ous problem beginning in 1998. Until that time, the host
resistance mainly relied on two genes globally, namely
Lr72 and Lri4a. However, development of virulent races
against these two genes made P. triticina a major dis-
ease in durum wheat worldwide, including Spain, where
virulence to Lrl4a was first reported in 2013 (Martinez-
Moreno and Solis, 2019). By 2005, new P. triticina resist-
ant cultivars were released in southern Spain, likely
providing P. tritici-duri with enhanced opportunities to
infect durum wheat.

Given the almost general and variable levels of sus-
ceptibility observed in the relatively small sets of durum

wheat germplasm evaluated in southern Spain against P.
tritici-duri, and the very limited host options available
with known R-genes to provide complete resistance to P.
triticina, breeders and pathologists will need to explore
and find new sources of suitable resistance in wider and
more diverse sets of germplasm. These resistance dis-
covery activities will have to be conducted under condi-
tions that ensure the exclusive presence of P. tritici-duri,
without the confounding effects of P. triticina. However,
before such costly initiatives are taken, it is important to
accurately assess the likelihood of P. tritici-duri becom-
ing a major and yield-limiting pathogen in southern
Spain, and to determine the actual yield losses and eco-
nomic impacts when this pathogen is present on culti-
vars that are otherwise resistant to P. triticina.
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Table 2. Distribution of leaf rust infection phenotypes at seedling and fifth leaf stages on 22 near-isogenic Thatcher lines, Thatcher, Gatcher,
Atil/Local Red, and 14 durum wheat cultivars with known R-genes, that were inoculated with the four leaf rust races collected in this study.

Virulence of races and infection type?

Resistance gene

Puccinia tritici-duri 1 P, tritici-duri 2 P, triticina 1 P, triticina 2
Race nomenclature PBDSS BBBBB DBBSJ DBBT]
Inoculations Seedling/5th leaf Seedling/5th leaf Seedling/5th leaf Seedling/5th leaf
Thatcher 4/3 X/2 4/4 3/3
Thatcher-Lr1 4/3 X/3 1/; 2/1
Thatcher-Lr2a 1/1 1/1 2/1 2/1
Thatcher-Lr2c 3/3 X/1 3/3 3/3
Thatcher-Lr3 3/3 X/2 1/; 1/1
Thatcher-Lr9 1/2 1/1 0/0 0/0
Thatcher-Lr16 2/2 X/2 1/2 1/3
Thatcher-Lr24 31 i 31 3/ 1
Thatcher-Lr26 VS VS VS !
Thatcher-Lr3ka 1/2 1/1 0/0 0/0
Thatcher-Lr11 X/3 1/1 1/1 1/1
Thatcher-Lr17 3/3 X/2 31 1/1
Thatcher-Lr30 2/2 1/2 2/2 2/1
Thatcher-LrB 4/3 2/2 3/3 3/3
Thatcher-Lr10 3/4 X/2 3/2 3/3
Thatcher-Lr14a 4/3 X/2 3/4 3/3
Thatcher-Lr18 X/2 X/2 2/2 3/3
Thatcher-Lr3bg 3/3 X/1 1/; 1/1
Thatcher-Lr14b 4/2 X/2 3/4 3/3
Thatcher-Lr20 3/3 X/2 3/2 3/3
Thatcher-Lr28 31 1/; 1/ 1/1
Thatcher-Lr19 1/2 ! 31 510
Thatcher-Lr23 3/3 2/2 2/2 3/3
Gatcher (Lr27+Lr31) X/3 X/1 4/4 4/4
Atil/Local Red 4/3 4/4 4/4 4/4
Gallareta (LrAltar) X/X X/3 3/3 4/3
Somateria (Lr14a) X/X X/X 3/4 3/3
Camayo (LrCam) X/X X/ X 1/; 1/
Colosseo (Lrl4a+) X/3 X /X 4/4 3/3
Don Jaime (Lr14a) X/X X/ X 4/4 3/3
Don Ricardo (Lr27+Lr31) X/X X /X 1/; 1/;
Don Javier X/3 X/ X 2/2 2/3
Storlom (Lr3) X/X X /X 3 0/;
Jupare (Lr27+Lr31) X/X X/ X 1/; 1/
Guayacan (Lr61) X/X X /X . N
Aconchi-Lr19 X/X X/ X 0/0 0/0
Aconchi-Lr47 X/ X X/ X 31 0/;
Cirno X /X X /X 1/1 1/;
Calero 1/1 1/1 1/1 Y
No. isolates 6 3 2 2

? Infection type assessment according to the 0-4 scale of Stakman et al. (1962). 0 = no macroscopic signs of infection, ; = no uredinia with
hypersensitive necrotic flecks present, 1 = small uredinia surrounded by necrosis, 2 = small to medium-size uredinia surrounded by necro-
sis, X = mesothetic response, few but big uredinia surrounded by some necrosis, accompanied by small necrotic spots, 3 = medium-size
uredinia with or without chlorosis, 4 = large uredinia without chlorosis or necrosis.
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Summary. Olive anthracnose, caused by Colletotrichum, is an important disease in
olive-growing regions, with the most destructive symptoms being fruit rot and blossom
blight. Susceptibility of fruit to Colletotrichum increases with maturity, but differences
between cultivars and Colletotrichum species have been reported, still information on
flower susceptibility during development is scarce. The susceptibility of the olive cul-
tivars Arbequina, Coratina, Frantoio and Picual was evaluated during flower develop-
ment and fruit maturity to Colletotrichum acutatum s.s., C. nymphaeae, C. fioriniae,
C. theobromicola and C. alienum. Susceptibility to anthracnose begins in early stages
during flower development and increases during blossoming. Flowers of Arbequina,
Coratina and Picual were susceptible, whereas those of Frantoio were moderately sus-
ceptible. Green fruit developed less anthracnose than mature fruit. At the green fruit
stage, Arbequina and Frantoio were the most susceptible, Coratina was intermediate,
and Picual was moderately susceptible, while no differences were found among the cul-
tivars at mature fruit stages. No mayor differences were found among the Colletotri-
chum species with exception of C. theobromicola, which caused greatest severity at the
green fruit stage. Future research should focus on developing anthracnose management
strategies to minimize the disease progress from early stages of flower development
and fruit ripening, especially in the most susceptible olive cultivars.

Keywords. Olive anthracnose, cultivar susceptibility, blossom blight, soapy rot.

INTRODUCTION

Anthracnose is an important olive disease in olive-growing regions (Cac-
ciola et al., 2012; Moral et al., 2014; Talhinhas et al., 2018; Azevedo-Noguei-
ra et al., 2020), especially in those with humid climates such as South Africa
(Gorter, 1956), Australia (Sergeeva et al., 2008), Brazil (Filoda et al., 2021) and
Uruguay (Moreira et al., 2021). Eighteen Colletotrichum species of the species
complexes C. acutatum, C. gloeosporioides and C. boninense have been report-
ed to be associated with this disease (Talhinhas et al., 2011; Schena et al,,
2014; Chattaoui et al., 2016; Moral et al., 2017; Talhinhas et al., 2018; Moreira

Phytopathologia Mediterranea 62(1): 35-46, 2023
ISSN 0031-9465 (print) | ISSN 1593-2095 (online) | DOI: 10.36253/phyto-14087



36

et al., 2021). In Uruguay, C. acutatum s.s. was found as
the prevalent species, followed by C. nymphaeae and C.
fioriniae belonging to the C. acutatum species complex,
and C. theobromicola and C. alienum belonging to the C.
gloeosporioides species complex (Moreira et al., 2021).

The most common host symptom caused by anthrac-
nose is fruit rot at the ripening stage. Fruit rot causes
yield losses and deterioration in oil quality (Moral et al.,
2014; Leoni et al., 2018). Infections can also occur from
flowering to fruit ripening. During bloom, species of
Colletotrichum can infect host plant calices, petals, sta-
mens, and pistils causing flower collapse known as blos-
som blight (Moral et al., 2009; Talhinhas et al., 2018;
Filoda et al., 2021; Moreira et al., 2021). Each infected
flower is usually covered with an orange gelatinous mass
of Colletotrichum conidia (Sergeeva et al., 2008; Moreira
et al., 2021). If the flower is not destroyed, Colletotrichum
infects the fruit set, remaining as latent until fruits ripen,
when the typical soapy fruit is expressed (Moral et al.,
2009; Talhinhas et al., 2018), although the importance of
these infections for yield losses is unknown.

Infected fruits show depressed brown lesions that are
rapidly covered with abundant orange gelatinous masses of
Colletotrichum conidia. Fruits can be infected from green
stages, and these infections remain latent infections until
fruit maturation. The infected fruit can fall or remain
mummified on trees, serving as a primary inoculum
sources for subsequent infections in the next year (Moral
et al., 2008; 2014; Mosca et al., 2014; Talhinhas et al., 2018).

The Uruguayan climate is characterized by persis-
tent high humidity, frequent rainfall (approx. 1,100 mm
per year) and moderate temperatures (Leoni et al., 2018;
Conde-Innamorato et al., 2019). These conditions favour
olive anthracnose development. In addition, 50% of the
plantations (currently 2788 ha) are of the Arbequina culti-
var (MGAP-DIEA, 2021), which is moderately susceptible
to this disease (Moral, et al., 2014; 2017; Leoni et al., 2018).
The remaining 50% of olive groves is planted mostly with
cultivars such as Coratina, Picual and Frantoio, which
have shown no resistance under these climatic conditions
(Leoni et al., 2018). These cultivars are mainly used for oil
production for export (MGAP-DIEA, 2020).

Studies have shown that susceptibility of olive cul-
tivars to anthracnose can be variable (Moral and Trap-
ero, 2009; Cacciola et al., 2012; Moral et al., 2014; 2017),
and depends on the Colletotrichum species (Talhinhas et
al., 2015). Fruit susceptibility varies according to devel-
opmental stage (Moral et al., 2008; Moral and Trapero,
2009; Talhinhas et al., 2015; Moral et al., 2017). Never-
theless, information is limited on the susceptibility of
different fruit maturity stages and different cultivars
to Colletotrichum. Although flowers can be infected

Victoria Moreira et alii

by Colletotrichum (Moral et al., 2014; Kolainis et al.,
2020; Moreira et al., 2021), there have been no studies
that indicate when in flower differentiation the flow-
ers become susceptible. Knowing when the first infec-
tions occur at flowering and their potential incidence is
important so anthracnose management strategies can be
developed, including those based on fungicides.

The present study focused on evaluating the suscep-
tibility to five Colletotrichum species of the Arbequina,
Coratina, Picual and Frantoio olive cultivars, the major
cultivars produced in Uruguay. The study concentrated
on flower development and fruit ripening host stages.

MATERIAL AND METHODS
Plant and fungal material

Apparently healthy olive flower panicles and fruit
were collected from commercial orchards of the cul-
tivars Arbequina, Coratina, Picual and Frantoio with
scarce anthracnose. The panicles were collected at three
different flowering stages, 1- swollen bud (BBCH51), 2-
final differentiation (BBCH55), or 3- beginning of flow-
ering (BBCHS61), and fruits were collected at two physi-
ological maturity stages, 1- green fruit (BBCHS80) or 2-
ripe fruit (BBCH89) (Sanz-Cortes et al., 2002). The col-
lected samples were stored in nylon bags in coolers until
processing in the laboratory.

Fifteen Colletotrichum isolates belonging to C. acu-
tatum. s.s (eight isolates), C. nymphaeae (three), C. fior-
iniae (one), C. theobromicola (two) and C. alienum (one
isolate) were used in this study (Table 1). The previously
identified isolates were selected from the olive Colletotri-
chum collection and deposited at the Plant Protection
Department, Facultad de Agronomia, Universidad de la
Republica, Uruguay (Moreira et al., 2021).

For inoculum preparation, each isolate was grown
on Potato Dextrose Agar (Oxoid Ltd) at 24°C under near
UV-light with a 12-h photoperiod. After 7 d incubation,
colony surfaces in culture plates were each flooded with
10 mL of sterile distilled water (SDW), and the scraped
with a sterile spatel. The resulting conidium suspensions
were filtered through layers of cheesecloth, and conidi-
um concentration was adjusted to 1 x 10° conidia mL!
with a hemacytometer.

Flower inoculation

Flowers in either the Stage 1- swollen bud (BBCH51)
or Stage 2- final differentiation (BBCH55) were each sur-
face-disinfected by dipping for 1 min in 1.0% NaClO
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Table 1. Uruguayan Colletotrichum isolates used to evaluate the susceptibility of four olive cultivars at different phenological stages during

flower development and fruit ripening.

Species Complex Fungal species Isolate Olive cultivar Geographical origin Organ
C. acutatum C. acutatum OL18 Arbequina Maldonado Garzon Flower
species complex OL36 Arbequina Montevideo Melilla Flower
OL42 Arbequina Treinta y Tres ~ Mendizabal Flower
OL51 Arbequina Rocha Nuevo Manantial Leaf
OL53 Arbequina Rocha Nuevo Manantial Branch
OL74 Picual Rocha Nuevo Manantial Fruit
0OL92 Coratina Maldonado Garzon Fruit
OL97 Arbequina Montevideo La Paz Fruit
C. nymphaeae OL28 Arbequina Treinta y Tres ~ Mendizabal Flower
OL96 Arbequina Montevideo La Paz Fruit
OL113 Arbequina Canelones Las Brujas Fruit
C. fioriniae OL23 Arbequina Montevideo La Paz Flower
C. gloeosporioides C. theobromicola OL110 Manzanilla Canelones Las Brujas Fruit
species complex OL112 Arbequina Canelones Las Brujas Fruit
C. alienum OL98 Arbequina Montevideo Melilla Fruit

solution, and then rinsed three times with SDW. For the
Stage 3- beginning of flowering (BBCH61) flowers, sur-
face disinfection was not possible due the sensitivity of
flower petals to NaClO. After air-drying, the flowers were
dipped in respective isolate conidium suspensions for 30
s, placed in transparent plastic trays containing moistened
filter paper, and then incubated at 24°C with a 12 h pho-
toperiod. Control treatments inoculated with SDW were
included for each cultivar and flower phenological stage.
Three repetitions for each cultivar, phenological stage and
Colletotrichum isolate were used. Each repetition consisted
of at least eight swollen buds for Stage 1, two panicles each
with at least 15 undeveloped flower buds for Stage 2, and
two panicles with at least ten open or semi-open flowers
for Stage 3. Each experiment was performed using a com-
pletely randomized design with factorial arrangement.

Anthracnose incidence was assessed periodically
until the plant material was destroyed or until 100%
incidence was achieved, after 12 d for swollen buds, 6 d
for final differentiation, or days for beginning of flower-
ing. Incidence was calculated as the percentage of affect-
ed buds or flowers in the total number of buds or flowers
evaluated. In each evaluation, the initial symptoms and
their evolution was recorded as the number of necrotic
buds or flowers, and the presence of gelatinous mass of
Colletotrichum conidia.

Fruit inoculation

Fruits at the Stage 1- green fruit (BBCH80) or Stage
2- ripe fruit (BBCH89) were surface-disinfected by dip-

ping for 3 min in 1% NaClO solution, and then rinsed
three times with SDW. After air-drying, the fruits were
dipped in respective isolate conidium suspensions for 30
s, and were then placed into plug seedling trays, one fruit
in each hole. The plug seedling trays were enclosed in
moistened transparent nylon bags, and were then incu-
bated at 24°C with a 12 h photoperiod. Control treat-
ments inoculated with SDW were included for each cul-
tivars and fruit phenological stages. Four repetitions of
fruits per cultivar, phenological stages and Colletotrichum
isolates were used. Each repetition consisted of five fruits,
and each experiment was carried out using a completely
randomized design with factorial arrangement.

Anthracnose severity was periodically assessed dur-
ing 50 d for green fruit and 18 d for mature fruit. The
0-5 scale proposed by Moral et al., (2008) was used,
where 0 = no visible lesions, 1 = visible lesions affecting
<25% of the fruit surface, 2 = 25-49%, 3 = 50-74%, 4 =
75-100% of fruit surface, and 5 = soapy fruit (fruit com-
pletely covered with gelatinous mass of Colletotrichum
spores). Presence of gelatinous masses of Colletotrichum
conidia was also recorded.

Statistical analyses

Flower anthracnose incidence was plotted for the
three flower phenological stages of the four olive culti-
vars. A regression curve was fitted considering the sig-
nificance of the regression and the coeflicient of deter-
mination (R?), based on average incidence of the 15
Colletotrichum isolates and evaluation time. Anthrac-
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nose incidence values were also used to calculate the
area under the disease progress curve (AUDPC) for each
Colletotrichum species, using the following formula:
AUDPCi = Y7 [(I,,+1)/2] (t+1-t),

where I = incidence (%) at ith observation, ti = time (d)
at the ith observation, and »n = the total of number of
observations.

The AUDPC data were analyzed for normality with
the Shapiro-Wilk test, and for homogeneity with the
Levene test. These data were subjected to ANOVA with a
factorial arrangement, with olive cultivar and Colletotri-
chum species as factors. the treatments means were com-
pared using Tukey’s test (P < 0.05).

Fruit anthracnose severity values were used to cal-
culate the McKinney’s Index (Moral et al., 2017), using
the following formula:

McKinney’s Index = M x 100

5xN
where i = the severity of symptoms (0 to 5), n; = the
number of fruits with the severity of i, and N = the total
number of evaluated fruits.

The McKinney’s Index values at the two maturity
stages and for the four olive cultivars were plotted. A
regression model was adjusted for each Colletotrichum
species considering the statistical significance of the
regression and the coefficient of determination (R?).
Anthracnose severity values were used to calculate the
AUDPC for each Colletotrichum species using the for-
mula outlined above. The AUDPC data were analyzed
for normality with the Shapiro-Wilk test, and for homo-
geneity with the Levene test. The AUDPC was trans-
formed to when necessary, to comply with normality
assumptions. Then, the AUDPC data were subjected to
ANOVA, with a factorial arrangement, with olive culti-
var and Colletotrichum species as factors. The treatments
means were compared using by Tukey’s test (P < 0.05).
Statistical analyses were carried out using the programs
InfoStat version 2016 (http://www.infostat.com.ar) and
SigmaPlot version 12.0 (http://www.sigmaplot.co.uk).

RESULTS
Flower infections
Typical anthracnose symptoms and signs developed
in flowers at the three phenological stages in the four

cultivars inoculated with the Colletotrichum species. No
symptoms were observed in control treatments (Figure
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1, a to ¢). Initial symptoms consisted of brownish colour-
ation of the swollen buds or the flower buds at final dif-
ferentiation, and necrotic lesions on flower petals (Figure
1, a.2 to c.2). The affected organs then quickly blighted,
and were covered with orange-salmon coloured gelati-
nous masses containing abundant Colletotrichum conid-
ia (Figure 1, a.3 to c.3). Accelerated detachment of swol-
len buds, flower buds and open flowers was observed in
comparison with the control treatments, where the buds
or flowers remained attached for longer periods.

Almost all graphs of blossom blight incidence fit-
ted exponential curves (Figure 2 and Supplementary
Table 1). For the AUDPC variables, statistically signifi-
cant interactions were found between olive cultivars and
Colletotrichum species inoculated in the three flowering
phenological stages (Table 2). The lowest anthracnose
incidence was observed at the swollen bud stage, and no
major differences were recorded among the four olive
cultivars. In this stage, the first symptoms appeared
approx. 4 to 7 d after inoculation, whereas the greatest
anthracnose incidence was recorded at 12 d, and ranged
between 20 and 40% (Figure 2).

At final differentiation stage, the first symptoms
were observed at 3 d after inoculation, with the least
average incidence (2.0%) in the Frantoio cultivar and the
greatest (17%) in the Arbequina cultivar. Incidence then
progressed rapidly, and 6 d after inoculation reached
59 for Frantoio and 100% for Arbequina. At Stage 3-
beginning flowering greatest anthracnose incidence was
recorded. Two d after inoculation, incidence ranged
from 8% for Frantoio to 50% for Picual, and 2 d later
between 45% for Frantoio and 91% for Arbequina (Fig-
ure 2, Table 3).

Except for C. alienum inoculated onto cv. Arbequi-
na at bud swollen stage, all five Colletotrichum species
infected flowers at all three phenological stages. Never-
theless, in some specific species-cultivar-phenological
stage combinations, anthracnose symptoms were not
visible until the second evaluation, for example, the culi-
vars Coratina and Picual inoculated with all Colletotri-
chum species at the swollen bud stage (Figure 2).

Fruit infections

Characteristic anthracnose symptoms and signs
developed in fruits at the two phenological stages (green
and ripe) of the four inoculated cultivars, and also in
some fruit not inoculated with Colletotrichum species
(Figure 1, d and e). Symptoms in uninoculated fruits
could have been from natural latent Colletotrichum infec-
tions. At the green fruit stage, initial symptoms consisted
of small, depressed, 1-2 mm necrotic lesions scattered
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Control Initial Advanced

treatment symptoms symptoms

Swollen bud
(BBCHS51/53)

Final differentiation
(BBCHS55)

Beginning flowering
(BBCH61)

Green fruit
(BBCHS80)

Mature fruit
(BBCHS9)

Figure 1. Initial and advanced anthracnose symptoms developed on olive flower and fruits at different phenological stages, after inocula-
tion with species of Colletotrichum. a, swollen buds (BBCH51/53) 7 and 12 d after inoculation. b, final differentiation (BBCH55), 3 and 6 d
after inoculation. ¢, beginning of flowering (BBCH61), 2 and 4 d after inoculation. d, green fruit (BBCH80) 7 and 26 d after inoculation. e,
mature fruit (BBCH89) 6 and 12 d after inoculation.
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Figure 2. Mean incidences of olive blossom blight in flowers of four olive cultivars inoculated with five Colletotrichum species, at swollen
buds (BBCH51/53), final differentiation (BBCHS55), and beginning of flowering (BBCH61). Vertical bars indicate standard errors of means,
each calculated from three replicates. Trend curves were graphed based on the average incidence at each evaluation time. The R* and esti-
mations of the trend curves were obtained using SigmaPlot version 12.0 software.
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throughout each fruit (Figure 1, d.2). Symptoms then
progressed into depressed brown lesions, which were
quickly covered with orange gelatinous masses of Colle-
totrichum conidia, known as “soapy fruit” (Figure 1, d.3).
On ripe fruit, symptoms developed more quickly and
consisted of typical soapy fruit (Figure 1, e.2 and e.3).

Table 2. Analysis of variance of data of Areas Under Disease Pro-
gress Curves (AUDPCs) estimated based on anthracnose incidence
and severity developed in olive flower and fruits, for four olive cul-
tivars inoculated with five Colletotrichum species. The flowers were
inoculated at three phenological stages and fruits at two stages.

Source Sst df  MS F  P-value CV
Swollen bud (BBCH51/53)

Model 44144 19 2323 3.77 0.0003 42.61
Cultivar 11823 3 3941 6.4  0.0013

Species 103.16 25.79 418 0.0068
Cultivar x species 211.8 12 17.65 2.86 0.0069

Error 228.01 37 6.16

Total 669.45 56

Final differentation (BBCH55)

Model 4518.11 19 237.8 14.51 <0.0001 17.46
Cultivar 242535 3 808.45 49.31 <0.0001
Species 1264.55 316014 19.28 <0.0001
Cultivar x species 828.22 12 69.02 421 0.0003

Error 655.76 40 16.39

Total 5173.87 59

Beginning flowering (BBCH61)

Model 15598.22 19 820.96 23.28 <0.0001 16.92
Cultivar 8356.56 3 27855 78.99 <0.0001
Species 2926.24 731.56  20.75 <0.0001
Cultivar x species 4315.43 12 356.62 10.2 <0.0001

Error 1410.57 40 35.26

Total 17008.79 59

Green fruit (BBCH80)

Model 2.1 19  0.11 13849 <0.0001 5.34
Cultivar 1.08 3 0.36 451.37 <0.0001
Species 0.84 4 021 261.74 <0.0001
Cultivar x species  0.17 12 0.01 18.18 <0.0001

Error 0.04 53 8.0E-0.4

Total 214 72

Mature fruit (BBCH89)

Model 5114.24 19 269.17 851 <0.0001 15.98
Cultivar 92451 3 308.17 9.74 <0.0001
Species 1593.17 398.29 12.59 <0.0001
Cultivar x species 2453.88 12 204.49 6.49 <0.0001

Error 1866.42 59 31.63

Total 6980.66 78

!'SS: sum of squares, df: degrees of freedom, MS: mean squares, F:
teste F, CV: coeflicient of variation.
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Fruit anthracnose severity at both green and ripe
fruit phenological stages, fitted sigmoidal curves (Fig-
ure 3 and Supplementary Table 1). For AUDPC variables,
significant interactions were found between olive culti-
vars and inoculated Colletotrichum species inoculated,
at both green and ripe fruit phenological stages (Table
2). On green fruit, the first symptoms were observed
between 5 and 14 d after inoculation. In this stage,
Arbequina and Frantoio reached severity values close
to 50% at 30 d after inoculation, and Coratina 35 d after
inoculation, whereas Picual reached 50% severity at 50
d after inoculation (Figure 3). At the mature fruit stage,
the first symptoms were observed 4 d after inoculation.
Anthracnose evolution occurred more quickly compared
to that at the green fruit stage. For all cultivars and
Colletotrichum species, severity was an average of 77% at
12 d after inoculation, and 92% at 18 d after inoculation
(Figure 3).

The five Colletotrichum species were able to infect
fruits at two phenological stages in the four olive culti-
vars. Colletotrichum theobromicola caused the greatest
AUDPC values at the green fruit stage (Table 3). Green
fruit inoculated with this species developed symptoms
earlier (5 d after inoculation) compared with the oth-
er Colletotrichum species (14 d after inoculation), and
reached almost 100% severity about 15 d earlier than
those inoculated with the other Colletotrichum spp. (Fig-
ure 3). In ripe fruit, the behaviour among the five Colle-
totrichum species was similar. Anthracnose indices close
to 100% were reached at about 15 d after inoculation,
except for the cultivars Arbequina and Frantoio inocu-
lated with C. alienum, where severity indices were close
to 50%.

DISCUSSION

This study assessed anthracnose susceptibility dur-
ing flower development and fruit ripening in the four
main olive cultivars grown in Uruguay, Arbequina,
Frantoio, Coratina and Picual. That study used arti-
ficial inoculations with five Colletotrichum species, of
detached olive panicles and fruits. The results indicated
that the four olive cultivars assessed were are suscepti-
ble to Colletotrichum at all the evaluated phenological
stages, although differences in phenological stages, olive
cultivars, and Colletotrichum species were detected.

The swollen bud stage was susceptible to Colletotri-
chum species. Although susceptibility of this phenologi-
cal stage to anthracnose was low, we demonstrated that
Colletotrichum can infect flowers from early stages dur-
ing flower development. In later stages of flower develop-
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Table 3. Mean Areas Under Disease Progress Curves (AUDPCs) estimated based on anthracnose incidence and severity developed in flower
and fruits of four olive cultivars inoculated with five Colletotrichum species. The flowers were inoculated at three phenological stages and

fruits at two stages.

Phenological stage

Cultivar Species Flowers Fruit
Swollen bud  Final differentition Beginning flowering Green Mature
(BBCH51/53)! (BBCH55) (BBCH61) Fruit (BBCH80)  Fruit (BBCH89)
Arbequina C. acutatum 4.66 abcd? 35.62h 48.93 cde 35.94 ef 41.44 de
C. nymphaeae 5.35 abed 34.29 gh 34.47 bed 29.28 de 38.90 cde
C. fioriniae 1.39 ab 27.09 defgh 43.40 cde 46.70 gh 44.38 ¢
C. theobromicola 5.94 abed 29.53 efgh 31.16 be 67.78 j 4430 e
C. alienum 0.00 a 32.49 fgh 47.90 cde 36.26 fg 13.05 a
Frantoio C. acutatum 11.94d 15.83 abed 2223 ab 24.77 cd 43.24 de
C. nymphaeae 6.85 abed 21.82 bedefg 20.13 ab 35.72 ef 37.72 bede
C. fioriniae 4.58 abced 10.62 ab 11.06 a 23.60 cd 4444 e
C. theobromicola 4.55 abed 16.31 abed 17.44 ab 61.98 jj 37.72 bede
C. alienum 6.66 abcd 4.90 a 7.85a 17.97 cd 26.5 abc
Coratina C. acutatum 4.11 abed 29.91 efgh 45.75 cde 30.04 de 32.13 bede
C. nymphaeae 5.75 abed 25.59 defgh 40.91 cde 29.28 de 31.33 bede
C. fioriniae 2.55 abc 24.49 cdefgh 22.27 ab 20.04 be 40.72 cde
C. theobromicola 10.07 cd 13.00 abc 5381e 51.39 hi 40.59 cde
C. alienum 7.52 abed 21.58 bedef 18.95 ab 16.96 bc 39.88 cde
Picual C. acutatum 6.90 abcd 34.62h 55.61 ¢ 6.26 a 23.11 ab
C. nymphaeae 5.60 abed 31.72 fgh 56.98 ¢ 11.95b 31.35 bede
C. fioriniae 5.56 abcd 23.75 cdefgh 50.89 de 4.56 a 31.55 bede
C. theobromicola 9.26 bed 12.84 abc 54.24 ¢ 34.13 ef 31.35 bede
C. alienum 7.82 abed 18.21 bede 17.78 ab 5.64 a 23.22 bed

! Phenological scale according to Sanz-Cortes et al. (2002).

2 In each column, mean values followed by the same letter are not significantly different (Tukey’s HSD test; P = 0.05).

ment, susceptibility increased, and symptoms and signs
progressed rapidly. Symptoms included brown coloura-
tion of the flower organs that progressed to collapse of
inflorescences, known as blossom blight. Affected organs
were rapidly covered by typical orange-salmon coloured
gelatinous masses, corresponding to Colletotrichum
conidia (Sergeeva et al., 2008; Iliadi et al., 2018; Moreira
et al., 2021).

Results of the present study are in similar to those
of Kolainis et al., (2020), who observed that in the olive
cultivars Koroneiki and Kalamon, the first anthracnose
symptoms appeared 2 d after inoculation of detached
flowers at beginning of flowering stage. In contrast,
Moral et al., (2009) inoculated flowers of Arbequina,
Hojiblanca and Picual cultivars at the same phenologi-
cal stage, but the first symptoms were visible 5 d after
inoculation. These differences could be because Moral
et al., (2009) utilized attached flowers, whereas in the
present study and that of Kolainis et al. (2020), detached
flowers were used.

For the four olive cultivars evaluated, some dif-
ferences were observed in anthracnose susceptibility
at different flowering stages. No major variations were
observed at the swollen bud stage, but at final differenti-
ation and beginning of flowering, Frantoio was the least
susceptible cultivar to Colletotrichum, Arbequina was
the most susceptible, and Coratina and Picual were of
intermediate susceptibility. Similar results were obtained
by Moral et al., (2009), who found that Arbequina was
more susceptible than Hojiblanca and Picual when inoc-
ulated at the beginning of flowering.

In previous research, we demonstrated that species
C. acutatum s.s., C. nymphaeae, C. fioriniae, C. theobro-
micola and C. alienum caused typical blossom blight at
beginning of flowering (Moreira et al., 2021). In the pre-
sent study, although the incubation period could be vari-
able, isolates of these five Colletotrichum species infected
olive from the early stages of flower development.

Results recorded here for behaviour of inoculated
green and ripe olive fruit were generally in agreement
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Figure 3. Mean anthracnose severity indices in fruit of four olive cultivars inoculated with five Colletotrichum species at green (BBCH80) and
ripe fruit (BBCH89) phenological stages. Severity values were used to calculate the McKinney indices. The incidence registered in the control
treatments can be attributable to the latent infection of Colletotrichum spp. expression. Vertical bars correspond are standard errors of the
means calculated based on four replicates. The R? and the estimations of trend curves were obtained using SigmaPlot version 12.0 software.
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with previous research. Olive fruits can be infected
by Colletotrichum at different stages during fruit rip-
ening, but the susceptibility increases with ripening
(Moral et al., 2008; 2009; Sergeeva, 2014; Chattaoui et
al., 2016; Moral et al., 2017). We also observed differ-
ences in symptom development. While on ripe fruit the
typical soapy fruit symptoms were observed from the
beginning, on green fruit initial symptoms consisted
of small and depressed necrotic lesions that later pro-
gressed into the typical soapy fruit. In addition, at the
green stage, the first symptoms were visible between
5 and 7 d after inoculation, whereas on ripe fruit
symptoms were seen earlier, between 1 and 5 d post
inoculation. Similar results were obtained by Moral
et al., (2008), who observed first symptoms at 7 d on
detached leaves, and at 4 d on ripe fruit, after Colle-
totrichum inoculation.

For susceptibility of the different olive cultivars, at
the green fruit stage Picual was the least susceptible and
Arbequina and Frantoio were the most susceptible cul-
tivars to Colletotrichum spp., while Coratina developed
disease with intermediate susceptibility. These results
are similar to other studies, where Arbequina was sus-
ceptible to moderately susceptible, Coratina was moder-
ately susceptible (Andres 1991; Moral and Trapero, 2009;
Bartolini and Cerreti, 2013), and Picual was moderately
resistant or resistant to anthracnose (Moral and Trapero,
2009; Talhinhas et al., 2015; Moral et al., 2017).

On mature fruit, the four olive cultivars were all
highly susceptible to anthracnose. These results showed
some discrepancies with other studies, where Frantoio
was found to be highly resistant to anthracnose in Spain
(Moral et al., 2008; Moral and Trapero, 2009; Moral et
al., 2017). Nevertheless, in accordance with the present
results, Frantoio showed high susceptibility to anthrac-
nose in Argentina (Andres, 1991) and Italy (Loprieno
and Tenerini, 1960).

Although the differences in anthracnose susceptibil-
ity found among cultivars at the green fruit stage were
not recorded for ripe fruit, this was not surprising. Mor-
al and Trapero (2009) reported that green fruits were
more resistant to Colletotrichum than ripe fruit, prob-
ably because of greater concentrations of phenolic com-
pounds in green than ripe fruits. However, when matu-
rity is reached, all olive cultivars can become diseased,
and develop complete rot regardless of their early fruit
susceptibilities (Moral et al., 2008).

Colletotrichum theobromicola differed substantially
from the other Colletotrichum species inoculated in this
study, being the most aggressive pathogen at the green
fruit stage. This was surprising since this species, togeth-
er with C. alienum, was isolated from a low proportion
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of olives with typical anthracnose symptoms in Uruguay
(Moreira et al., 2021). In Australia, inoculated detached
green stage fruit was more affected by C. theobromicola
and C. gloeosporioides s.s than C. aenigma, C. cigarro, C.
queenslandicum, C. siamense and C. karstii (Schena et
al., 2014). Regarding the international occurrence of C.
theobromicola, This pathogen has been reported affect-
ing olive in Argentina, Australia, and Uruguay (Schena
et al., 2014; Lima et al., 2020; Moreira et al., 2021), but
not in countries of the Mediterranean basin, where most
olives are cultivated. Schena et al., (2014) mentioned that
new diseases are expected to emerge as consequence of
climate change, and suggested that C. theobromicola
could play an important role in olive anthracnose dis-
ease with these changes.

For ripe fruit, behaviour of the five Colletotrichum
species was similar, except for C. alienum which was
less aggressive when it was inoculated on the cultivars
Arbequina and Frantoio. In Portugal, Talhinhas et al,,
(2015) found that C. acutatum s.s. and C. nymphaeae
were more aggressive than C. gloeosporioides s.s. and C.
rhombiforme on ripe fruit. In Italy Schena et al. (2017)
observed that C. acutatum s.s. was more aggressive
than C. godetiae on ripe fruit. In this work, C. acutat-
um s.s., C. nymphaeae and C. fioriniae were of similar
aggressiveness.

The present study is the first in which anthrac-
nose susceptibility has been evaluated at different host
flower development stages. Based on these results, the
risk of anthracnose occurrence starts at early stages
of flower development. This would allow develop-
ment of improved disease management decisions. For
example, the most opportune time to initiate preven-
tive fungicide applications should be at early stages of
flower development, to minimize yield losses caused
by olive anthracnose. For olive cultivars, Frantoio was
moderately susceptible to anthracnose, whereas Pic-
ual, Coratina and Arbequina were susceptible cultivars
during flowering. However, the present study results
indicate that at the green fruit stage, Frantoio and
Arbequina were the most susceptible cultivars, Corati-
na had an intermediate susceptibility, and Picual was
least susceptible. In mature fruit, no differences were
found among the assessed cultivars. In this study we
confirmed that Arbequina, the main olive cultivar pro-
duced in Uruguay, was one of the most susceptible to
Colletotrichum during flowering and fruit ripening.
Future research should focus on improving anthrac-
nose management strategies to minimize the impacts
of this disease during flower development and fruit
maturity, especially in those olive cultivars that are
most susceptible to this disease.
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Summary. Increased branch canker and dieback were observed in commercial avo-
cado (Persea americana) orchards in Sicily, Italy. Surveys were conducted in 2021 and
2022 on 11 orchards to investigate etiology of the disease. Seventy-five plants from
four orchards, showing branch canker and dieback, were sampled. Isolations from
woody diseased tissues revealed the presence of fungi (Botryosphaeriaceae). Iden-
tification of the isolates was achieved by morphological and multi-loci phylogenetic
analyses (Maximum Parsimony and Maximum Likelihood) of the ITS, tefl-a, and
tub2 loci. Botryosphaeria dothidea, Lasiodiplodia citricola, Macrophomina phaseolina,
Neofusicoccum cryptoaustrale, and Neofusicoccum luteum were identified. Representa-
tive isolates collected from the orchards, characterized based on the tub2 locus and
identified as N. parvum, were excluded from this study, since this species has already
been reported in our territory. Pathogenicity tests were conducted on potted, asymp-
tomatic, 2-year-old avocado trees using mycelial plugs. These tests showed that all the
Botryosphaeriaceae species characterized in this study were pathogenic to avocado.
This is the first report of L. citricola, M. phaseolina and N. cryptoaustrale causing can-
ker and dieback on avocado trees, and is the first record of these fungi causing branch
disease on avocado in Italy.

Keywords. Fungal diseases, Botryosphaeria, Lasiodiplodia, Macrophomina, Neofusicoc-
cum, phylogeny.

INTRODUCTION

Avocado (Persea americana L.) is a tree native to Mexico and has spread
to many tropical and subtropical regions (Bost et al., 2013). Consumption
of avocado fruit and new plantings of avocados has considerably increased
(Bost et al., 2013). The greatest production is in Mexico, followed by Colom-
bia and the Dominican Republic (FAOSTAT, 2022). In Europe, Spain was the
first country to develop commercial production of avocados (Pérez-Jiménez,
2008). In Italy, avocado production is spread in the Southern regions, mainly
in Sicily, where the cultivated area has increased in the last 10 years (Migliore

Phytopathologia Mediterranea 62(1): 47-63, 2023
ISSN 0031-9465 (print) | ISSN 1593-2095 (online) | DOI: 10.36253/phyto-14057



48

et al., 2017). In Sicily, avocado provides good agricultural
diversification as an alternative crop to citrus (Guarnac-
cia et al., 2016).

Several diseases can affect avocados, and several
fungi taxa have been associated with different symp-
toms. Traditionally, root diseases have been considered
the most important limiting factors for avocado produc-
tion. Among these, those caused by Phytophthora cin-
namomi and Rosellinia necatrix are considered the most
important and widespread diseases of avocado, leading
to serious losses, especially in the Mediterranean regions
where avocado production is well established (Zentmyer,
1980; Lopez-Herrera and Melero-Vara, 1992; Fiorenza
et al., 2021). In recent years, species of Nectriaceae have
also been shown to be important, especially in Australia
where different taxa have been associated with crown
root rot disease (Parkinson et al., 2017). In Italy, recent
studies have shown the presence of Nectriaceae spp.
causing a complex of root symptoms (Vitale et al., 2012;
Aiello et al., 2020Db).

In recent decades, increased research has been car-
ried out on canker diseases of fruit and nut crops (Mor-
al et al., 2019; Guarnaccia et al., 2022a). These diseases
have been re-discovered as important and limiting for
perennial crops, especially because they cause polyetic
epidemics, a complex of pathogen taxa are involved, and
most of the causal agents are polyphagous and live as
latent pathogens. Among the taxa associated and respon-
sible for shoot, branch and trunk cankers and dieback,
Botryosphaeriaceae is a widely investigated group of
fungi (Batista et al., 2021). Botryosphaeriaceae includes
fungi that can be pathogens, saprobes and endophytes
(Slippers and Wingfield, 2007; Phillips et al., 2013), and
can be severe threats to fruit, nut, ornamental and forest
trees (Slippers and Wingfield, 2007; Moral et al., 2019).
DNA-based tools, especially multi-locus phylogeny, have
shown that many genera and species within the Botry-
osphaeriales have been described, synonymized, and re-
accommodated (Zhang et al., 2021).

On avocado, despite sporadic reports of Diaporthe
species associated with cankered tissues (Guarnac-
cia et al., 2016; Torres et al., 2016; Mathioudakis et al.,
2020), different Botryosphaeriaceae have been extensive-
ly reported worldwide causing canker and dieback on
woody tissues and fruit rots, including: Botryosphaeria
dothidea, Diplodia aromatica, D. dominicana, D. mutila,
D. pseudoseriata, D. seriata, Dothiorella iberica, Lasi-
odiplodia laeliocattleyae, L. pseudotheobromae, L. theo-
bromae, Neofusicoccum australe, N. luteum, N. mangifer-
ae, N. mediterraneum, N. nonquaesitum, N. parvum, and
N. stellenboschiana (Peterson, 1978; Hartill, 1991; Har-
till and Everett, 2002; Zea-Bonilla et al., 2007; McDon-
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ald et al., 2009; Ni et al., 2009; McDonald and Eskalen,
2011; Ni et al.,, 2011; Dann et al., 2013; Auger et al., 2013;
Twizeyimana et al., 2013; Carrillo et al., 2016; Valencia
et al., 2019; Arjona-Girona et al., 2019; Tapia et al., 2020;
Guarnaccia et al., 2020; Wanjiku et al., 2020; Qiu et al.,
2020; Rodriguez-Gélvez et al., 2021; Avenot et al., 2022).
On avocado, canker and dieback symptoms can appear
on shoots, branches, and trunks. Usually, reddish sap
that became white/beige with the age has been associ-
ated with cankers. The tree bark can be friable or sunken
and necrotic, showing cracking, with external dark dis-
colouration. Internally, infected wood becomes brown
with characteristic wedge-shaped discolourations affect-
ing the xylem. Under high disease pressure, severe xylem
colonization may be observed, with associated wilting of
shoots and leaves, that remain attached.

In Italy, the first investigations of avocado branch
and trunk canker were reported in 2016, showing
the presence of Botryosphaeriaceae (N. parvum), Dia-
porthaceae (D. foeniculacea and D. sterilis) and Glom-
erellaceae (Colletotrichum gloeosporioides and C. fructi-
cola) (Guarnaccia et al., 2016). Studies on avocado can-
ker diseases in Italy have continued, and in 2018, a new
species Neocosmospora persea was described, causing
branch and trunk canker, which was also later reported
in Greece (Guarnaccia et al., 2018, 2022b). More recently,
the new species Neopestalotiopsis siciliana and Ne. rosae
were reported as causing stem lesions and dieback on
avocado (Fiorenza et al., 2021).

An increased incidence of shoot and branch canker
has been observed in Sicilian avocado orchards since
2016. The present study has investigated the diversity of
Botryosphaeriaceae associated with symptomatic trees.
The aims of the study were: (i) to characterize the Bot-
ryosphaeriaceae recovered from symptomatic avocado
samples, and (ii) to test their pathogenicity to this host.

MATERIALS AND METHODS
Field surveys and fungal isolation

Surveys were conducted in Sicily (Italy) during 2020
and 2021 in the main avocado production areas (Cata-
nia, Messina, and Siracusa provinces). Eleven orchards
were investigated and selected for sampling. Samples
(three to ten plants from each site) of symptomatic
branches, trunks and shoots were collected, and brought
to the Plant Pathology laboratory, Dipartimento di Agri-
coltura, Alimentazione e Ambiente, Sezione di Patolo-
gia Vegetale, University of Catania. Small sections (0.5
cm?) of symptomatic tissues were surface disinfected for
1 min in 1.5% sodium hypochlorite solution (NaOCI),
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rinsed in sterile distilled water, dried on sterile absor-
bent paper and placed on potato dextrose agar (PDA;
Lickson) amended with 100 mg L' of streptomycin
sulphate (Sigma-Aldrich) to prevent bacterial growth,
and incubated at 25+1°C for 7 d. Isolation frequency of
Botryosphaeriaceae was calculated using the formula: F
= (Npot/Nro) x 100, where F is the frequency of Botry-
osphaeriaceae; Ny, is the number of woody fragments
from which Botryosphaeriaceae were isolated; and N,
is the total number of woody fragments from which
fungi were isolated. Single hyphal tip cultures on PDA
were obtained. Thes isolates are maintained in the Plant
Pathology collection of the University of Catania.

Morphological and culture characters of isolates

Representative isolates of each morphologically dif-
ferent group of isolates were transferred onto Technical
Agar (AT, 1.2% Agar Technical, Biolife) supplemented
with autoclaved pine needles (Smith et al., 1996), and
were incubated at room temperature under UV light.
The size, colour, and shape of conidia produced by
the isolates were examined. After 14 d, pycnidia were
observed with a stereoscope, and were mounted in 100%
lactic acid. Fifty conidia from each representative isolate
were measured (length and width), using an Olympus-
BX61 fluorescence microscope coupled to an Olympus
DP70 digital camera. Measurements were captured using
the software analySIS 3.2 (Soft Imaging System GmbH).
Dimensions are reported here as averages.

DNA extraction and PCR analyses

The representative isolates were cultivated on PDA
for 7 d, and genomic DNA was extracted using the Wiz-
ard Genomic DNA Purification Kit (Promega Corpora-
tion) following the manufacture’s protocol. The qual-
ity of the DNA was determined using a Nanodrop Lite
Spectrophotometer (Thermo Fisher Scientific), and was
diluted to 5 ng uL! with nuclease-free water. The inter-
nal transcriber spacer region (ITS) of the nuclear ribo-
somal RNA operon was amplified with primers ITS5
and ITS4 (White et al, 1990), and the primers EF1-728F
and EF1-986R (Carbone and Kohn, 1999) were used to
amplify part of the translation elongation factor 1 alpha
locus (tefl-a), and primer sets Bt2a and Bt2b (Glass and
Donaldson, 1995) were used for the partial beta tubulin
locus (tub2). The amplifications were each carried out in
a final volume of 25 pL using One Taq® 2x Master Mix
with Standard Buffer (BioLabs), according to the manu-
facturer’s instructions, on an Eppendorf Mastercycler

(AG 22331). The PCR consisted of initial 30 s at 94°C,
followed by 35 cycles at 94°C for 30 s, 50-52°C (ITS),
57-59°C (tefl-a), or 52°C (tub2) for 1 min, followed by
68°C for 1 min, and 5 min at 68°C. All PCR products
were visualized on 1% agarose gels (90 V for 40 min),
stained with GelRed®, purified, and sequenced by Mac-
rogen Inc. Forward and reverse DNA sequences were
assembled and edited using AliView software (Larsson,
2014), and were submitted to GenBank. Sixty-two iso-
lates were sequenced (amplifying the tub2 locus only),
and based on these preliminary results only 23 rep-
resentative isolates were considered for further locus
sequencing and phylogenetic analyses.

Phylogeny

Sequences were read, assembled, and edited using
MEGAX: Molecular Evolutionary Genetics Analysis
across computing platforms (Kumar et al.,, 2018). The
ITS, tub2 and tefl-a DNA sequence datasets were aligned
using MEGAX. For comparison, 57 additional sequences
were selected according to the most recent taxonomic
classification of Botryosphaeriaceae genera and species
involved in this study (Table 1). Two analyses were per-
formed. Maximum parsimony analysis (MP) was per-
formed in PAUP* (Phylogenetic Analysis Using Parsi-
mony) version 4.0a (Swofford, 2002). The analysis of the
combined dataset (ITS + tub2 + tefl-a) was obtained
with the heuristic search function and tree bisection and
reconstruction (TBR) as branch swapping algorithms with
the branch swapping option set on ‘best trees’ only. Gaps
were treated as ‘missing’, the characters were unordered
and of equal weight, and Maxtrees were limited to 100.
Tree length (TL), consistency index (CI), retention index
(RI), and rescaled consistency index (RC) were calculated.
A total of 1000 bootstrap replicates were performed to test
the robustness of the tree topologies. The best-fit model
of nucleotide evolution for each locus, according to the
Akaike information criterion (AIC), was evaluated using
MrModeltest v. 2.4 (Nylander, 2004). The Maximum Like-
lihood analysis (ML) of the combined loci was performed
in GARLI v.0.951 (Zwickl, 2006), and clade support was
assessed by 1000 bootstrap replicates. Phyllosticta ampeli-
cida (CBS 111645) and Phyllosticta citricarpa (CBS 102374)
served as the outgroup taxa in both analyses.

Pathogenicity test
A pathogenicity test was conducted in a greenhouse,

February to April 2022. Five 2-year-old asymptomatic
avocado plants ‘Hass’ grafted on “Zutano’ rootstocks
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Table 1. (Continued). Isolates in bold font are from this study. The “T” superfix identifies type material.

GenBank accession No.

Country

Host

Isolate ID

Species

tub2
KX465006

tefl-a
KX464720

ITS
AF452539
FJ150703

CPC 1775 = )T 189" Leucadendron salignum x L. laureolum South Africa

CBS 114176

Neofusicoccum protearum

MT592731

MT592239
AY343348

South Africa
South Africa
South Africa
South Africa
South Africa
South Africa
South Africa
South Africa
Nethherlands

Brazil

Protea magnifica

CPC 4357

CBS 115177

Neofusicoccum protearum

KX465047

AY343407

Vitis vinifera

CPC 4598

Neofusicoccum stellenboschiana CBS 110864

GQ471780 KX465052

GQ471802

Terminalia sericea

CBS 125263 = CMW 26679"

CBS 125264

Neofusicoccum terminaliae

GQ471782 KX465053

GQ471804

Terminalia sericea

CMW 26683

Neofusicoccum terminaliae

KX465056

FJ752709
FJ752708
AY343342

FJ752746
FJ752745

Eucalyptus sp.

CBS 122811 = CMW 24480"

CBS 122812
CBS 112878
CBS 112977
CBS 111645

Neofusicoccum ursorum

KX465057

Eucalyptus sp.

CMW 23790

Neofusicoccum ursorum

KX465058

AY343381

Vitis vinifera

CPC 5044 = JM 86"
STE-U 5041

Neofusicoccum viticlavatum

KX465059
FJ824779
FJ824778

AY343341

FJ824773

AY343380
FJ824766
FJ824767

Vitis vinifera

Neofusicoccum viticlavatum

Taxus baccata

Phyllosticta ampelicida

FJ538371

Citrus aurantium

CBS 102374

Phyllosticta citricarpa

Alberto Fiorenza et alii

were selected for each tested fungal species. Inocula-
tions were each carried out using a mycelium plug (0.5
cm?) from a 10-d-old culture of each of Botryosphaeria
dothidea (AC7), Lasiodiplodia citricola (AC20), Mac-
rophomina phaseolina (AC29), Neofusicoccum crypto-
australe (AVORAM4), and Neofusicoccum lutem (AVE5).
Each inoculation site was first surface disinfected with
a 70% ethanol solution. Two points of inoculation for
each plant were made on the stem after removing a piece
of bark with a sterile scalpel blade, placing the isolate
mycelium plug onto the wound and covering it with
Parafilm® (American National Can) to prevent desic-
cation. Three 2-year-old asymptomatic avocado plants
were inoculated with sterile PDA plugs to serve as inoc-
ulation controls. The plants were moved to a greenhouse
and regularly watered. Temperature in the greenhouse
ranged from 18 to 27°C and humidity from 70 to 80%.
The inoculated plants were monitored weekly for symp-
tom development, and a final assessment was conducted
63 d after the inoculations. Lesion length measurements
were recorded, and were statistically analyzed in Statis-
tix 10 (Analytical Software, 2013) using analysis of vari-
ance (ANOVA). Mean differences were compared with
the Fisher’s protected least significant difference (LSD)
test at a = 0.05. To fulfill Koch’s postulates, re-isolations
were carried out following the procedure described
above, and each re-isolated fungus was identified
through observation of morphological characteristics.

RESULTS
Field surveys and fungal isolations

Disease was observed on 2 to 10-year-old avocado
plants ‘Hass’, grafted on different rootstock cultivars
(Zutano’, ‘Duke 7°, and ‘Dusa’) in Sicily (Italy). All the
sampled plants showed symptoms of shoot and branch
canker, and dieback emerging within the green canopies
(Figure 1 A to D). Occasionally, a white powder was pre-
sent on the surfaces of the lesions (Figure 1 E). It was also
possible to observe the infections starting from pruning
wounds (Figure 1 F and G). The bark of cankered shoots
was cracked, darkly discoloured, and/or slightly sunken
(Figure 1 H). Cankers were reddish-brown under the
bark, and variable in shape. Necrotic lesions and inter-
nal discolouration were observed at the grafting points
of young plants (Figure 1 I). Isolations frequently (41%)
yielded Botryosphaeriaceae-like fungi, and Botryospha-
eriaceae were detected in all the samples analyzed.

A total of 106 Botryosphaeriaceae isolates were col-
lected and stored. Of these, 62 isolates (59%) were pro-
cessed for DNA extraction, PCR, and sequencing. A
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Figure 1. Symptoms of Botryosphaeriaceae on avocado trees observed in the field. A, Shoot dieback in the host canopy. B, Branch dieback.
C and D, External canker (shoot canker). E, Canker with white powdery exudation. F and G, Infection originating from pruned wounds. H,
bark cracking. I, infected grafting point.

preliminary screening based on the tub2 locus was
conducted on all 62 isolates, and this showed that rep-
resentative isolates from seven orchards (orchard num-
bers 5 to 11, Table 2) were N. parvum. Since this fun-
gal species was already characterized and reported in a
preliminary study (Guarnaccia et al., 2016), these iso-
lates were excluded from further locus sequencing and
phylogenetic analyses, but the N. parvum isolates were
collected and stored, since the present investigation
showed that this fungus predominated in Sicilian avo-
cado orchards. A total of 23 isolates derived from four
orchards (orchards numbers 1 to 4) were fully character-
ized, as these isolates were previously unreported in Ita-
ly. These 23 isolates were from 75 young (2 to 4-year-old)
plants showing typical symptoms of canker and dieback.
More details of the collected and characterized isolates
are summarized in Table 2.

Phylogeny

The MP analysis of the combined dataset showed
that of 3,116 characters, 464 were parsimony-inform-
ative, 239 were parsimony-uninformative, and 2,413
were constant. A total of 100 trees were retained. Tree
length was equal to 1,178, CI = 0.771, RI = 0.953, and
RC = 0.735. The best-fit model of nucleotide evolution
based on the AIC resulted GTR + I + G for ITS, HKY
+ G for tub2 and GTR + G for tefl-a. The ML analysis
showed that of 3,116 total characters, 2,413 were con-
stant characters and 564 were parsimony informative.
Isolates AB2, AB4, AB5, AC5, AC7, AC9, AC10 and
ACI1 strongly clustered within the clade of B. dothidea
(81% MP bootstrap support and 81% ML bootstrap sup-
port). Isolate AC20 strongly grouped within the clade
of Lasiodiplodia citricola, (74/85). Isolates AC28, AC29,



Table 2. Information on fungal isolates collected and processed in this study from 11 avocado orchards. * identifies the representative isolates preliminarily identified based on the

tub2 locus. ¥ identifies the isolates fully characterized (ITS + tub2+ tefl-a) and included in the phylogenetic analyses. x indicates that the representative isolates were excluded from

the phylogenetic analyses, because they were identified as Neofusicoccum parvum in the preliminary tub2 locus characterization.

No. of chosen

Collected Botry- No. of representative

Orchard
No.

Species

Symptoms

Tree age

Location (Province)

isolates* isolates*

osphaeriaceae

N. luteum (5), N. parvum (3)

5

Dieback
Dieback
Canker

Fiumefreddo (Catania)

N. cryptoaustrale (5)
B. dothidea (5)

2-3 yrs

Ramacca (Catania)

5

2-4 yrs.

Riposto (Catania)

B. dothidea (3), L. citricola (1),
M. phaseolina (4), N. parvum (2)

10

26

Canker, dieback, grafting point canker

2-3 yrs.

Mascali (Catania)

N. parvum (8)

Canker, dieback, grafting point canker

Canker, dieback

Agnone Bagni (Siracusa) 2-4 yrs.

N. parvum (2)

Fiandaca (Catania)

6

N. parvum (4)

Dieback, grafting point canker

Acireale (Catania)
Messina (ME)
Noto (SR)

N. parvum (2)

Discolouration

N. parvum (9)

Canker, dieback, grafting point canker 17

2 yrs.

9

N. parvum (1)

Mature trees Canker, dieback

Giarre (Catania)

10

N. parvum (8)

12

Canker

3 yrs.

Riposto (Catania)

11

Alberto Fiorenza et alii

AC51 and AC52 grouped in the clade of Macropho-
mina phaseolina (73/81). Regarding Neofusicoccum,
for isolates AVORAMI to 5 the bootstrap support
was 52 for the MP analysis and 60 for the ML analy-
sis. These isolates were accommodated within Neofu-
sicoccum cryptoaustrale. Isolates AVF3, AVF5, AVF6,
AVF7, AVF8 were strongly supported (99/99) within
the clade of Neofusicoccum luteum.

According to these results, five species isolated
from avocado in this study were identified, including:
B. dothidea, L. citricola, M. phaseolina, N. cryptoaus-
trale, and N. luteum (Figure 2). The ITS, tub2, and
tefl-a sequences generated in this study were depos-
ited in GenBank (Table 1).

Morphological and cultural characteristic of the isolates

Observing pure cultures on PDA, a total of
six groups of Botryosphaeriaceae-like fungi were
observed:

Isolate AC5 (B. dothidea) had olivaceous colonies
that became grey with black reverse sides. Conidia
were hyaline, fusiform and measured 23.2 X 5.6 pm.

Lasiodiplodia citricola AC20 had colonies with
abundant aerial mycelium that became smoke grey
to olivaceous-grey or iron-grey on the surfaces and
greenish grey to dark slate blue on the reverse sides.
Conidia were initially hyaline, aseptate, ellipsoid to
ovoid and becoming pigmented, verrucose and ovoid,
and measured 21.3 x 13.1 pm.

Macrophomina phaseolina isolate AC29 had
grayish fluffy aerial mycelium on the colony surfaces,
which were purplish grey on the reverse sides. Abun-
dant microsclerotia were produced on pine needles in
AT medium. Conidia were 25.0 x 10.5 um.

The colonies of isolate AVORAM4 (N. cryptoaus-
trale) were initially white with fluffy aerial mycelium,
changing to straw-yellow after 3 d incubation and
then to pale olivaceous-grey. Conidia were hyaline,
smooth with granular contents, aseptate, fusiform,
and measured 20.0 X 6.0 pm.

Isolate AVF5 (N. luteum) was initially white with
fluffy aerial mycelium and changed to yellow after
3-4 d incubation, after which the colour changed to
pale olivaceous-grey from the middle of the colonies
to the irregular margins. Conidia were hyaline, thin
walled, aseptate, smooth, ellipsoidal, and measured
19.5 X 5.5 um.

Isolates of N. parvum had white fluffy aerial
mycelium that became grey and then black with the
age. Conidia were hyaline, non-septate, and subglo-
bose, with obtuse apices, and measured 18.2 x 6.1 pum.
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AVORAM1
AVORAM2
-/60 | AVORAM3
AVORAM4
AVORAM5
'~ Neofusicoccum cryptoaustrale CBS 122813
99/100 ,{ Neofusicoccum australe CMW 6837
64/75 Neofusicoccum australe CBS 113220
Neofusicoccum stellenboschiana CBS 110864
100/100 + | Neofusicoccum lumnitzerae CBS 139674
9/100 Neofusicoccum lumnitzerae CBS 139675
AVF3
AVF5
AVF6
—| 99/99| Avee
Neofusicoccum luteum CBS 110299
Neofusicoccum luteum CBS 110497
100/100 »— Neofusicoccum protearum CBS 114176
B L Neofusicoccum protearum CBS 115177
98/99 ——~ Neofusicoccum ursorum CBS 122812
97/94 Q Neofusicoccum ursorum CBS 122811
_— . .
B i Neofusicoccum terminale CBS 125263
77/82 > Neofusicoccum terminale CBS 125264
99/100 Neofusicoccum mediterraneum CBS 121558
“"L Neofusicoccum mediterraneum CBS 121718
Neofusicoccum viticlavatum CBS 122977
100/100 —1 e stusicocoum viticlavatum CBS 112678
Lasiodiplodia citricola GBS 124706
92/90 82/92 Lasiodiplodia citricola CBS 124707
74/85 AC20
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Lasiodiplodia parva CBS 456.78
91/68 >~ Lasiodiplodia parva CBS 494.78
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AB2
AB4
ABS5
AC10
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AC7
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1007200278~ Botiyosphaeria corticis CBS 119047
_I “L Botryosphaeria corticis CBS 119048
97/100 | Botryosphaeria kuwatsukai CGMCC 3.18007
1 ”! Botryosphaeria kuwatsukai CGMCC 3.18008
100/100 81/67 ——— r Botryosphaeria fabicerciana CBS 118831
1 * Botryosphaeria fabicerciana CBS 127193
76/80 Botryosphaeria gingyuanensis CERC 2946
100/91 3 Botryosphaeria qingyuanensis CERC 2947
100/100 Botryosphaeria ramosa CBS 122069
“L Botryosphaeria ramosa CERC 2001
100/100 r Botryosphaeria agaves CBS 133992
Botryosphaeria agaves CBS 141505
AC28
76/69 ——>] 2523
73/81 AC52
Macrophomina phaseolina CBS 227.33
| = Macrophomina phaseolina KARE1339
Macrophomina vaccinii CGMCC3.19503
Macrophomina vaccinii CGMCC3.19504
Macrophomina tecta BRIP71603
> | Macrophomina tecta BRIP70781

100/100 — Macrophomina pseudophaseolina CPC 21417
93/98 Macrophomina pseudophaseolina CPC 21524
100/100 Macrophomina euphorbiicola CMM4134

Macrophomina euphorbiicola CMM4145
r Phyllosticta ampelicida CBS 111645
L Phyllosticta citricarpa CBS 102374
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Figure 2. One of 100 equally most parsimonious trees generated from maximum parsimony analysis of three-loci (ITS + tub2 + tefl-a)
combined dataset of Botryosphaeriaceae species. Numbers before after slashes represent, respectively, parsimony and likelihood bootstrap
values from 1,000 replicates. Phyllosticta ampelicida (CBS 111645) and Phyllosticta citricarpa (CBS 102374) were the outgroup taxa in both
analyses. Isolates in bold font were generated in the present study. Bars indicate the numbers of nucleotide changes.
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Figure 3. Result of the pathogenicity test after 63 days. A-B, Control. C-D, Shoots inoculated with Botryosphaeria dothidea. E-F, Neofusicoc-
cum luteum. G-H, Neofusicoccum cryptoaustrale. 1-J, Lasiodiplodia citricola. K-L, Macrophomina phaseolina. Scale bar: 2 cm.
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Figure 4. Mean lesion lengths (mm) resulting from the pathogenic-
ity test of Botryosphaeria dothidea, Lasiodiplodia citricola, Mac-
rophomina phaseolina, Neofusicoccum cryptoaustrale, and N. luteum
on potted plants. Values are each for two inoculation points per
plant for each fungal species. Control consisted of the same number
of inoculation points. Vertical bars represent standard errors of the
means. Bars accompanied with different letters indicate means that
were significantly different (Fisher’s protected LSD test; a = 0.05).

Pathogenicity test

The pathogenicity showed that all the Botryospha-
eriaceae species in this study were pathogenic to avo-
cado plants, and produced similar symptoms to those
observed in the field. All the inoculated species pro-
duced external and internal discolouration lesions. The
inoculation controls did not show any symptoms (Fig-
ure 3). After 15 d, all the inoculated trees showed dark
discolouration of the outer layers of bark. In detail, N.
luteum isolate AVF5 produced the longest lesions (mean
= 55.0 mm), followed by N. cryptoaustrale isolate AVO-
RAM4 (50.9 mm), M. phaseolina isolate AC29 (43.6
mm), B. dothidea isolate AC7 (37.8 mm) and L. citricola
isolate AC20 (31.4 mm). All the inoculated fungi pro-
duced lesion lengths that were statistically different from
the controls (P < 0.05), and only lesions from Neofusico-
ccum sp. were significantly different compared to those
from L. citricola (Figure 4). Re-isolations showed gave
colonies with the morphological characteristics the same
as the inoculated species, fulfilling Koch’s postulates.

DISCUSSION

This study has elucidated the diversity of Botry-
osphaeriaceae species causing avocado canker and die-
back in commercial orchards in Italy. The species char-
acterized were B. dothidea, L. citricola, M. phaseolina, N.
cryptoaustrale, and N. luteum. Neofusicoccum parvum
was also constantly encountered during field surveys.
This species had been characterized in a previous study

(Guarnaccia et al. 2016), and was here characterized only
on the basis of tub2 locus, and excluded from the phylo-
genetic analysis. This research confirms that N. parvum
was the predominant Botryosphaeriaceous species asso-
ciated with canker and dieback symptoms of avocado in
Sicilian orchards.

Botryosphaeria dothidea is the type species of Botry-
osphaeria (Marsberg et al., 2017), and has been reported
from many plant species with broad global distribution.
There are 1,260 fungus-host records for B. dothidea and
its synonyms listed in the Fungal Database (Farr and
Rossman, 2022). However, some of these reports are out-
dated causing taxonomic confusion. Batista et al. (2021)
report that B. dothidea was associated with 403 hosts
in 66 countries. McDonald and Eskalen (2011) reported
fungi belonging to the Botryosphaeriaceae, including B.
dothidea (Fusicoccum aesculi), have been associated with
avocado branch cankers in California. Previous field
surveys conducted in Sicily on different perennial crops,
including pistachio, walnut and Ficus spp., recorded
presence of B. dothidea and other Botryosphaeriaceae
(Gusella et al., 2020; 2022; Fiorenza et al., 2022a). In the
present study, within Lasiodiplodia, the L. citricola was
occasionally isolated from symptomatic avocado branch-
es, as were M. phaseolina and B. dothidea. The patho-
genicity test confirmed the aggressiveness of L. citricola
on avocado woody tissues. Different species of Lasiodip-
lodia, including L. citricola, have been reported to cause
diseases in multiple fruit and nut tree hosts (Urbez-Tor-
res et al., 2008, 2010; Chen et al., 2013a, 2013b, 2013c;
2014; Carlucci et al., 2015; Rodriguez-Galvez et al.,
2017). In Sicily, L. citricola was recently identified as a
serious threat to Acacia spp. causing dieback (Costanzo
et al., 2022). On avocado, recent studies have described
L. laeliocattleyae, L. pseudotheobromae and L. theobro-
mae as etiological agents of fruit stem-end rot and die-
back (Garibaldi et al., 2012; Qui et al., 2020; Rodriguez-
Galvez et al, 2021; Avenot et al., 2022).

Macrophomina phaseolina is widely distributed and
is a serious threat to different crops (Baird et al., 2003;
Sarr et al., 2014). This pathogen causes charcoal rot of
soybean (Sarr et al., 2014), chickpea (Dell’Olmo et al.,
2022), sunflower (Bokor, 2007), sorghum (Sharma et al.,
2014), and strawberry (Koike, 2008). It has also been
reported to cause diseases on woody hosts, such as
grapevine (Gonzalez and Tello, 2011; Nouri et al., 2018),
olive (Sergeeva et al., 2005), pistachio (Nouri et al.,
2020), and almond (Inderbitzin et al., 2010). Macropho-
mina phaseolina was thought to be one of the patho-
gens causing avocado root rot in Australia (Poudel et al.,
2021), but it has not been recorded as causing canker on
this host. Based on previous studies in Italy, on fruit and
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ornamental hosts showing typical symptoms of Botry-
osphaeriaceae, including canker and dieback of woody
tissues, M. phaseolina has not been previously isolated.
This is the first report of M. phaseolina on avocado. Fur-
ther investigations are required need to clarify the geo-
graphic extent this species in Italy, and its association
with different host plants.

Neofusicoccum cryptoaustrale was detected in only
one of the sampled avocado orchards. This fungus was
first described Eucalyptus trees in South Africa (Crous
et al., 2013; Pavlic-Zupanc et al., 2017), and was reported
on ornamental and fruit crops, including Pistacia len-
tiscus (Linaldeddu et al., 2016), Olea europea (van Dyk
et al., 2021; Hernandez-Rodriguez et al., 2022), and man-
grove species (Osorio et al., 2017). This fungus formed
a cryptic sister species with N. australe (Crous et al.,
2013). Results of the present study showed that the iso-
lates from avocado clustered with the type isolate of N.
cryptoaustrale (CBS 122813), close to the well supported
clade of N. australe. We do not exclude that the present
study isolates identified as N. cryptoaustrale could be
re-accommodated following progress with multi-locus
phylogeny. Neofusicoccum luteum is well known as a
canker pathogen of avocado, and has been reported to
cause branch canker and stem-end rot on avocado in
California (McDonald et al., 2009; 2011; Twizeyimana et
al., 2013; Avenot et al., 2022), Australia (Tan et al., 2019),
New Zealand (Hartill, 1991; Hartill and Everett 2002),
and Chile (Tapia et al., 2020). This fungus was also iden-
tified in California as the main cause of stem-end rot in
harvested avocado fruit (Twizeyimana et al., 2013).

Despite of the diversity of Botryosphaeriaceae iden-
tified in the present study, N. parvum was the most
prevalent species associated with canker and dieback of
avocado, since it was detected from seven sampled loca-
tions with a high isolation frequency, as was previously
reported in Italy by Guarnaccia et al. (2016) and in Spain
by Arjona-Girona et al. (2019). Neopestalotiopsis also
came from symptomatic tissues showing cankers and
discolouration, but was not included in this study since
it was already reported and described by Fiorenza et al.
(2022b). Pathogenicity tests showed that representative
isolates caused lesions on healthy plants. These data dem-
onstrated that all the inoculated fungi were pathogenic to
avocado, and that the isolates characterized as N. crypto-
australe and N. luteum were the most virulent compared
those of B. dothidea, M. phaseolina, and L. citricola.

Botryosphaeriaceae species have been reported as
pathogens of the ornamentals to the agricultural crops
in Italy, especially in Sicily (Ismail et al., 2013; Guar-
naccia et al., 2016; Aiello et al., 2020a, 2022; Gusella et
al., 2020, 2021, 2022; Bezerra et al., 2021; Fiorenza et
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al., 2022a; Costanzo et al., 2022). Of the studies in Italy,
Botryosphaeriaceae have been commonly encountered
in different hosts and environments. Presence of con-
tiguous susceptible hosts and the polyphagous behav-
iour of this pathogen family can guarantee inoculum
survival in nurseries, open fields, and urban areas. The
fungi characterized in the present study have also been
described on other hosts. Botryosphaeriaceae (includ-
ing those detected in this study) are endophytes, able to
induce latent infections (Slippers and Wingfield, 2007).
It is possible to detect the levels of latent infections using
qPCR (Luo et al., 2017; 2019; 2020; 2021).

The orchards investigated in the present study con-
tained mainly young avocado trees (2 to 4-year-old).
Presence of Botryosphaeriaceae spp. within the tissues
in young trees indicates that most of the infections may
originate nurseries, and then spread once the trees are
transplanted in open fields. In Sicily, avocado trees are
imported from other Mediterranean countries, because
there are no nurseries specialized in avocado propaga-
tion. For these reasons, monitoring of latent infections,
and attention during nursery propagation, are needed
to avoid or limit Botryosphaeriaceae infections and new
sources of inoculum.

This study presents updated results on the association
of Botryosphaeriaceae species causing canker and die-
back on avocado in Italy. The surveys and analyses have
elucidated the diversity of this group of fungi involved in
avocado canker diseases. Further studies are required to
elucidate the epidemiology, control, and latent pathogen-
ic status of Botryosphaeriaceae on avocado. This study is
also the first to report L. citricola, M. phaseolina and N.
cryptoaustrale causing canker and dieback on avocado
trees, and is the first report of the recorded fungi causing
branch disease on avocado in Italy.
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Summary. Sunflower broomrape (Orobanche cumana Wallr.) was detected for the first
time parasitizing sunflower in Morocco in 2016. Seeds of three broomrape popula-
tions from two separate areas of Morocco, Souk Al Arbaa (populations SA1 and SA2)
and Meknés (Population MK1) were collected. The populations’ virulence, genetic
diversity, and putative area of origin were examined. Race classification using a set of
sunflower differential lines showed that MK1 was a race-E population, while SA1 and
SA2 were race-G populations. The analysis with 192 SNP markers showed that SA1
and SA2 populations are genetically similar and very distant from the MK1 popula-
tion. The three populations exhibited low intrapopulation diversity. Comparisons with
populations from other areas showed that MK1 was introduced from a race-E popula-
tion from the Guadalquivir Valley gene pool in Southern Spain, probably before 1988.
Populations SA1 and SA2 showed close relationships with a population from Russia,
although more exact knowledge of the origin of these populations requires further
investigation. Since the SA and MK populations were collected from areas located
approx. 100 km apart, the risks of mixing and recombining both gene pools to produce
more virulent variants must be considered.

Keywords. Genetic diversity, parasitic weeds, SNP markers, virulence, plant introduc-
tions.

INTRODUCTION

Sunflower broomrape (Orobanche cumana Wallr.) is a parasitic plant
naturally distributed in South-eastern Europe and Central Asia, where it
parasitizes wild Compositae species (Beck-Mannagetta, 1930). Broomrape
was first observed on sunflower in Russia in 1866 (Antonova, 2014), from
where the parasite spread to sunflower crops in the Black Sea area, where
it was first observed in 1935 (Batchvarova, 2014). By the middle 1950s, the
main sunflower-producing areas in Russia, Ukraine, Kazakhstan, Moldavia,
Romania, Bulgaria, Serbia, and Turkey had become infested by broomrape
seeds, and sunflower production became dependent on the development of
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resistant cultivars (Antonova, 2014; Kaya, 2014). The par-
asite was detected in 1958 in Spain (Molinero-Ruiz and
Dominguez, 2014), in 1979 in China (Ma and Jan, 2014),
in 2007 in France (Jestin et al., 2014), in 2010 in Tunisia
(Amri et al., 2012), in 2016 in Morocco (Nabloussi et al.,
2018), and in 2017 in Portugal (Gonzalez-Cantén et al.,
2019).

Sunflower broomrape is largely a self-pollinated
plant, although it has some cross-pollination estimated
to be up to 29% (Rodriguez-Ojeda et al., 2013). In east-
ern Europe, where sunflower broomrape occurs in the
wild and has been parasitizing sunflower since the intro-
duction of this crop, intrapopulation diversity is typical-
ly large (Gagne et al., 1998; Cveji¢ et al., 2020). Broom-
rape plants produce thousands of seeds that are read-
ily dispersed naturally by wind, water, and agricultural
machinery and can be accidentally introduced into new
areas as contaminants of sunflower seed (Fernandez-
Martinez et al., 2015; Parker, 2016). Molecular genetic
analyses of populations collected in Tunisia showed that
some were most likely introduced from Eastern Europe
(Jebri et al., 2017). In Spain, two separate gene pools
were initially detected in Central Spain and the Gua-
dalquivir Valley in the south. Low genetic diversity in
both indicated two separate introduction events and a
founder effect (Pineda Martos et al., 2013).

We have identified and collected sunflower broom-
rape populations from two separate locations in Moroc-
co: Souk Al Arbaa (Rabat-Salé-Kénitra region) and Mek-
nés (Fés-Mekneés region), separated by approx. 100 km.
The objective of the present research was to assess the
virulence of the populations against a set of differen-
tial lines, evaluate their genetic variability with a set of
molecular markers, and compare them with populations
from other areas. This was to provide information on the
introductions’ putative origin(s).

MATERIALS AND METHODS
Sunflower broomrape populations

Seeds from two sunflower broomrape populations
(designated as SA1 and SA2) were collected in two
sunflower fields in Souk Al Arbaa, Rabat-Salé-Kéni-
tra region of Morocco in 2016. These populations were
named SAl and SA2. Seeds from a third population
(designated MK1) were collected in 2019 in a sunflower
field of Meknes, Fés-Meknes region.

Several populations were used as controls, to test
the putative areas of origin of the populations found
in Morocco. These were populations OC94, SP, EK147,
and EK21, with race E or race F virulence, and IN201,
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with race G virulence, from the Guadalquivir Valley
in Southern Spain; INA, EK37, and EK43, with race E
or race F virulence, from the Cuenca province in Cen-
tral Spain (Pineda-Martos et al., 2013); OC1, with race E
virulence, from Serbia; OC2, with race F virulence, from
Romania; OC14, with race G virulence, from Russia;
Boro-14, with race G virulence, from Turkey; Boro-19,
with race F virulence, from Bulgaria (Pineda-Martos et
al., 2014a); and ORD, ORG, ORH, and ORK from Béja
Governorate in Tunisia (Jebri et al., 2017).

Sunflower differential lines

Seeds of the three Moroccan broomrape populations
were tested against a set of eight differential sunflower
lines: B117, with no resistant genes; J8281, resistant to
broomrape races A and B; Record, resistant to races A
to C; S1358, resistant to races A to D; NR5, resistant to
races A to E; P96 and LP2, resistant to races A to F; and
DEB?2, resistant races A to G. B117 was developed from a
confectionery landrace collected in Spain (Martin-Sanz
et al., 2016). J8281, Record, and S1358 were reported by
Vranceanu et al. (1980). NR5 was a selection from line
P-1380-2 reported by Vranceanu et al. (1980). P96 was
developed by Fernandez-Martinez et al. (2004). LP2 is a
line containing the Or7 gene isolated from the commer-
cial sunflower hybrid PR64A95. DEB2 is a line developed
by Velasco et al. (2012).

Phenotypic evaluation

Evaluation of the broomrape populations against
the set of sunflower differential lines was conducted
in two different experiments, because the broomrape
populations were identified and collected in different
years. Populations SA1 and SA2, for which seed avail-
ability was low, were evaluated in 2017 in multi-pot trays
with pot volumes of 0.04 L, using two replications of
ten plants for every combination of broomrape popula-
tion and differential line. The experimental conditions
were as described by Nabloussi et al. (2018). The pots
were filled with a soil mixture of sand and peat (1:1 by
volume) inoculated with broomrape seeds at 0.28 mg
per g of soil. The evaluation was conducted in a growth
chamber at 25/20°C (light/dark) and 16 h photoperiod.
Population MK1 was evaluated in 2020 in a greenhouse
with no temperature control using 6 L capacity pots
and 12 plants per sunflower genotype. Sunflower seeds
were germinated on moistened filter paper at 25°C in
the dark for 48 h, then planted into pots (7 x 7 x 7 cm)
filled with a mixture of sand and peat, each containing
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approximately 30 mg of broomrape seeds. After 4 weeks
in a growth chamber at 25°C/20°C (light/dark) and 16 h
photoperiod, the plants were transplanted to 6 L capac-
ity pots that each contained a mixture of sand, silt, and
peat (2:1:1). In the multi-pot tray experiment, under-
ground and emerged sunflower structures were counted
as described by Nabloussi et al. (2018). In the pot experi-
ment, emerged broomrape shoots were counted. ANOVA
with Tukey’s post hoc tests to compare means was car-
ried out for data from each broomrape population, using
IBM SPSS Statistics version 29.

Plant genotyping and diversity analyses

Apical tissues from 40 broomrape shoots parasitiz-
ing the susceptible line B117 were collected for each of
the three Moroccan populations studied. The tissues
were initially frozen at -80°C, then lyophilized and
ground in a laboratory ball mill. DNA was extracted fol-
lowing an adaption of the protocol described by Pérez-
Vich et al. (2004). For the other broomrape populations
(controls), DNA from 15 to 48 individual plants was
used, previously extracted and maintained at -80°C.

Genotyping of individual broomrape plants from
the populations collected in Morocco and those used as
controls was conducted with a set of 192 O. cumana SNP
markers reported and mapped by Calderén-Gonzélez et
al. (2019), and KASP genotyping assays (LGC Biosearch
Technologies).

Data were analyzed using GenAlEx ver. 6.5. The
following parameters of intrapopulation diversity
were calculated: percentage of polymorphic loci (P),
observed heterozygosity (Ho), expected heterozygosity
(He), and Shannon’s diversity index (I). Genetic dis-
tances between populations were estimated using Nei’s
unbiased genetic distance between pairs of populations
(uNeiP), to provide a preliminary indication of the
putative geographic areas of origin of the three popula-
tions found in Morocco.

The matrix of GST pairwise distances was used as
an input for principal coordinates analysis (PCoA). To
simplify the graph, the populations used to evaluate the
relatedness of the Moroccan populations with other geo-
graphical areas were assessed in the following groups:
Guadalquivir Valley races E and F, Guadalquivir Valley
race G, Cuenca Province, Eastern Europe, and Tunisia.
The Guadalquivir Valley populations were separated into
two groups because a previous study (Martin Sanz et
al., 2016) showed that the race G populations exhibited
increased intrapopulation diversity.
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RESULTS
Race classification of the sunflower broomrape populations

Populations SA1 and SA2, collected in Souk Al
Arbaa, showed a similar virulence pattern against the
differential sunflower lines. They parasitized all lines
with resistance to races A to E, producing from 5.7 to
9.8 nodules/shoots per plant for SA1, or from 6.7 to 17.6
nodules/shoots per plant for SA2. Parasitization of sun-
flower lines P96 and LP2 with resistance to race F was
much less, respectively 0.3 and 0.8 nodules/shoots per
plant for SA1 and 1.7 and 2.7 nodules/shoots per plant
for SA2. However, no parasitization on sunflower line
DEB?2 (resistant to races A to G) was observed (Table 1).
These results indicated that both populations are clas-
sified as race G. The virulence pattern of population
MK1 was different. This population parasitized the dif-
ferential lines Record (resistant to races A-C) and S1358
(resistant to races A-D) but not the lines J8281 (resist-
ant to races A-B), NR5 (resistant to races A-E), P96,
and LP2 (resistant to races A-F), and DEB2 (resistant to
races A-G). Accordingly, the population is classified as
race E. The absence of parasitization on line J8281 will
be discussed below.

Table 1. Mean (numbers (+ standard errors) of broomrape nodules/
shoots! for three broomrape populations collected in Morocco eval-
uated with a set of differential sunflower lines.

Resistant to  Sunflower broomrape populations?

Differential
line broomrape

races SA1 SA2 MK1
B117 None 13.2#1.5d 17.24#22e 24.6+2.6c¢c
]8281 A-B 8.8+0.7 bc 12.7+1.7de 0.1+0.1 a
Record A-C 5.740.7 b 6.7£0.9 bc  4.2+0.7 ab
S$1358 A-D 73409 bc  9.6+1.0cd 8.9t1.9b
NR5 A-E 9.8+1.1cd 17.6+2.0¢ 0.0a
P96 A-F 0.3+0.1 a 1.74+0.4ab 0.0 a
LP2 A-F 0.8+0.2 a 2.740.4ab 0.0a
DEB2 A-G 0.0a 0.0a 0.0a

! Populations SA1 and SA2 were collected in 2016 and evaluated in
an experiment in multi-pot trays in a growth chamber. The plants
were uprooted, and nodules and developing shoots were assessed.
Population MK1 was collected in 2019 and evaluated in a green-
house experiment in 6 L capacity pots, where only emerged shoots
were assessed.

2 Values followed by the same letter within each column are not sta-
tistically significant at a=0.05 based on Tukey’s post hoc test.
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Table 2. Genetic diversity parameters of the sunflower broomrape
populations examined in this study. The populations were: SA1
and SA2 from Souk Al Arbaa, Rabat-Salé-Kénitra region, Moroc-
co; MK1 from Meknes, Fés-Meknés region, Morocco; OC94, SP,
EK147, EK21, and IN201 from the Guadalquivir Valley in Southern
Spain; INA, EK37, and EK43, from the Cuenca province in Central
Spain; OC1 from Serbia; OC2 from Romania; OC14 from Russia;
Boro-14 from Turkey; Boro-19 from Bulgaria; ORD, ORG, ORH,
and ORK from Béja Governorate, Tunisia.

Population P H, (+SE) He (+SE) 1 (+SE)

SA1 0.66 0.00 £ 0.00 0.00 £0.00 0.00 = 0.00
SA2 0.66 0.00 £ 0.00 0.00 £0.00 0.00 = 0.00
MK1 0.66 0.01 £0.01 0.01 £0.00 0.00 = 0.00
0C9%4 2.65 0.01 £0.01 0.00 +£0.00 0.00+0.00
SP 0.66 0.01 £0.01 0.00 £0.00 0.00 = 0.00
EK147 1.99 0.01 £0.01 0.00 £0.00 0.00 = 0.00
EK21 0.66 0.01 £0.01 0.00 £0.00 0.00 +0.00
IN201 50.33 0.05+0.01 0.12+0.01 0.54 +0.03
INA 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 +0.00
EK37 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
EK43 0.66 0.00 £ 0.00 0.00 £0.00 0.00 +0.00
OC1 17.88 0.01 £0.00 0.06 +0.01 0.89 +0.02
oC2 66.89 0.02£0.00 0.20+0.01 0.89 +0.02
OCl14 52.32 0.02+0.01 0.16 +0.01 0.86+0.03
Boro-14 17.88 0.01 £0.01 0.02+0.00 0.82+0.04
Boro-19 67.55 0.01£ 0.01 0.17 £0.01 0.93 £ 0.02
ORD 47.68 0.00 £ 0.00 0.06 +0.01 0.00 + 0.00
ORG 47.68 0.00 £ 0.00 0.06 +0.01 0.00 + 0.00
ORH 48.34 0.00 £ 0.00 0.22 +£0.02 0.00 + 0.00
ORK 49.01 0.00 £ 0.00 0.24 +0.02 0.00 + 0.00

P = percentage of polymorphic loci; Ho = observed heterozygosity;
He = expected heterozygosity; I = Shannon’s diversity index.

Intrapopulation diversity and relatedness to broomrape
populations from other areas

Within the three broomrape populations SA1, SA2,
and MK, all the indexes of intrapopulation diversity
(P, Ho, He), and Shannon’s diversity index (I), indicated
the absence of intrapopulation diversity (Table 2). Nei’s
unbiased genetic distance (uNeiP) between populations
was zero between SA1 and SA2, and between MK1 and
the four populations of the Guadalquivir Valley of races
E and F. The genetic distance between SA1 and SA2, and
MK1, was uNeiP = 0.71. The closest population to SA1
and SA2 was OC14 from Russia (uNeiP = 0.16), followed
by OC2 from Romania (uNeiP = 0.43).

Relatedness of the Moroccan populations to those from
other geographical areas is shown in the biplot of PCol
and PCo2 (Figure 1), which explained 30.96% and 24.15%,
respectively of the total variation. It can be observed how
SA1 and SA2 are grouped together due to their null genetic
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Figure 1. Principal coordinates analysis of four Orobanche cumana
populations SA1, SA2, and MK1 collected in Morocco together
with reference populations from the Guadalquivir Valley in South-
ern Spain, with virulence E and F (GV-E+F) or G (GV-G), Cuenca
in Central Spain (CU), Eastern Europe (EAST) and Tunisia (TUN).
The percentage of variation explained by each axis is given in
parentheses.

distance. The same occurred for MK1 and the populations
of races E and F of the Guadalquivir Valley.

DISCUSSION

This study has shown that the broomrape populations
collected from sunflower in Morocco belong to two dis-
tant gene pools, which indicates two separate introduction
events. The population MKI collected in Mekneés belongs
to the classical gene pool of the Guadalquivir Valley in
Southern Spain. Populations of this gene pool are geneti-
cally distant from the populations of Eastern Europe, and
they are characterized by low intrapopulation genetic
diversity (Pineda-Martos et al., 2013). These Guadalquivir
Valley populations were initially of race E until the sec-
ond half of the 1990s, when a new race F emerged as a
result of a point mutation, i.e., without alteration of the
genetic structure of the populations (Pineda-Martos et
al., 2013). The mutation leading to race F virulence spread
rapidly, due to selection pressure produced by the gener-
alized cultivation of race-E resistant sunflower hybrids
(Molinero-Ruiz and Dominguez, 2014). Molinero-Ruiz
et al. (2008) found that all populations collected in the
Guadalquivir Valley area in 1988 and 1989 already con-
tained varying proportions of race-F individuals, and all
these populations were infective to the sunflower differen-
tial line NR5. This line carries the Or5 gene that confers
resistance to race E but not to race F.
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In the present research, population MK1 did not
parasitize sunflower NRS5, indicating that MK1 is a race
E population. This, in turn, suggests that the broom-
rape seeds that founded this population were most likely
introduced to Morocco before the generalized spread
of race F in the Guadalquivir Valley, i.e., before 1988.
This asks the question of why the population remained
unobserved until 2016, when we detected it on broom-
rape plants in Mekneés. There is no clear answer to this
question, but it is important to note that an identical
phenomenon occurred in the Castilla y Leén region in
Northern Spain, where broomrape on sunflower was
first observed in 2008 (Fernandez-Escobar et al., 2009).
Evaluation of six populations collected in Castilla y Le6n
showed that three were race E of the Guadalquivir Val-
ley gene pool (Malek et al., 2017), like the MK1 popula-
tion. Fernandez-Escobar et al. (2009) suggested that the
adaptation of populations to a new environment may
provide an explanation for the long period that broom-
rape remained undetected, with low numbers of individ-
uals each sunflower growing season.

The reaction of population MK1 with the set of dif-
ferential lines requires further discussion. This popu-
lation was avirulent on the race B resistant line J8281,
while it was virulent on the race C differential line
Record and the race D differential line S1358. This is
a common behavior of race E and race F populations
from the Guadalquivir Valley gene pool (Melero-Vara
et al., 2000). This is because the set of sunflower differ-
ential lines for races A to E was developed in Romania
(Vranceanu et al., 1980), and the gene pool of sunflower
broomrape from the Guadalquivir Valley is genetically
distant from the populations from eastern Europe (see
Figure 1). Therefore, it is unsurprising that line S1358
has contrasting responses to sunflower broomrape popu-
lations from Romania and southern Spain. Despite this,
we continue using this line in all studies on broomrape
race classification to maintain a universal set of differ-
ential lines for use with broomrape populations from all
geographical areas.

Populations SA1 and SA2 had similar virulence pat-
terns, exhibiting race G virulence because they para-
sitized race F resistant sunflower lines P96 and LP2. The
degree of attack of these populations on the host lines
was low, which could be attributed to incomplete resist-
ance of both lines to race G populations (Martin-Sanz et
al., 2016), and probably also to a low proportion of race
G genotypes in the broomrape populations. SA1 and
SA2 populations parasitizing line P96 indicates that they
were most probably introduced from Eastern Europe,
since the race G population from the Guadalquivir Val-
ley has been shown to be avirulent on P96 (Martin-Sanz

69

Table 3. Nei’s unbiased genetic distances (uNeiP) between the
Moroccan broomrape populations SA1, SA2 and MKI and other
populations used in this study from diverse geographical areas.

Population and provenance SA1 SA2 MK1
SA2 0.00

MK1 0.71 0.71

0C94 (Guadalquivir Valley, Spain) 0.70 0.70 0.00
SP (Guadalquivir Valley, Spain) 0.70 0.70 0.00
EK147 (Guadalquivir Valley, Spain) 0.70 0.70 0.00
EK21 (Guadalquivir Valley, Spain) 0.70 0.70 0.00
IN201 (Guadalquivir Valley, Spain) 0.52 0.52 0.12
INA (Cuenca, Spain) 0.60 0.60 0.85
EK37 (Cuenca, Spain) 0.60 0.60 0.85
EK43 (Cuenca, Spain) 0.60 0.60 0.85
OC1 (Serbia) 0.66 0.66 0.66
OC2 (Romania) 0.43 0.43 0.62
OC14 (Russia) 0.16 0.16 0.57
Boro-14 (Turkey) 0.59 0.59 0.91
Boro-19 (Bulgaria) 0.50 0.50 0.60
ORD (Tunisia) 0.68 0.68 0.66
ORG (Tunisia) 0.68 0.68 0.66
ORH (Tunisia) 0.60 0.60 0.55
ORK (Tunisia) 0.60 0.60 0.54

et al., 2016). This was further supported by the Nei’s
unbiased genetic distances (Table 3) and PCoA analy-
sis (Figure 1), which showed that SA1 and SA2 popula-
tions were distant from to the Guadalquivir Valley gene
pool, and were closer to some populations from East-
ern Europe, particularly to population OC14 from Rus-
sia. The objectives of the present study did not include
unequivocal identification of the origin of broomrape
populations in Morocco. To do that for populations SA1
and SA2, it would be necessary to include many popu-
lations from several countries, which was beyond the
scope of this study. The objective was to provide pre-
liminary indication of the putative area of origin, and
to conduct detailed studies in further research. For the
MKI1 population, the results indicated that the area of
origin was the Guadalquivir Valley. For SA1 and SA2,
the results indicate that these populations originated
from Eastern Europe, most likely Russia, but this should
be confirmed by expanding comparative analysis to a
broad set of populations from that area. The origin of
these populations in Russia or surrounding countries is
not unexpected, since Russian sunflower cultivars such
as Peredovik, or other cultivars developed from Rus-
sian or Ukrainian germplasm, are cultivated in Morocco
(Nabloussi et al., 2011). Therefore, broomrape seeds may
have been introduced associated with imported sunflow-
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er seed, which is one of the main modes of international
broomrape dispersion (Ferndndez-Martinez et al., 2015).
Most relevant is that SA1 and SA2 populations were race
G, which indicated that, unlike MK1, seed introduction
was recent, as race G populations were not reported in
Russia until 2013 (Antonova et al., 2013).

Sunflower broomrape populations in Eastern Europe
generally contain large intrapopulation diversity (Pine-
da-Martos et al., 2014b; Bilgen et al., 2019). This is partly
due to co-existence in some areas of broomrape popu-
lations parasitizing sunflower crops and wild host spe-
cies. Pineda-Martos et al. (2014b), documented gene flow
between both types of populations, which contributed
to increased genetic diversity in populations parasitiz-
ing on sunflower. Conversely, populations in areas where
broomrape is not found in the wild, (e.g. Morocco and
Spain) can exhibit no genetic diversity. This was the case
for populations in Cuenca province in Central Spain
and populations of races E and F from the Guadalquivir
Valley in Southern Spain, which has been attributed to
founder effects (Pineda-Martos et al., 2014b). A similar
situation in populations SA1 and SA2 in Morocco, where
of numbers of seeds from a population from Eastern
Europe has resulted in genetically homogeneous popula-
tions. For MK1, this population reproduces the absence
of genetic variability of the original population from the
Guadalquivir Valley.

Sunflower broomrape was considered to be an
autogamous plant (Gagne et al., 1998). However, sev-
eral studies have shown cross fertilization in this spe-
cies (Rodriguez-Ojeda et al., 2013; Pineda-Martos et
al., 2013; Pineda-Martos et al., 2014b; Martin-Sanz et
al., 2016). The appearance of race G populations in the
Guadalquivir Valley area of Southern Spain was suggest-
ed to be due to mixture and subsequent genetic recombi-
nation between individuals of the two gene pools present
in Spain (Martin-Sanz et al., 2016). A similar situation
may occur in Morocco if the individuals of the two gene
pools identified in the present study come into contact
and hybridize. Control measures are therefore required
in Morocco to prevent introduction of new broomrape
populations and expansion of existing ones, to limit the
area infested by the parasite and to avoid creation of new
populations with increased virulence, as has occurred in
Southern Spain.
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Summary. Symptoms of foliar blight were observed on turfgrass in Oran (Algeria),
including yellow chlorotic patches on leaves during the 2020 summer (temperatures
between 35 and 40°C). Symptoms extended downward from leaf tips and entire leaves
became blighted, leading to irregular discoloured areas that later turned brown. Iso-
lations from infected plants included 214 isolates identified as Curvularia or Bipola-
ris, based on morphological traits. Other isolates included Fusarium, Myrothecium
and Acremonium spp. Three molecular loci, ITS rDNA, gpd and tefl, were amplified
and sequenced. Morphological and multi-locus phylogenetic analyses revealed four
fungal species viz. B. sorokiniana, C. spicifera, C. verruculosa, C. geniculata, and two
additional Curvularia lineages, some of these fungi are reported are first records for
Algeria. Koch’s postulates were confirmed by inoculating potted turfgrass with spore
suspensions of 16 isolates and re-isolating of the inoculated pathogens from sympto-
matic tissues. Bipolaris sorokiniana was the most virulent pathogen causing numerous
foliar necrotic lesions similar to those observed in the field. Other isolates infected
basal leaves only, and caused less severe symptoms. The results show that Curvularia
species may be secondary pathogens infecting stressed plants, and that simultaneous
occurrence of high temperatures and poor water quality have influenced disease pro-
gression. Correct identification of these pathogens is important for applying appropri-
ate and timely disease management.

Keywords. Bipolaris spp., Curvularia spp., morphological characterization, multi-gene
phylogeny, Koch’s postulates.

INTRODUCTION

Turfgrass production and management are multibillion-dollar indus-
tries that provide safe playing surfaces for sports fields and outdoor recre-
ation areas, as well as economic opportunities for seed and sod producers,
lawn care operators and landscapers (Stackhouse et al., 2020; Sithin, 2021).
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Field turf is usually composed of two or more different
grass species that may complement each other to provide
functional and aesthetic improvements in turf quality
(Zanelli et al., 2021). Seed mixtures of perennial ryegrass
(Lolium perenne L.), smooth-stalked meadow grass/Ken-
tucky bluegrass (Poa pratensis L.), and red fescue (Festu-
ca rubra L.) are widely used to establish football pitches
in temperate climate zones (Sherratt et al., 2017). These
Poaceae are native to northern Africa, Europe and Asia,
but are widely cultivated and naturalized around the
world (Abdelguerfi and Abdelguerfi-Laouar, 2004;
USDA-ARS, 2013). Some cultivars of these species have
been shown to have good wintering, disease resistance
and sodding characteristics (Wolski et al., 2021; Zanel-
li et al., 2021). In Algeria, these commercially available
grass seed mixtures are imported from Europe, espe-
cially those used for the Oran Olympic Stadium playing
field which was completed in 2019.

However, turfgrass production and use in sports
fields are limited by several biotic stresses, with diseases
being major limiting factors (Hatfield, 2017; Landschoot,
2021; Liu et al., 2023). Several leaf spot- or blight-caus-
ing fungi have been reported from turf under wet and
warm weather conditions, including Bipolaris sorokini-
ana (Sacc.) Shoemaker and Curvularia spp. (Nelson,
1992; Martinez et al., 2020; Karunaratha, et al., 2021).
Increased incidence and severity of these diseases on
lawn grasses have been associated with high tempera-
tures, large amounts of nitrogen, low mowing height
(Falloon, 1976; Martinez et al., 2020; Landschoot, 2021),
and other biotic stresses (Smiley et al., 2005). Hel-
minthosporioid fungi such as Bipolaris and Drechslera
have been associated with Curvularia disease symptoms
when climatic conditions are favourable (Nelson, 1992;
Martinez et al., 2020). These fungi cause root and crown
rots which lead to “melting-out” symptoms in turf that
typically follow the appearance of leaf spots (Martinez
et al., 2020). The fungi survive on plant debris and dis-
eased tissues at the soil surface (Smiley et al., 2005; Tan
et al., 2018; Chamekh et al., 2019; Iturrieta-Gonzalez et
al., 2020; Al-Sadi, 2021), and their spores can be air- or
seed-borne (Nelson, 1992; Almaguer et al., 2012; San-
tos et al., 2018; Al-Sadi, 2021). The dark pigmentation
of conidia makes the pathogens resistant to damage by
ultraviolet radiation (Corwin et al., 2007).

Bipolaris and Curvularia (Pleosporaceae, Pleospo-
rales) include pathogens of many plants, particularly
cereals and grasses with wide distribution, including
bluegrass, maize, and oats (Sivanesan, 1987; Manamgo-
da et al., 2014; Marin Felix et al., 2017; Farr and Ross-
man, 2022). Many species of these genera are emerging
opportunistic pathogens of animals and humans (Khan
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et al., 2000; Madrid et al., 2014; Manamgoda et al., 2015;
Iturrieta-Gonzalez et al., 2020; Pham et al., 2022; Thek-
kedath et al., 2022). Some species of Bipolaris and Cur-
vularia are anamorphs of Cochliobolus (Sivanesan, 1987;
Marin-Felix et al., 2020). They are characterized by
septate and erect conidiophores, with sympodially pro-
liferating conidiogenous cells, and pigmented phrag-
mospores (Zhang et al., 2012). These fungi can be dis-
tinguished by conidial morphology (hila, septa, septum
ontogeny, and wall structure) (Sivanesan, 1987).

Several methods have been used for diagnosing
fungal pathogens of turfgrasses. Traditional diagnos-
tic methods included symptomology, morphology, and
microscopical identifications (Sivanesan, 1987). These
have been augmented by nucleic acid detection such as
PCR-based technologies (Stackhouse et al., 2020), since
this group of fungi is not reliably identifiable using tra-
ditional techniques (Tan et al., 2018; Bhunjun et al,,
2020). Variation in cultural and morphological charac-
teristics, such as size and shape of conidia, and colony
growth rate of isolates due to culture conditions, have
been reported (Sun et al., 2003; Santos et al., 2018).
These variations may lead to inaccurate pathogen iden-
tification (Manamgoda et al., 2015). In addition, phylo-
genetics studies based on the ITS rDNA region have lim-
ited utility for species identifications, especially among
members of the Pleosporales. This marker provided little
resolution for closely related Curvularia and Bipolaris
species (Madrid et al., 2014; Bhunjun et al., 2020), indi-
cating that additional markers are required for accurate
identification within this group of fungi.

Berbee et al. (1999) conducted phylogenetic analy-
ses of the ITS rDNA region and glyceraldehyde 3-phos-
phate dehydrogenase (gpd) gene sequences to assess the
evolutionary relationships of Cochliobolus, Pseudococh-
liobolus, Curvularia, and Bipolaris. These phylogenies
were later confirmed using additional loci such as the
large subunit (LSU) and translation elongation factor
(tefl) (Manamgoda et al., 2012). Two main monophyl-
etic groups were then established. Bipolaris and Coch-
liobolus spp. were clustered in group 1. In group 2, spe-
cies previously considered to be Bipolaris, Cochliobolus,
or Pseudocochliobolus were reclassified as Curvularia
(Manamgoda et al., 2012), with the most common spe-
cies causing diseases on grasses. Some Bipolaris species
were later reclassified as Curvularia (Jeon et al., 2015;
Manamgoda et al., 2015; Marin-Félix et al., 2020). The
Curvularia-Bipolaris complex currently comprises Cur-
vularia, Bipolaris, Cochliobolus, and Pseudocochliobolus
(Manamgoda et al., 2012; 2015; Deng et al., 2015; Marin-
Félix et al., 2017), and the recently confirmed two spe-
cies of Exserohilum in Curvularia (Herndndez-Restrepo
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et al., 2018; Marin-Félix et al., 2020). Currently, there
are 45 accepted species of Bipolaris and more than 105
of Curvularia (Marin Felix et al., 2017; 2020; Bhunjun et
al., 2020).

These fungi cause different symptoms depending
on the host grass species (Landschoot, 2021), and some
signs and symptoms of different pathogens may be simi-
lar, making diagnoses difficult. There are also several
pathogens causing a disease with one name, allowing
confusion when referring to fungicide resistances (Stack-
house et al., 2020). For example, turfgrass diseases relat-
ed to leaf spots and leaf blights were formerly described
as “Helminthosporium leaf spots and blights” or “Coch-
liobolus Diseases” (Nelson, 1992).

In Algeria, there is little information on occur-
rence of pathogens on cultivated grasses, and none on
their presence in sports playing fields. For this reason,
isolation and identification studies were carried out on
the fungi found on symptomatic turfgrass at the Oran
Olympic stadium. This research included pathogenic-
ity tests to obtain basic data for development of effective
disease management.

MATERIALS AND METHODS
Fungal isolates

Severe leaf blight and melting-out symptoms of tur-
fgrass were observed in the Olympic stadium located in
the Bir El Djir suburb of Oran, Algeria, during the sum-
mer of 2020. The turfgrass was composed by Lolium per-
enne, Festuca rubra and Poa pratensis. Suspected fungal
causal agents were isolated from leaves, roots, stems, or
seeds. Plant tissues were first immersed in water and
then added to 2% sodium hypochlorite solutions for 2
min, followed by sterile distilled water for 5 min, and
dried on sterilized paper towels. The tissue pieces were
then placed onto potato carrot agar (PCA) or Czapek’s
agar and incubated at room temperature (24-28°C). Iso-
lations from rhizosphere soil were carried out by the
dilution plate method. Rhizosphere soil was separated
from roots using a brush and was collected in a Petri
dish. Dried soil (1 g) was then added to 9 mL of dis-
tilled water and vortex-homogenized for 5 min, and 1
mL of the mixture was then transferred into test tubes
each containing 9 mL of sterilized distilled water. This
operation was repeated twice. A 100 uL volume of a
1:1000 soil dilution suspension was then spread on Cza-
pek’s agar. Recovered fungi were examined using a ste-
reo microscope, and fungal spores from mature colonies
were transferred to PCA. Pure cultures of the fungi were
prepared from hyphal tips. Fungus isolates were main-
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tained on potato dextrose agar (PDA) slants at 4°C, and
were preserved in 30% glycerol stock cultures in a deep
freeze (-80°C) in the COMIC culture collection, Univer-
sité d’Angers, France.

Morphology of isolated fungi

Microscopic features of 25 isolates (20 Curvularia,
five Bipolaris), representing different morphological
types, were examined by making direct mounts in 85%
lactic acid from 5 to 12 d-old PCA cultures. Using a light
microscope (Optika 190-B) and a calibrated microm-
eter, the lengths and width of approx. 50 conidia and
30 conidiophores of each isolate were assessed, together
with other relevant morphological features. Preliminary
identifications were made using the available literature
(Sivanesan, 1987; Manamgoda et al., 2012; Madrid et al.,
2014; Jeon et al., 2015). Colony features were studied on
PDA, PCA, Czapek’s agar and Malt extract agar (MEA),
after growth at 25°C. Mycelial agar discs (5 mm diam.)
were removed from edges of 6-d-old, actively grow-
ing cultures, and were inoculated centrally into 90 mm
diam. agar plates each containing 15 mL of the respec-
tive media. The inoculated plates were kept in the dark
at 4, 20, 25, 30, 35 or 40°C (£ 0.1°C) for 7 days. The
resulting colony colours were determined as described in
Methuen Handbook of Colour (Kornerup and Wanscher,
1978). Radial colony growth rates were determined for
each representative isolate. Two measurements of each
colony were made at right angles to each other, and
treatments were replicated three times for each of the
four culture media.

DNA extraction and PCR amplification from representative
isolates

DNA was isolated from pure fungal cultures grown
on PDA for 7 to 14 d, using the microwave method of
Goodwin and Lee (1993). The ITS rDNA region, partial
fragments of the glyceraldehyde-3-phosphate dehydro-
genase (gpd) and the translation elongation factor 1-a
(tefl) genes were amplified, respectively, using fungal
primers ITS1 and ITS4 (White et al., 1990), gpdl-gpd2
(Berbee et al., 1999), and EF1-983F-EF1-2218R (Rehner
and Buckley, 2005). PCR amplifications of the extracted
DNA (2 pL) was performed in a 50 pL reaction mixture
containing: 75 mM Tris-HCI pH 9.0, 20 mM (NH,)2SO,,
0.01% (w/v) Tween 20, 1.5 mM MgCl,, 200 uM of each
deoxyribonucleotide triphosphate, 1 unit of thermosta-
ble DNA polymerase (GoTaq, Promega), and 400 nM
of each relevant oligonucleotide primer. The reactions
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were conducted in a T100™ thermal cycler (Bio-Rad),
and thermal cycling parameters were as described in
the above references. After complete amplification, the
PCR products were analyzed with gel electrophoresis,
using 1.2% agarose gel in 0.5x TBE buffer and ethidium
bromide (0.5 pg mL?) as the staining agent. Successful
products were sequenced by GATC Company (Germa-
ny). The obtained sequences were deposited in GenBank
and accession numbers assigned.

Phylogenetic analyses

DNA sequences of eleven isolates and of related
species retrieved from GenBank were concatenated
and aligned using the MUSCLE algorithm in MEGA 7
(Kumar et al., 2016). Two datasets (sequences from Cur-
vularia spp. or Bipolaris spp.) were made to perform
separate phylogenetic analyses. The first set included five
isolates pre-identified in Bipolaris, and in 34 Bipolaris
species for which sequences at the three loci were avail-
able in GenBank. The second dataset included six isolates
pre-identified in Curvularia, and in 98 Curvularia species
for which sequences at the three loci were available in
GenBank. Phylogenetic analyses were carried out using
the maximum likelihood (ML) approach and IQTree
v.1.6 software (Nguyen et al., 2015). The best evolution-
ary history of the fungi for each dataset was calculated
using ModelFinder (Kalyaanamoorthy et al., 2017) and
the Bayesian Information Criterion (BIC) selection pro-
cedure. The most suitable nucleotide substitution model
for the “Bipolaris” dataset was TIM3 + F + I + G4, and
for “Curvularia” was TIM2e + R4. The ML analyses were
carried out with 1000 ultrafast bootstrap replicates, and
only values above 70% were considered significant.

Pathogenicity tests

Pathogenicity of eleven morphologically distinct iso-
lates was tested on potted turfgrass plants. Other isolates,
including three of Myrothecium, one of Fusarium and one
of Acremonium, were included to the tests for compari-
sons. A seed mixture (Rocalba®), containing 50% Lolium
perenne (var. Jubilee), 35% Festuca rubra rubra (var. Rel-
evant), and 15% Poa pratensis (var. Sunbeam) was sown
into 10 cm diam. pots containing a 3:1 mixture of steri-
lized universal potting soil (Fertiplus®) and 25% sterilized
sand. The pots with turfgrasses were maintained for 8
weeks in a greenhouse (nighttime 23-28°C, daytime
27-38°C). Each fungal isolate was grown on PCA for 14
d at room temperature. Conidia were removed from the
surface of fungal colonies with 10 mL of sterile distilled

Nabahat Bessadat et alii

water using a sterile glass rod. A 15 mL conidium sus-
pension adjusted to 10* conidia mL! was then inocu-
lated onto each pot of turfgrass, using a laboratory atom-
izer. Three replicates were used for each isolate treatment.
Control pots of turfgrass were sprayed with sterile dis-
tilled water. The inoculated plants were covered with poly-
ethylene plastic bags for 48 h to maintain high relative
humidity (80-92%), and the bags were opened every sec-
ond day for a few hours. The proportions (%) of necrotic
leaf area (n. 1. a.) were calculated after visual rating at 7
and 14 d, using the 0 to 9 disease severity scale of Fal-
loon (1976). The experiment was repeated once, and the
results presented are the averages of the two repeats, each
with three replicates. Re-isolations from inoculated plants
were carried out on PCA medium as described above, and
isolates were compared to original cultures, providing evi-
dence for fulfilment of Koch’s postulates.

RESULTS

Foliar disease symptoms on the playing field in the
Oran Olympic stadium were first observed at the begin-
ning of July in the summer of 2020. Initially, sympto-
matic leaf blades appeared as off-colour and yellow, with
dark brown to black spots. Symptoms extended down-
ward from the tips of leaf blades and eventually blight-
ed entire leaves, leading to irregular discoloured areas
that later turned brown. By August, when temperatures
ranged between 35 and 40°C, disease thinned the turf
in large sections. Almost all the sampled plants showed
two types of lesions characteristic of leaf blight and spot
symptoms (Figure la). Leaf blight included elongated,
large, brown/tan necroses generally on lower leaves of
the infected plants (Figure 1 b and d), and leaf spots
were small on leaf blades (Figure 1 e).

A total of 230 symptomatic samples were collected
from damaged and healthy-appearing areas on borders
and centre of the field. Numerous conidiophores and
conidia were produced on lesions after 48 h of incuba-
tion on Czapek’s agar at room temperature (24-26°C)
(Figure 1c). Through isolation and microscope observa-
tions, 214 of 320 fungal colonies recovered from infected
plants were identified as Curvularia or Bipolaris. Cur-
vularia was isolated at high incidence (combined mean
data for leaves, stems and roots, 54%), an Bipolaris was
recovered from crowns and leaves at lower frequency
(3%). Fusarium spp. were co-isolated with Curvularia
and Bipolaris spp., representing 31% of isolates. Several
other fungi were also isolated from symptomatic turf-
grass tissues, and were considered as either saprophytes
or as minor pathogens. These included Myrothecium
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Figure 1. a, Leaf spot and melting out damage on field turfgrasses. b, tan to yellow crown and cut leaves. ¢, Curvularia conidia and conidi-
ophores on dead leaves and stalks. d and e, black leaf spot and brown tip symptoms on naturally infected turfgrass. Scale bars: 50 pm (c); 10

mm (b, d and e).

spp., Chaetomium spp., Penicillium spp., Trichoderma
spp. (10%), and Acremonium sp. (3%). All the fungi iso-
lated from turfgrass rhizospheres were also isolated
from aerial parts of turfgrass plants. Fewer Bipolaris spp.
isolates were obtained from leaves, suggesting that the
incubation temperature may have influenced their devel-
opment and may have favoured proliferation of Curvu-
laria spp. For this reason, growth assessments of differ-
ent isolates were carried out on culture media under sev-
eral different controlled temperatures.

Species identification

Twenty-five of 214 isolates with Curvularia and
Bipolaris characteristics obtained from turfgrass tissues

(leaves, roots, crowns, or seeds) and rhizospheres were
purified, and these pure culture isolates were further
characterized (Tables 1 and 2). Micromorphological data
showed a distinct variation among the isolates based on
conidium length and width (23-86 pm x 10-22 pm; n
= 1250). The number of septa ranged between three and
eight. The isolates had straight to curved conidia with
variable hila. The presence or absence of protuberant
hila was dependent on the conidium age; the hila were
conspicuous on old conidia but not on young conidia.
Macro-morphological characterization (colony texture),
showed little variation between cottony and velvety, and
colony pattern was either glabrous or raised.

Isolates were classified into groups of close resem-
blance (Table 2), and 11 morphologically distinct isolates
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Table 1. Details of the isolates used in this study, including GenBank accession numbers of the generated sequences of the ribosomal DNA

region ITS, and the protein-coding genes gpd and tefI.

GenBank accession numbers

Isolate Organ/ substrate Species

ITS gpd tefl
NB838 Crown Bipolaris sorokiniana OP703618 OP709928 OP709939
NB839 Crown B. sorokiniana OP703619 OP709929 OP709940
NB840 Crown B. sorokiniana OP703620 OP709930 OP709941
NB841 Crown B. sorokiniana OP703621 OP709931 OP709942
NB842 Crown B. sorokiniana OP703622 OP709932 OP709943
NB843 Crown Curvularia spicifera OP703625 OP709933 OP709944
NB844 Crown C. spicifera OP703626 OP709934 OP709945
NB851 Leaf Curvularia sp. NA NA NA
NB853 Root Curvularia sp. NA NA NA
NB855 Rhizosphere Curvularia sp. OP703627 OP709935 OP709946
NB860 Leaf Myrothecium sp. NA NA NA
NB861 Leaf Myrothecium sp. NA NA NA
NB862 Leaf Myrothecium sp. NA NA NA
NB864 Leaf C. verruculosa OP703628 OP709936 0OP709947
NB865 Leaf Curvularia sp. NA NA NA
NB866 Leaf Curvularia sp. NA NA NA
NB867 Leaf Curvularia sp. NA NA NA
NB870 Leaf Acremonium sp. NA NA NA
NB871 Root C. geniculata OP703629 OP709937 OP709948
NB872 Root Curvularia sp. NA NA NA
NB873 Root Curvularia sp. NA NA NA
NB874 Root Curvularia sp. OP703630 OP709938 OP709949
NB875 Leaf Fusarium sp. NA NA NA
NB876 Leaf Curvularia sp. NA NA NA
NB877 Leaf Curvularia sp. NA NA NA
NB878 Leaf Curvularia sp. NA NA NA
NB879 Leaf Curvularia sp. NA NA NA
NB880 Leaf Curvularia sp. NA NA NA
NB883 Seed Curvularia sp. NA NA NA
NB884 Seed Curvularia sp. NA NA NA

were selected among the groups for further molecular
characterization. A phylogenetic tree from the combined
dataset of ITS rDNA, tefl and gpd sequences indicated
more precise relationships and similarities with related
sequences from recognized species within Bipolaris (Fig-
ure 2) and Curvularia (Figure 3).

Based on the combination of morphological char-
acteristics and sequence data, six different lineages were
distinguished, including Bipolaris sorokiniana, Curvu-
laria spicifera, C. verruculosa, C. geniculata and two
Curvularia spp., one related to C. verruculosa and the
other to C. mossaddeghii. From available literature, C.
verruculosa and C. geniculata are new records for fungi
of Algeria. These species are described below, in alpha-
betic order.

Bipolaris sorokiniana (Sorokin) Shoemaker 1959

Five isolates (NB838, NB839, NB840, NB841, and NB842)
exhibited similar colony morphology and colour. Colonies
on PDA were velvety and radially creased, reaching 46.9
+ 7.5 mm diam. after 7 d, olive brown (4D4/4E7), with
fluffy white mycelium and irregular white margins (Fig-
ure 4 a); reverse yellowish brown (5F4). Sporulation sparse
until hyphae disturbed. Abundant, elevated aerial hyphae
around colony margins and sparse aerial hyphae at colo-
ny centres were observed upon aging. On PCA, cottony,
68.5 + 9.3 mm diam., olive (3D3) to olive brown (4D3),
with abundant aerial mycelium with grayish surfaces and
sometimes white patches (Figure 4 b); reverse olive brown
(4D4/4F7). Colonies on Czapek’s agar were velvety, 76.9 +
3.4 mm diam., grayish yellow (4C7) to olive brown (4E6/
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4D7) (Figure 4 ¢), reverse same colour. On MEA, colony
diam. 32.7 £ 6.3 mm, with cottony dense white margins;
other characteristics same as PDA (Figure 4d). Conidi-
ophores were simple, rarely branched, septate, (40) 83-201
pum long and 6-8 um thick, pale to medium brown, occa-
sionally with series of 2-4 geniculate, sympodial prolifera-
tions, bearing 1-3 conidia. Conidia formed singly at the
tips of conidiogenous cells, and were pale to dark brown,
mostly straight, ellipsoidal to cylindrical, rounded at the
bases and apices, mostly with 5-6 (8) transverse septa,
smooth walled, (47) 64-86 (98) um long and (15) 21-27
pum wide (Figure 4, e to h). Germination was observed
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from only one distal cell on each conidium (Figure 3 g).
Microconidiation was rarely observed, and these were
hyaline, spherical cells at the extremities of conidia. Sex-
ual morph not observed. Conidiophores emerging from
the surfaces of dead infected plants, were rigid, brown,
clustered or scattered, each with three conidiogenous loci,
77-143 um long and 7-10 um wide (Figure 4, h and i).
Most conidia had 6-8 transverse septa, 65-75 um. Other
morphologies were as for growth on PCA.

Curvularia geniculata (Tracy & Earle) Boedijn 1933
Isolate NB871 formed velvety colonies on PDA, reach-

= Bipolons oookel ARS1ES

Bipolaris gessyping BRIPLAZAD

Bipodoris woodl BRIPL2239

Bipadaris 2elcola FIPS32

Bipodoris wictovioe CBS327 64

. Bipolaris 2e0e BRIP11512

Bipodaris variabils CBS127716
Bipofaris subramandoad BRIPIE226

Bipofaris shoemoker BRIP15929

Bipodaris secalis BRIP14453

Bipolaris hicolor CBSE50.96

Bipolaris axonopicalo BRIF11740

Binolaris oustrostipoe BRIPL 2490
Bipolaris cynodontls CBS109894
Bipoloris coffeans BRIP14845

Bipodavis clovata BRIP12530
Bipoloris chioridis BRIP1OSSS
Bipolaris bomagaensis BRIP135TT

(R Eipolaris sivanesanianag BRIP15822

Bipodaris panicl-mitlacel CBS199.29

Bipolaris peregionensis BRIP12T30

Bipolaris simmondsi BRIP12030
Bipokaris microloenae CBS280.91
Bipokans heveae CA5241.92

Bipolaris urochloae ATCCSE31T

Bipolaris yormadoe CB5202.29
Bipodaris saccharicoky CBS155.26
Bipolaris mmaydis C5

Bipodarts helficonioe BRIP1T189

—— Bipolors sofwnize BRIP165T1

—  Bipoleris plunseptote BRIP14839

NBE3B
k. NBE39

NB84an

NBEa1

NEBAZ

Bipodorks sorokiniona CBS110,14
Bipalans croton's BRIPLAEIR

™

—  Ripodois drechslen ARABA1
Curvulonio wverrucilosa CBS150063

007

Figure 2. Phylogenetic tree reconstructed using the maximum likelihood method, from the alignment of ITS rDNA, gpd and tef] sequences
of Bipolaris isolates. The tree was rooted with Curvularia verruculosa CBS 150.63. Bootstrap support values greater than 0.7 are indicated by
arrows near nodes. The scale bar indicates the expected number of substitutions per position.
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ing 56.9 + 2.8 mm diam., after 7 d at 25°C. The upper
colony surfaces were olive brown (4F7) (Figure 5 a), with
white irregular borders. On PCA, colonies were velvety,
734 £ 1.7 mm diam., olive brown (4E5/4E6) (Figure 5 b),
with olive brown (4E3) reverse sides. On Czapek’s agar,
velvety, 78.0 + 4.1 mm diam., and grayish orange (5B3)
(Figure 5 ¢). On MEA, velvety to floccose, 68.9 £ 3.0 mm
diam., yellowish-gray (4B2) margins with olive brown
(4F6) centres, other colony characteristics the same as on
PDA (Figure 5 d). Conidiophores on PCA were genicu-
late at the apices, unbranched, septate, (42) 79-143 pum
long and 3-5 um wide. Conidia were ellipsoidal, slightly
curved, light brown, (28) 35-50 um long, 10-12 pm wide,
4 to 6 septate, and each with an enlarged central cell and
a punctate wall (Figure 5, e to h). Microconidia and sex-
ual stages were not observed. Conidium germination was
from one or two distal cells (Figure 5 i). Conidiophores
emerging from the surface of dead infected leaves were
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Figure 3. Phylogenetic tree reconstructed using the maximum likelihood method, from the alignment of ITS rDNA, gpd and tef] sequences
of Curvularia isolates. The tree was rooted with Bipolaris and Johnalcornia spp. Bootstrap support values greater than 0.7 are indicated by
arrows near nodes. The scale bar indicates the expected number of substitutions per position.
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Figure 4. Bipolaris sorokiniana. Colony on: a, PDA, b, PCA, ¢, Czapek’s agar, d, MEA. e and f, conidiophores and conidia on PCA. g, ger-
minating conidia. h, conidiophores and conidia produced on leaf host. i, conidiophore proliferation on host tissue 21 days after inoculation.
Scale bars: 10mm (a to d); 25um (e to h); 50 pum (i).

rigid, brown, scattered, each with 3-7 (15) conidiogenous
loci, 67-99 (133) um long and 3.8-5.5 um wide (Figure 5
j). Most conidia had 4-5 transverse septa, were 33-44 um
long and 9-13 um wide. Hila were not protuberant.

Curvularia spicifera (Bainier) Boedijn 1933
Colonies of two isolates (NB843, NB844), were velvety
with cottony centres, 56.6 = 1.1 mm diam. after 7 d at

25°C, irregular, olive brown (4F7), and slightly white
at the margins (Figure 6 a), sporulating abundantly
when grown on PDA at 25°C; reverse sides yellowish
brown (5F4). Colonies on PCA were velvety to floccose
and olive (3F3/ 3F7), 65.4 = 2.2 mm diam. (Figure 6b).
On Czapek’s agar, velvety with glabrous irregular mar-
gins, 65.4 + 4.8 mm diam., brownish to grayish orange
(5C4/6B3) (Figure 6 c); reverse sides same color. On
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Figure 5. Curvularia geniculata (NB871). Colony on: a, PDA, b, PCA, ¢, Czapek’s agar, d, MEA. e-g, conidiophores and conidia on PCA. h,
conidia and conidiophore ornamentation. i, conidia germination. j and k, conidiophores and sporulation pattern on leaf host 21 days after
inoculation. Scale bars 10 mm (a to d); 25 um (e-j); 50 um (k).

MEA, cottony compact, 58.4 + 1.3 mm diam., grayish
green (27F5) with dull green (27D3) margins (Figure
6 d), reverse sides yellowish brown (5E5/ 5F4). Con-
idiophores on PCA were erect, mostly straight, rarely
geniculate in the upper parts, (42) 71-120 long x 4-6
um wide, brown at the base, paler towards the apices,
septate with cell walls thicker than those of vegetative
hyphae. Conidiogenous cells were integrated, terminal
or intercalary, with sympodial proliferations (15-25),
pale brown to brown, with darkened scars (Figure 6 e
and k). Conidia obovoid to ellipsoid, straight, (23) 30-40

pum long and 8-12 um wide, terminal cells usually light
brown at the apices, third cells often more swollen, 3
distoseptate with punctate cell walls (Figure 6 g); hila
not protuberant. Sexual morph not observed. Micro-
conidiation was observed as forming hyaline, spheri-
cal cells at the ends of phragmoconidia (Figure 6, f to
j). Conidiophores emerging from the surfaces of dead
infected leaves, rigid, brown, scattered, with 3-7 (15)
conidiogenous loci, 67-99 (133) um long and 3.8-5.5
um wide. Most conidia with 4-5 transverse septa were
33-44 pm long and 9-13 pm wide (Figure 6, h and i).
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Curvularia verruculosa Tandon & Bilgrami ex M.B.
Ellis 1962

Isolate NB864 produced powdery colonies that developed
gentle radial folds as they aged, reaching 34.8 + 2.2 mm
diam. after 7 d at 25°C on PDA (Figure 7 a); reverse sides
olive brown (4F8). On PCA, glabrous to velvety, flattened
olive (3F6), 71.5 + 1.3 mm diam. (Figure 7 b), and reverse
sides olive (3F3). On Czapek’s agar, glabrous with irregu-
lar margins, 59.8 + 1.3 mm diam., olive (3E7/3F6) (Figure
7 ¢); reverse sides same colour. On MEA, 35 + 0.7 mm
diam., grayish green (28E4/ 28F6), reverse sides brown-
ish gray (6F2), other characteristics as on PDA (Figure 7
d). Conidiophores on PCA were septate, simple but rarely
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)
Figure 6. Curvularia spicifera. Colony on: a, PDA, b, PCA, ¢, Czapek’s agar, d, MEA. e, conidiophores, conidiogenous cells and conidia

on PCA. f and j, microconidiation and conidia germination. g, conidia ornamentation. h and i, conidiophores and conidia on leaf host. k,
sporulation pattern on center of 7 days PCA colony. Scale bars: 10 mm (a to d); 25 um (e, f, g, h and j); 50 um (i and k).

branched, erect or curved, pale, geniculate close to the
apices, thick-walled, (85) 122 to 155 pum long and 5 to 6
pum wide. Conidia were each ellipsoidal, unequal sided,
straight to slightly curved, three-septate, rounded at both
ends, with a rough verrucose wall, (21) 25-30 pum long
and (8) 10-12 pum wide, light to dark brown, the subter-
minal third cell larger and darker than other cells (Fig-
ure 7, e and f). Microconidial and sexual stages were not
observed. Germination was from two distal cells (Figure
7 g). Conidiophores emerged from the surfaces of dead
infected leaves, and were rigid, brown, clustered, with
4-15 conidiogenous loci, 134-268 um long and 6-10 um
wide (Figure 7 i). Most conidia with 2-3 transverse septa,
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Figure 7. Curvularia verruculosa (NB864). Colony on: a, PDA, b, PCA, ¢, Czapek’s agar, d, MEA. e and f, conidiophores, conidia and spor-
ulation pattern on PCA. g, conidia germination, h, conidiophores and conidia formed on leaf host. i and j, sporulation on leaf host. k,
conidia and hypha ornamentation. Scale bars 10 mm (a to d); 25 pm (e, £, h, i, j and k); 50 pm (g).

27-38 um long and 11-15 um wide. Hila not protuberant.
The conidium terminal cells were paler and less verru-
cose than the central cells (Figure 7 k).

Curvularia spp. morphological group IV

One isolate (NB874) formed olive brown (4E5), velvety
to powdery and folded colonies on PDA. reaching 66.5
+ 1.7 mm diam. after 7 d at 25°C. The colonies were cir-
cular, gray at the centres (3B2), effuse and white (3B1)
towards the periphery, with fimbriate margins (Figure 8
a); reverse sides olive brown (4F8/ 4E3). On PCA, 71.5 +

1.3 mm diam., olive (3F4), velvety (Figure 8 b); reverse
sides olive (3F4) to olive gray (3E2). On Czapek’s agar,
glabrous with velvety centres, 44.8 = 1.7 mm diam., olive
(2E2/2F3) (Figure 8 c); reverse sides the same colour. On
MEA, 73.8 £ 0.5 mm diam., and colony characteristics
as on PDA (Figure 8 d). Conidiophores on PCA usually
simple, straight or slightly geniculate, brown, with cell
walls often thicker than those of the vegetative hyphae,
(85) 130-193 um long and 4-5 pm wide. Conidiogenous
cells intercalary, polytretic, proliferating sympodially
(Figure 8, e and f), slightly swollen. Conidia ovoid, ellip-
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Figure 8. Curvularia sp. morphotype group IV (NB874). Colony on: a, PDA, b, PCA, ¢, CzapeK’s agar, d, MEA. e and £, conidiophores, con-
idiogenous cells and conidia on PCA. g, microconidiation. h, conidia and conidiophores on leaf host. i, sporulation pattern on leaf host 21
days after inoculation. j, conidium germination. Scale bars 10 mm (a to d); 25 pm (e, f, g, h and j); 50 um (i).

tical, smooth-walled and curved at the subterminal cells,
three septate, four celled, 20-25 pm long and 10-13 um
wide, brown, with each third cell unequally sided and
larger than the others, apical and basal cells subhya-
line. Hila non-protruding. Microconidiation observed,
forming pale brown, globose cells at the upper parts of
conidia (Figure 8 g). Sexual morph not observed. Con-
idiophores emerging from the surfaces of dead infected
leaves, rigid, brown, scattered, with 2-5 conidiogenous
loci, 105-288 pum long and 5-7 pm wide. Most of conidia
with 3 transverse septa were 27-33 um long and 10-15
um wide (Figure 8, h and i). Germination was observed
from one or two distal cells of conidia (Figure 8 j). Hila
were protuberant on mature conidia. Based on the mul-

tilocus phylogeny, this isolate was strongly related to C.
verruculosa but was significantly separated from this
species. gpd and ITS rDNA sequences were similar to
that of C. americana, but no tefl sequence is available
for this species in GenBank.

Curvularia spp. morphological group VI

Isolate NB855 had velvety, olive brown (4E5) with gray-
ish beige (4C3) colony surfaces, which were 77.3 + 1.7
mm diam. on PDA after 7 d at 25°C (Figure 9 a). The
periphery of each colony was floccose and olive with a
fimbriate margin; reverse sides olive brown (4F5). Colo-
nies on PCA were funiculose, olive (3F5), and were 76 +
0.8 mm diam. (Figure 9 b), with reverse sides olive (3F4).
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Figure 9. Curvularia sp. morphotype group VI (NB855). Colony on: a, PDA, b, PCA, ¢, Czapek’s agar, d, MEA. e, Conidiophores and
conidia ornamentation on PCA. f, conidia and conidiophores on leaf host. g, sporulation pattern on leaf host 21 days after inoculation.
Scale bars 10mm (a to d); 25um (e-f); 50pm (g).

On Czapek’s agar, glabrous, and olive brown (4D5/4D6)
with irregular transparent margins, and 67.8 £ 3.8 mm
diam. (Figure 9 c); reverse sides same colour. On MEA,
72.8 £ 0.5 mm diam., brownish gray (5D2) centres and
yellowish brown (5F5) margins (Figure 9 d), and other
characteristics same as on PDA. Conidiophores on PCA

were simple or branched, geniculate towards the apices,
brown, septate, with cell walls thicker than those of the
vegetative hyphae, (78) 135-263 pum long and 5-6 um
wide. Conidiogenous cells intercalary, polytretic, pro-
liferating sympodially, subcylindrical to irregular with
dark conidiogenous loci. Conidia ellipsoid to ovoid,
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Figure 10. A, leaf spot and blight symptoms on six-week-old turfgrass leaves under greenhouse conditions 14 days after inoculation with: a
and h, Bipolaris sorokiniana (NB840), b and I, C. spicifera (NB843), c and j, C. geniculata (NB871), d and k, Curvularia group IV (NB874),
e and i, Curvularia group VI (NB855), f and m, C. verruculosa (NB864). g and n, negative control. B, percentage of leaf necrotic area

recorded at 7 and 14 DAI on potted turfgrass.

straight to slightly curved, (21) 26-30 um long and (10)
12-14 pm wide, 3-4 celled, each with the third inter-
mediate cells usually verruculose and darker than the
others, brown, and apical and basal cells pale brown
(Figure 9 e). Microconidial and sexual stages were not
observed. Conidiophores emerging from the surfaces of
dead infected leaves, rigid, brown, scattered or clustered,
with 3-11 conidiogenous loci, 87-150 (188) um long and
5-8 um wide (Figure 9, f and g). Most conidia with 3
transverse septa, 22-30 um long and 8-14 um wide. Hila
sometimes slightly protuberant. The multilocus phylog-
eny showed that this strain grouped closely to C. mosad-
deghii, but formed a separate branch.

Three Curvularia isolates (NB869, NB873, and
NB877) produced sexual morphs on PDA after 4 weeks
at 20°C. Sterile ascomata were solitary or arising in

groups, immersed or erumpent, dark brown or black,
and were 600-950 (1050) um long and 200-400 (550)
um wide, thick-walled, surrounded by hyphae and con-
idiophores arising in groups from the bodies and necks.
The internal cells were angular to globose, and hyaline.

Colony radial growth assessments at different tem-
peratures for representative isolates from each of the six
morphological groups showed that the optimum tem-
perature ranges of B. sorokiniana were 25-30°C, but C.
spicifera and Curvularia group IV grew most rapidly
between 25 and 35°C. The other morphological groups
had maximum growth at 30°C. Curvularia morphotype
group VI strain NB855 displayed more rapid growth
than other species groups. None of the isolates exhib-
ited radial growth at 4°C after 7 d incubation. At 40°C,
mycelial growth was less rapid than at the other temper-
atures for all the assessed isolates.
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Pathogenicity assessments

Under greenhouse conditions, turfgrass plants inoc-
ulated with Curvularia spp. and Bipolaris conidium sus-
pensions developed small brown spots on leaves 7 d after
inoculation (DAI). These spots enlarged with time, and
closely resembled disease lesions observed in the field. At
14 DAI, Curvularia isolates induced leaf tip dieback and
chlorosis, mostly on basal leaves (Figure 10 A). Bipola-
ris sorokiniana isolates produced dark, irregular brown
spots that increased in size and coalesced, leading to an
extensive blighting of entire leaf blades and tillers that
turned tan and brown (Figure 10 A, a to h). At 21 DAI,
leaves inoculated with B. sorokiniana isolates began dis-
integrating (“melting”), and thereafter infections spread
to the crown and root areas, which induced the “melting
out” phase of the plants.

Results presented in Figure 10 B showed that B.
sorokiniana isolates were more aggressive than the other
inoculated isolates. Mean proportions of leaf necrotic
area ranged from 43.3% to 51.3% (overall mean = 45.5
+ 3.5%) for plants inoculated with B. sorokiniana, and
from 14.9% to 26.3% (overall mean = 20.3 + 4.6%) for
Curvularia spp. inoculations. Minor symptoms rang-
ing from 3.9% to 19% (overall mean = 7.3 + 5.8%) were
induced by isolates of Myrothecium, Fusarium, or Acre-
monium. Little difference was detected in aggressive-
ness among the B. sorokiniana isolates. Sporulation
was observed in the host lesions after 7 to 14 d, and the
respective pathogens were reisolated from 90 to 100% of
diseased leaves sampled from each trial. Plants sprayed
with sterile distilled water remained symptomless (Fig-
ure 10 A, g and n).

DISCUSSION

Accurate identification of Bipolaris and Curvu-
laria species causing leaf spots and blight of turfgrass
is important, due to potential species level variations in
pathogenicity characteristics. Overall, using characteris-
tics of conidia, Curvularia sp. isolates were easily distin-
guished from B. sorokiniana isolates, and from C. spic-
ifera that had atypical, straight, short conidia that were
similar to those of Bipolaris. Curvularia is characterized
by conidia with enlarged intermediate cells that contrib-
ute to the characteristic curvatures, while in Bipolaris
conidia curvature is continuous throughout conidium
lengths. Conidia of Bipolaris are also usually longer than
those of Curvularia (Marin-Felix et al., 2017). Krizsan et
al. (2015) showed that the most important discriminative
features between species were the shapes and septation
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of the conidia. However, some Curvularia species have
short and straight conidia with intermediate conidial
characteristics, making species identification difficult.
These species may seem different from the type genus
Curvularia that has euseptate and curving conidia.

Morphological variation was demonstrated when
conidia are produced on different substrates (Sivane-
san, 1987; Sun et al., 2003). Presence or absence of pro-
tuberant hila within the one species has been observed
in relation to conidium age (Santos et al., 2018). In addi-
tion, Differences in mycelium colour can also occur
when comparing subcultures from one colony. This
shows that colony colour alone should not be a charac-
teristic for species identification (Santos et al., 2018). Due
to ambiguities in morphological characteristics, DNA
sequences of multiple loci are widely used for accu-
rate species identification, and determining new species
(Jeon et al., 2015; Tan et al., 2018; Marin-Félix et al.,
2017, 2020; Iturrieta-Gonzélez et al., 2020; Zhang et al.,
2020; Connally et al., 2021). These studies have shown
that morphological criteria of several species do not cor-
relate with molecular identification, highlighting the
usefulness of combining sequence data from ITS rDNA,
gpd and tefl to correctly delineate species within Cur-
vularia and Bipolaris genera (Marin-Félix et al., 2017;
2020). Using this set of sequences, the present study con-
firmed that some of the isolates from the Oran Olympic
stadium turfgrass corresponded to B. sorokiniana and
C. spicifera, and other isolates were of four other Curvu-
laria species, i.e., C. geniculata, C. verruculosa and two
undetermined Curvularia species.

The presence of Curvularia spp. associated with
grass diseases has been reported world-wide. These fungi
have been found in Argentina and the United States of
America (Roane and Roane, 1997; Goldring et al., 2007;
Roberts and Tredway, 2008; Martinez and Pearce 2020);
in Europe, in Portugal (Sivanesan, 1987; Coelho et al.,
2020); in Asia, including Iran and China (Ahmadpour
et al., 2013; Xin-hua et al,, 2019); in Oceania, including
New Zealand and Australia (Falloon 1976; McKenzie
1978; Pennycook, 1989; Tan et al., 2018); and in Southern
Africa, in: Zimbabwe (Sivanesan, 1987). Bipolaris soro-
kiniana is a plurivorous species, and has been report-
ed as a phytopathogen of almost a hundred Poaceae,
including cultivated and wild species (Farr and Ross-
man, 2022), and from different countries (Karunarathna
et al., 2021). In Algeria, B. sorokiniana has been isolated
from leaves of lentil (El Amine et al., 2021) and maize
(Zibani et al., 2022).

Bipolaris sorokiniana was found in small propor-
tions of turfgrass crowns samples in the present study.
The low frequency of isolation of this pathogen may be
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related to the incubation conditions that were applied,
and to strong competition with the fast growing Cur-
vularia species. Temperature is an important environ-
mental factor that affects fungal activity and pathogenic-
ity. There is an optimal level at which the growth and
activity of fungi are greatest; above and below that level,
growth and activity are reduced. In the present study
experiments, optimum growth of Curvularia was at 30
- 35°C, whereas B. sorokiniana isolates grew most rap-
idly at 25 - 30°C. Rapid coloization of substrates Curvu-
laria probably hampered development of B. sorokiniana.
This indicates that alternative methods (e.g. nucleic acid-
based detection from symptomatic plants) should be
used for precise and rapid disease diagnoses.

Although six species of fungi were identified on tur-
fgrass, the presence of a pathogen alone does not denote
disease. Differences in pathogenicity among these spe-
cies was detected in the present study, Koch’s postulates
were fulfilled. Plant trials indicated that Curvularia spe-
cies are likely to be minor turfgrass pathogens, in con-
trast to B. sorokiniana. Curvularia spp. are typically con-
sidered to be weak pathogens of several plant hosts, or
as saprobes (Smiley et al., 2005; Manamgoda et al., 2012;
Ayoubi et al., 2017).

Simultaneous occurrence of high temperatures and
poor water quality may influence disease progression.
Incidence of lawn blight diseases can be ascribed to
environmental factors (climate, atmospheric pollution,
soil texture), mineral supply, water quality, and plant
factors (growth stage sensitivity, varietal response to
the stress). The Mediterranean climate is characterized
by long drought periods that occur in the North (Mar-
gat and Vallé, 2000). The results of the present study are
consistent with those of Dicklow and Madeiras (2021).
They reported Curvularia as a stress pathogen of turf
resulting from high temperatures or summer stress,
which may be secondary to other pathogens or caused
by poor cultural practices. A possible explanation is that
lesions caused by B. sorokiniana are invaded by Cur-
vularia which is aggressive at high temperatures. The
occurrence of these fungi together causes greater disease
than with one species alone.

The present study has confirmed that B. sorokini-
ana is a potential threat for production of animal fodder
and in rangeland grasses, where pathogen damage can
severely affect pasture and lawn quality. In sports fields
specifically, assessments for this pathogen may allow for
disease prevention. This will aid appropriately swift dis-
ease management to be applied, as different pathogens
and their strains can respond differently to chemical
treatments. This will prevent further spread of disease,
and reduce losses due to diseases.
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syringae pv. actinidiae biovar 3 and P. viridiflava
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Summary. Kiwifruit is inhabited by a heterogeneous community of bacteria belong-
ing to the Pseudomonas syringae species complex (Pssc). Only a few of its members,
such as the specialist Pseudomonas syringae pv. actinidiae biovar 3 (Psa3), are known
as pathogens, but for most of the species, such as P. viridiflava (Pv), a generalist with
high intraspecific variation, the nature of their relationship with kiwifruit is unclear.
Currently, no culture independent molecular diagnostic assay is available for Pv. In this
study we validated two TagMan qPCR diagnostic assays adopting a strategy that for
the first time widely focuses on the Pseudomonas sp. community associated to kiwifruit
in Tuscany (Italy). Primers and probes were designed based on the sequence of the
Iscy gene of Psa3 (QPCRPsa3) and the rpoD gene of Pv phylogroup 7 (QPCRPv7). Both
qPCR assays have a LOD of 60 fg of DNA. By using reference strains along with 240
strains isolated from kiwifruit and characterized ad hoc as Pseudomonas sp., specificity
was proven for members of six of the 13 Pssc phylogroups. Moreover, to evaluate the
possible effects of seasonal variations in the Pseudomonas sp. community composition
on assay specificity, the assays were tested on naturally infected leaves and canes sam-
pled from different orchards throughout a growing season. At last, by proving qPCR’s
capacity to detect latent infections in artificially inoculated leaves, their potential use-
fulness in surveillance programs and for epidemiological studies was verified.

Keywords: Actinidia sp., orchard variability, Pseudomonas syringae species complex,
specificity.
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INTRODUCTION

It has long been assumed that the bacterium Pseu-
domonas syringae (Ps) has evolved in association with
plants, on which it forms populations dominated by a
few pathogenic strains with narrow host ranges (Dye et
al., 1980; Hirano and Upper, 2000; Morris et al., 2010).
In the last two decades however, compelling evidence
was gained that members of what is currently termed
as the Pseudomonas syringae species complex (Pssc,
Gardan et al., 1999), are ubiquitous bacteria, widespread
in all continents both in agricultural and non-agricul-
tural settings, which may live in association with sub-
strates other than plants and take advantage of the water
cycle for dissemination (Morris et al., 2007; 2008; 2010;
Berge et al., 2014). Primary studies aimed at establish-
ing the phylogenetic structure of the Pssc, used a MLST
(Multi Locus Sequence Typing) approach based on sev-
en core genome genes. This allowed delineation of four
main phylogroups (PGs). More recently, the existence
of seven and then 13 PGs was proposed based on the
polymorphisms observed in the sole rpoD and cts gene
sequences, respectively (Sarkar and Guttman, 2004; Par-
kinson et al., 2011; Berge et al., 2014; Baltrus et al., 2017).
However, the relationship between these phylogenetic
patterns and the traits required to occupy different eco-
logical niches are still unknown. Many members of the
Pssc isolated from water or healthy plant tissues have
typical plant pathogenic traits, such as a canonical Type
Three Secretion System (TTSS), ability to induce Hyper-
sensitive Response (HR) on tobacco, to produce phyto-
toxins and effectors, and, most of all, to cause disease in
many different hosts at least under experimental condi-
tions (Morris et al., 2019). At the same time, strains that
cluster in different PGs and cause disease to the same
host plants are known to exist (Morris et al., 2007; Mohr
et al., 2008; Bartoli et al, 2014; Dillon et al., 2019).

The first reports of damage to kiwifruit (Actinidia
spp.) plants caused by members of the Pssc were record-
ed in New Zealand (Wilkie et al., 1973) followed by
Japan, Korea, Italy, and China between the mid 1980s
and early 1990s. To date, reports have concerned Ps
(unknown PG), Ps pv. syringae (Psyr; PGO02), P. savas-
tanoi (Psav; PGO03), Ps pv. actinidifoliorum (Pfm, PGO1),
Ps pv. actinidiae (Psa, PG01/b) and P. viridiflava (Pv).
Pssc strains belonging to either PG7 or PG08 are cur-
rently, referred to as P. viridiflava nomenspecies (Bull
and Koike, 2015). While Ps, Psyr, Pv, Psav, and Pfm have
been mostly, but not exclusively, reported as leaf spot
and bud rot agents in kiwifruit orchards, Psa also causes
shoot dieback and cane and trunk cankers (Vanneste,
2017). Suflicient variability was found in Psa to justify its
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further differentiation into five biovars, also distinguish-
able based on virulence traits. A specific lineage of bio-
var-3 (Psa3) is currently considered the most aggressive
and responsible for the bacterial canker pandemic that is
threatening kiwifruit production in all countries where
this host is grown (McCann et al., 2017; Vanneste, 2017,
Sawada and Fujikawa, 2019). Recent studies, however,
have pointed out that the phylloplane of kiwifruit hosts
a much more variegated Pssc community than previ-
ously thought (Bartoli et al., 2015; Straub et al., 2018). In
southeastern France, PG01 and PG13 phylotypes are the
most widespread, but PG02, PG03, PG07, PG08, PG09,
and PGI10 also occur, although at much lower frequen-
cies (Borschinger et al., 2016). In just two New Zealand
orchards, Straub et al. (2018) reported that kiwifruit
leaves were commonly inhabited by multiple phylotypes
of PGO01, PGO02, and PGO03, the latter being by far the
most abundant, but rarely inhabitated by PG05 and nev-
er by PGO07. It was also observed that genetic diversity of
the Pssc community was strongly affected by the pres-
ence or absence of disease, host genotype (cultivar), as
well as environmental factors, including humidity, nutri-
ent availability, UV radiation and orchard management
practices (Straub et al., 2018).

Given the importance of kiwifruit production
worldwide (approx. 4.4M tons produced in 2020;
FAOSTAT, 2020), great emphasis has been given to
understanding the life cycle of Psa on this host, and to
developing reliable and selective assays for rapid routine
diagnoses (Vanneste, 2017; Donati et al., 2020). Most
assays are PCR based (simplex, nested, multiplex, and
Real-Time) and their pros and cons have been assessed
through an interlaboratory comparison (Loreti et al.,
2018). Among major findings were: i) isolation on semi-
selective media followed by bacterial characterization,
although having limited sensitivity, had very reliable
specificity compared to several PCR methods; and 1ii)
high risks of false positives or inconclusive PCR results
came from testing bacterial cultures of phylogenetically
closely related Pseudomonas sp. or kiwifruit-associated
bacteria. In view of these findings, the EPPO interna-
tional standard recommends that both PCR and isola-
tion are performed for “critical” symptomatic samples
and for all asymptomatic samples (EPPO PM 7/120 [2],
2021). To date, no culture independent molecular diag-
nostic assay is available for Pv.

The present study outlines two novel TagMan Real-
Time PCR assays (QPCR) for specific detection of Psa3
and Pv belonging to PG07 (Pv7) on kiwifruit, and the
strategy implemented to verify their specificity against
the Pseudomonas sp. community that was associated
with kiwifruit during a growing season in Tuscany, Italy.
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MATERIAL AND METHODS
Bacterial strains

Fifty-seven Pssc reference strains and 21 plant asso-
ciated bacteria from national and international collec-
tions, were used for initial testing of qPCR assays’ spec-
ificity (Table 1). The phylogenetic position of reference
strains within the Pssc complex was determined based
on partial cts (citrate synthase) and rpoD (RNA poly-
merase sigma factor) genes sequence analysis according
to Berge et al. (2014) and Parkinson et al. (2011), respec-
tively.

All strains were grown on Nutrient Agar (NA) at
27°C and were preserved in 30% glycerol at -80°C.

Plant material and bacteria isolation procedures

To verify the specificity of the qPCR assays against
the cultivable Pseudomonas sp. kiwifruit-associated
microflora, bacteria were isolated from A. chinensis var.
deliciosa cv. Hayward (AcdH) plants from Tuscany (Ita-
ly) from 2014 to 2020. With the exception of 2016, when
plant samples were collected from one orchard in the
province of Lucca and one in Pistoia, all other tested sam-
ples were collected from six orchards in Lutirano (prov-
ince of Florence), the only kiwifruit growing area of Tus-
cany where the presence of Psa3 has been officially con-
firmed (DDR n.512/2013). All orchards were planted in
the 1990s, except for orchard No. 6 in Lutirano, which
was 3 years old in 2018 (Supplementary Figure S1). Most
isolates were obtained from fully expanded kiwifruit
leaf blades, but isolations from host sap (2017) and canes
showing dieback symptoms (2014 and 2018) were also car-
ried out (Figure 1). In 2016 and 2020, bacteria were also
isolated from leaves collected from nursery potted plants.

All samples were transported to the laboratory on ice
and were processed within 24 h. For bacterial isolation
from leaves, approx. 1 g of fully expanded leaf blade was
crushed in a universal extraction bag (480100, BIOREBA,
Reinach, Switzerland) using a hammer, and was then
homogenized under a laminar flow hood by adding 7 mL
of sterile saline solution (0.85% NaCl) and incubated for
5 min at room temperature. Twenty cm dieback cane sec-
tions were thoroughly washed under tap water and air
dried. After soaking in 70% ethanol for 5 min, segments
were each decorticated, superficially disinfested by wip-
ing with a sterilized paper towel soaked with 50% etha-
nol, and then air dried inside a laminar flow hood. After
removing 5 cm of tissue from each end using flame disin-
fested shears, approx. 0.5 g of wood chips were aseptically
excised with a sterile scalpel and were then macerated in 7
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mL of saline solution for 1 h with gentle shaking at room
temperature. Five mL of xylem sap were collected accord-
ing to Biondi et al. (2013), diluted 1:2 (v:v) with saline
solution and thoroughly vortexed. Isolations from leaf and
cane macerates or from sap were carried out by dilution-
plating on modified King’s B semi-selective agar medium
(KBCA), as outlined by the EPPO standard for Psa3 (King
et al., 1954; Mohan and Schaad, 1987; EPPO PM7\120[2],
2021). For bacterial isolation from artificially inocu-
lated nursery potted plants, Nutrient Sucrose Agar sup-
plemented with 5% sucrose (NSA) amended with 60 mg
L! cycloheximide was also used (Figure 1). All isolation
plates were incubated for 96 h at 27°C, checked daily, and
the most represented bacterial morphotypes were selected
and streaked twice on NSA to ensure purity. All isolates
were stored in 30% glycerol at -80°C until further use.

Nucleic acid extraction procedures from plant tissues and
purified bacteria

Leaf tissues

Total nucleic acids were extracted from naturally
and artificially infected as well as non-infected kiwifruit
(AcdH) and tobacco (Nicotiana tabacum cv. Virginia
Bright) leaves, or from a cell suspension of the culturable
microbial community growing on NSA plates (Figure 1),
using CTAB buffer [100 mM Tris, pH 8.0, 1.4 M NaCl,
20 mM EDTA, pH 8.0, 2.5% (w:v) CTAB, 2.5% (w:v) pol-
yvinylpyrrolidone (PVP-40)]. For non-infected or natu-
rally infected leaves, approx. 1 g of each leaf blade was
crushed using a hammer, in a universal extraction bag.
Seven mL of CTAB buffer were directly added to the bag
and, after 5 min incubation, 500 pL were transferred
to a 1.5 mL capacity microcentrifuge tube. For artifi-
cially inoculated leaves, 1 mL of leaves macerates (1 g)
in 7 mL of saline solution, or of a cell suspension of the
culturable microbial community growing on NSA plates
obtained by washing plates with 3 mL of the same solu-
tion, were centrifuged for 5 min at 17089 x gin a 1.5 mL
microcentrifuge tubes. After removing the supernatant,
the resulting pellet was re-suspended in 500 pL of CTAB
buffer. In all cases, after incubating for 30 min at 65°C,
purification was carried out according to Angelini et al.
(2001). Nucleic acids were re-suspended in 100 pL of Tris
HCI (10mM, pH 8) and stored at -20°C until further use.

Cane tissues

Total nucleic acids were extracted from non-infected
or naturally infected kiwifruit canes (Figure 1), or from
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Table 1. Bacterial reference strains used in qPCR assays deployed in this study, along with their geographic origins and hosts of isolation as
indicated by the collection curators. For strains that were included in phylogenetic analyses, their classification phylogroups (PG) and sub-

clades are also indicated.

Phylogroup/subclade

Bacterial species® Strain® Host plant/matrix Geographic origin ~ Year of isolation

cts¢ rpoD4
Agrobacterium radiobacter C58 Prunus avium USA 1958 -€ -
Allorhizobium vitis ICMP 11960  Vitis vinifera France 1985 - -
A. vitis CG 628 V. vinifera USA 1983 - -
A. vitis CG 634 V. vinifera USA 1983 - -
Pantoea agglomerans PVFi FL1 Olea europaea Italy 2002 - -
P agglomerans NCPPB 653 Pyrus communis United Kingdom 1958 - -
P. agglomerans NCCPB 656  Malus sylvestris United Kingdom 1959 - -
P agglomerans pv. gypsophilae 824/1 Gypsophila paniculata Israel 1991 - -
Pectobacterium carotovorum PVFi Pcc7 Zantedeschia aethiopica Italy 2012 - -
P. carotovorum PVFi PCC23  Z. aethiopica Italy 2013 - -
Pseudomonas amygdali NCPPB 2607  Prunus dulcis Greece 1967 - -
Pamygdali NCPPB 2608 P, dulcis Greece 1967 - -
Pamygdali NCPPB 2610 P, dulcis Greece 1967 - -
P cichorii ICMP 5707  Cichorium endivia Germany 1929 - -
P. corrugata C2P1 Chrysanthemum morifolium Italy 1990 - -
P. mediterranea C5P1-radl C. morifolium Italy 1990 - -
P, savastanoi pv. nerii ITM 510 Nerium oleander Italy 1983 - -
P, savastanoi pv. phaseolicola CFBP 1390 Phaseolus vulgaris Canada 1949 - -
P. savastanoi pv. phaseolicola NCPPB 2571 P, vulgaris United Kingdom 1974 - -
P. savastanoi pv. phaseolicola RW60 Lablab purpureus Ethiopia 1985 - -
P. savastanoi pv. savastanoi PVFi MLLI2  O. europaea Italy 2001 - -
P. savastanoi pv. savastanoi PVBa 229 O. europaea Italy 1968 - -
P, syringae ICMP 11292 Actinidia deliciosa New Zealand 1991 PG01/a  PGO1
P. syringae CFBP 8517  Lake water France 2006 PG09/a  und!
P. syringae CFBP 8514  Stream water France 2007 PG09/b und
P. syringae CFBP 8512 River water France 2011 PG09/c und
P. syringae pv. aceris CFBP 2339 Acer sp. USA 1970 - -
P. syringae pv. actinidiae- Biovar 1 ICMP 9617  A. deliciosa cv. Hayward Japan 1984 PGO1/b  PGO1
P. syringae pv. actinidiae- Biovar 1 ICMP 9853  A. deliciosa cv. Hayward Japan 1984 PGO1/b  PGO1
P syringae pv. actinidiae- Biovar I ICMP 19069 A. deliciosa Japan 1984 PGO01/b  PGO1
P. syringae pv. actinidiae- Biovar 2 ICMP 19072  A. chinensis Korea 1997 PGO1/b  PGO1
P. syringae pv. actinidiae- Biovar 3 ICMP 18708 A. chinensis var. chinensis ~ New Zealand 2010 PG01/b  PGO1
P syringae pv. actinidiae- Biovar 3 ICMP 18884 A. deliciosa New Zealand 2010 PGO1/b  PGO1
P. syringae pv. actinidiae- Biovar 3 ICMP 19076 A. deliciosa New Zealand 2011 PGO1/b  PGO1
P. syringae pv. actinidiae- Biovar 3 CFBP 7286  A. chinensis cv. HORT16A Italy 2008 PG01/b  PGO1
P. syringae pv. actinidiae- Biovar 3 CFBP 7906  A. deliciosa cv. Summer France 2011 PGO1/b  PGO1
P. syringae pv. actinidiae- Biovar 3 CFBP 8302  A. deliciosa Chile 2011 PGO1/b  PGO1
P, syringae pv. actinidiae- Biovar 5 CFBP 8414  A. chinensis Japan 2012 PGO1/b  PGO1
P. syringae pv. actinidifoliorum ICMP 18804  A. chinensis New Zealand 2010 PG01/a  PGO1
P, syringae pv. maculicula NCPPB 1777  Brassica oleracea United Kingdom 1965 - -
P. syringae pv. miricae CFBP 2897  Myrica rubra Japan 1978 - -
P. syringae pv. miricae MAFF 302457 M. rubra Japan 1984 - -
P. syringae pv. photinae CFBP 2899  Photinia glabra Japan 1976 - -
P. syringae pv. primulae CFBP 1660  Primula sp. USA 1939 PGO07/a  PGO7
P. syringae pv. ribicola CFBP 2348  Ribes aureum unknown 1946 PG07/a  PGO7

(Continued)
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Table 1. (Continued).

Phylogroup/subclade

Bacterial species® Strain® Host plant/matrix Geographic origin ~ Year of isolation

cts rpoD¢
P. syringae pv. tabaci GSPB 1209 Nicotiana tabacum Germany unknown - -
P syringae pv. theae CFBP 2353 Thea sinensis Japan 1970 PGO01/b  PGO1
P, syringae pv. tomato IPV-BO 1544 Solanum lycopersicum Italy 1989 - -
P. syringae pv. viburni CFBP 1702 Viburnum sp. USA 1931 PGO1/b  PGO1
P viridiflava ICMP 9274  A. deliciosa cv. Hayward New Zealand 1985 PG07/a  PGO7
P, viridiflava ICMP 11289  A. deliciosa cv. Hayward New Zealand 1991 PG07/a  PGO7
P, viridiflava ICMP 13105 A. deliciosa France 1985 PG02/d  PGO02
P viridiflava ICMP 13110  A. deliciosa France 1985 PG02/d  PGO02
P, viridiflava ICMP 13302  A. chinensis cv. Earligold New Zealand 1996 und PGO03
P, viridiflava ICMP 13303  A. chinensis cv. Earligold New Zealand 1996 PGO03 PGO03
P, viridiflava CFBP 8506  Stream water France 2007 PG07/a  PGO7
P. viridiflava CFBP 8511  Channel water France 2011 PGO8 und
P viridiflava CFBP 1590  Prunus cerasus France 1974 PG07/a  PGO7
P, viridiflava CFBP 2107 Phaseolus sp. Switzerland 1927 PGO07/a  PGO7
P, viridiflava CFBP 8559  Biofilm on stone France 2006 PG07/a  PGO7
P viridiflava CFBP 8508  A. deliciosa Italy 2012 PG07/a  PGO7
P, viridiflava CFBP 8509  Primula sp. France 2007 PGO07/a  PGO7
P, viridiflava CFBP 6890  Raphanus sativus France 2004 PG07/a  PGO7
P viridiflava CFBP 4476  A. deliciosa New Zealand 1984 PG02 PG02
P, viridiflava UCR-1 Vitis sp. USA 2002 PG07/a  PGO7
P, viridiflava TOMA 3-02  S. lycopersicum USA 2002 PG0l/a  PGO1
P. viridiflava TOME 9-02  S. lycopersicum USA 2002 PG01/a  PGO1
P, viridiflava TOMP 2-02 . lycopersicum USA 2002 PGO07/b und
P viridiflava TOMU 4-02  S. lycopersicum USA 2002 PGOl/a  PGO1
P. viridiflava OrSU-MM  unknown USA unknown PGO03 PGO03
Xanthomonas arboricola pv. pruni PVFi KVPT2A A. deliciosa Italy 2016 - -
X. arboricola pv. pruni PVFi Ll Prunus laurocerasus Italy 2010 - -
X. citri pv. citri CFBP 3369  Citrus aurantifolia USA 1989 - -
X. euvesicatoria PVFi Xel Capsicum annum Italy 2017 - -
X. euvesicatoria PVFi 49 unknown unknown unknown - -
X. phaseoli CFBP 8462 P vulgaris USA unknown - -
Xylella fastidiosa subsp. multiplex PVFiMa29  P. dulcis Italy 2019 - -
X. fastidiosa subsp. pauca Salento2 O. europaea Italy 2015 - -

 Bacterial nomenclature is according to the Comprehensive List of Names of Plant Pathogenic Bacteria, 1980-2007 published by the Inter-
national Society of Plant Pathology Committee on the Taxonomy of Plant Pathogenic Bacteria (https://www.isppweb.org/about_tppb_
names.asp).

>ICMP: International Collection of Micro-organisms from Plants, Auckland, New Zealand.

CFBP: Collection Francaise de Bacteries Phytopathogenes, Angers, France.

NCPPB: National Collection of Plant Pathogenic Bacteria, York, United Kingdom.

IPV-BO: Culture Collection of Istituto di Patologia Vegetale, Universita di Bologna, Italy.

ITM: Culture collection of Istituto Tossine e Micotossine da Parassiti vegetali, C.N.R., Bari, Italy.

PVBa: Culture collection of Dipartimento di Patologia vegetale, Universita degli Studi, Bari, Italy.

PVFi: Culture collection of Dipartimento di Biotecnologie Agrarie-Patologia vegetale, Universita degli Studi, Firenze, Italy.

GSPB : Gottinger SammLung Phytopathogener Bakterien, University of Gottingen, Germany.

MAFF: Genetic Resources Center, National Agriculture and Food Research Organization (NARO), Japan.

The whole genomic DNA of Xylella fastidiosa subsp. pauca Salento2 was provided by Dr. Gianluca Bleve.

¢ According to Berge et al, 2014.

d According to Parkinson et al., 2011.

¢ Not tested.

f Undetermined.
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Figure 1. Summary of DNA extraction procedures and in vitro and in vivo analyses carried out to validate the qPCR assays developed in
this study. Sample preparation (DNA purification): PCR templates included total nucleic acids extracted from (1) purified bacteria isolated
from different Actinidia chinesis var. deliciosa cv. Hayward (AcdH) tissues and reference strains from national and international culture col-
lections; (2) non-infected tobacco and kiwifruit leaves; (3) naturally infected or (4) artificially inoculated kiwifruit leaves; (5) culturable
bacterial community from artificially inoculated kiwifruit leaves growing on NSA plates; (6) non-infected or (7) naturally infected kiwifruit
canes; and (8) culturable bacterial community on KBCA from naturally infected kiwifruit canes. In vitro analyses (QPCR): Assays specific-
ity and sensitivity (QPCRPsa3 and qPCRPv) were assessed using DNA extracted from reference bacterial strains and purified isolates from
AcdH (1). Assays sensitivity was assessed using serial dilutions of target genomic DNA (1) in either nuclease-free water, plant DNA extract-
ed from non-infected tobacco or kiwifruit leaf tissues (2), or DNA extracted from non-target bacteria (1). Additionally, non-infected kiwi-
fruit leaf or cane tissues were spiked with 10-fold serial dilutions of Psa3KL103 and PvKL5 cells prior to DNA extraction using CTAB (9,
leaf) or boiling lysis (10, cane) methods. In vivo analyses: Assays specificity (QPCRPsa3 and qPCRPv) was evaluated on total nucleic acids
extracted from kiwifruit leaf (3, 4) or cane (7) tissues. BIO-PCR assays (BIO-PCRPsa3 and BIO-PCRPv) were used on the total nucleic
acids extracted from the culturable fraction of the microorganisms that were infecting kiwifruit canes or artificially inoculated leaves and
that were able to grow on KBCA (8) or NSA (5) plates. To verify the in vivo specificity of the two qPCRs, a selection of the amplicons pro-
duced from nucleic acids extracted from artificially inoculated leaves (4) was Sanger sequenced. Image created with BioRender.com.

the microbial community growing on KBCA plates, fol-
lowing the boiling lysis procedure (Moore et al., 2004;
Tyson et al., 2012) with some modifications. Briefly, 1.5
mL of the suspension obtained by macerating 0.5 g of
wood chips in 7 mL of saline for 1 h or of KBCA plates
washings with 3 mL of the same solution, were centri-
fuged (as above) in 2 mL microcentrifuge tubes. The
supernatant was removed, and the resulting pellet re-
suspended in 70 uL of 1 mM EDTA, boiled for 5 min,

cooled at room temperature on ice and immediately
used in PCR experiments.

Bacterial strains and isolates
Total nucleic acids were extracted from 1 mL of

Nutrient Broth cultures of reference bacterial strains or
purified isolates grown for 48 h at 27°C, using the Bac-
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terial Genomic DNA Isolation Kit (Norgen Biotek Cor-
poration, Thorold, Canada) according to manufacturer’s
instructions (Figure 1).

Bacterial isolates characterization

Identification and phylogenetic affiliation of all bac-
terial isolates obtained from kiwifruit between 2014 and
2020 was tentatively determined based on partial cts
gene sequence analysis according to Berge et al. (2014)
(Supplementary Table S1). PCR reagents’ mix compo-
sition was as described herein: 1 x PCR Green Buffer
(Thermo Scientific, Waltham, MA, USA), 0.2 mM of
each ANTP (Thermo Scientific), 1.25 U of DreamTaq
(Thermo Scientific), 0.2 uM of each primer (Table 2)
and approx. 5 ng of genomic DNA. PCR reactions were
carried out in a T professional trio thermocycler (Biom-
etra, Gottingen, Germany). Thermal cycling consisted
of 3 min at 95°C for initial denaturation, 35 cycles of
denaturation at 95°C for 30 s, annealing at 57 °C for 30
s, extension at 72°C for 30 s, followed by a final exten-
sion of 10 min at 72°C. All PCR products were visual-
ized after electrophoresis in 1.5 % agarose gels (Genaxx-
on bioscience GmbH, Ulm, Germany) in 1 x Tris-ace-
tate—-EDTA buffer (Invitrogen, Waltham, MA, USA)
and staining with Midori Green (0.06 pL mL; Nippon
Genetics Europe GmbH, Diiren, Germany). Amplicons
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were purified using FastAP and Exonuclease I (Thermo
Scientific), and Sanger sequenced using primer cts-Rp
(Table 2). Nucleotide sequences were visualized and
checked for quality using CHROMAS LITE 2.01 (Tech-
nelysium, South Brisbane, QLD, Australia), trimmed
to 409 bp length and aligned using MUSCLE as imple-
mented in MEGAX (Kumar et al., 2018). Each cts
sequence that differed from the rest of the sequences by
one or more nucleotides was assigned a different allele
number. To classify the bacterial isolates according to
their phylogroup (PG) of affiliation within the Pssc, a
cladogram using the Neighbor Joining (NJ) method and
the Maximum Composite Likelihood model of evolu-
tion, was constructed using MEGAX. The 64 homolo-
gous nucleotide sequences representative of the 13 rec-
ognized phylogroups of the Pssc according to Berge et
al. (2014) and those of 41 Pssc strains used in this study
were included in the analysis for comparative purposes.
To confirm identifications based on cts sequence
analysis, bacteria ascribed to Pssc PG01/b and PG07 were
subjected to further molecular analyses (Table 2). The
DNA of all isolates allocated within PGO01/b, was tested
using the Psa specific protocol developed by Gallelli et al.
(2011), and by analyzing the sequence of a fragment of
the pfk gene reported as useful to discriminate between
biovars 1, 2 and 3 of Psa, and Pfm (Chapman et al., 2012).
Bacteria ascribed to PG07 were investigated using the

Table 2. List of PCR primers and probes used or developed in this study, along with their nucleotide sequences.

Expected
Primers/Probe Sequence (5-3’) Genomic target Specificity product size Reference
(bp)
Plasm L1 TCGGCGCCATTTCGATTG
Plasm R1 ATAACCGACCAGCCGTTGA Iscy (levansucrase y) ~ Psa3 231 Luti et al, 2021
Plasm P1 FAM-GCCGCTACATCTAGCAGGTA-TAMRA
Pvir 1L GAAGAATCGGCAGACGCTTC
Pvir 4RD GCCGAAGCGCTGTGCA g’g on?a(s(?f‘:clt’ggmemse Pv7 81 this study
Pvir 2P FAM-AGAAGACGAAGTCGAAAGCG-TAMRA
cts-Fp AGTTGATCATCGAGGGCGCWGCC cts (citrate synthase) Pseudomonas 480 Sarkar and Guttman,
cts-Rp TGATCGGTTTGATCTCGCACGG sp. 2004
PsrpoD FNP1 TGAAGGCGARATCGAAATCGCCAA rpoD (RNA polymerase Pseudomonas 200 Parkinson et al.,
PsrpoDnprpcr] YGCMGWCAGCTTYTGCTGGCA sigma 70 factor) sp. 2011
pfk-Fp ACCMTGAACCCKGCGCTGGA pfk . Sarkar and Guttman,
. P. syringae 850
pfk-Rp ATRCCGAAVCCGAHCTGGGT (phosphofructokinase) 2004
KN-F CACGATACATGGGCTTATGC ompP1 (outer
KN-R CTTTTCATCCACACACTCCG membrane protein P1) ** 92 KohandNou 2002
AVI‘deX—F TTTCGGTGGTAACGTTGGCA avrD1 (avirulence gene Psa 226 Gallelli ef al,, 2011
AvrDdpx-R TTCCGCTAGGTGAAAAATGGG DI1)
ORF1/2-Fw ~ CGACCTGCTTTCGATCA .
T-PAI Pssc PG07/08 900 Bartoli et al., 2014
ORF1/2-Rv TCAATACTCTGGAGATCAG
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rpoD based phylogenetic scheme developed by Parkin-
son et al. (2011) and by sequencing a fragment of a Pv7
characteristic pathogenicity island (T-PAI) described by
Araki et al. (2006) and Bartoli et al. (2014). At last, iso-
lates that according to molecular analyses could be iden-
tified as Psa3 and Pv7 were further characterized using
the LOPAT scheme (Lelliott and Stead, 1987) and addi-
tional biochemical tests according to Berge et al. (2014)
and Schaad et al., (2001): aesculin degradation, acidifica-
tion of sucrose, and utilization of D(-) tartrate, mannitol
or glucose as sole carbon sources.

The gene sequences analyzed in this study are avail-
able in GenBank under the following accession numbers:
MW701434 to MW701442, MW?716007-15, MW 716028-
39, MW716040, MW 727267, MW814986-92, MW826360
and MW826361.

Primers and TaqMan probes design, PCR approaches and
amplification conditions

Primers and probe for Psa3 were previously used
by Luti et al., (2021) to study in vitro expression of a
functional levansucrase coding gene, Iscy, is located
on a non-self-transmissible low copy plasmid (NZ_
CP012180.1) in the Psa3 ICMP 18708 genome. In the
present study, the identification of a specific genome
sequence used to design a PCR assay for Pv7, was
obtained by a close evaluation of nucleotide variability
existing among Pssc members in the rpoD housekeeping
gene (HK) (Table 2 and Supplementary Figure S2a and
b). All primers and probes were synthetized by Eurofins
GmbH. Probes were labeled with 6-carboxyfluorescein
(FAM) as the fluorescent reporter dye and 5-Carboxyte-
tramethylrhodamine (TAMRA) as the quencher dye.

Primers/probe sets were used in two types of
TaqMan based PCR approaches: qPCR and BIO-PCR
(i.e., “biological amplification of PCR targets prior to
their enzymatic amplification”; Schaad et al., 1999).
TagMan qPCR was used to index for Psa3 (QPCRPsa3)
and Pv7 members (QPCRPv7) in different AcdH tissues.
The assays were run from total nucleic acids extracted
from kiwifruit leaf and cane tissues, and total genomic
DNA from bacterial reference strains and purified iso-
lates from this study (Figure 1). TagMan BIO-PCR was
used to verify the presence living cells of Psa3 (BIO-
PCRPsa3) and Pv7 (BIO-PCRPv7) within the cultur-
able bacteria growing on isolation plates. The assays were
run on total nucleic acids extracted from the cultivable
fraction of the microorganisms that were infecting/con-
taminating canes or artificially inoculated leaves and
that were able to grow on KBCA (canes) or NSA (leaves)
plates within 96 h at 27°C.
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qPCRs and BIO-PCRs reactions each contained 2 x
GoTaq® Probe qPCR Master Mix (Promega Corporation,
Madison, Wisconsin, USA), 0.5 uM of each primer and
0.3 uM of probe. One pL of total nucleic acids from iso-
lation plates (BIO-PCR) or of bacterial genomic DNA, or
3 uL of total nucleic acids extracted from kiwifruit leaves
or canes washings, were used as template, respectively.
Nuclease-free water was added to a final volume of 15
pL. All reactions were carried out in the CFX96™ Real-
Time PCR Detection System (Bio-Rad Laboratories, Her-
cules, California, USA).

The thermal cycling conditions included a denatura-
tion step at 95°C for 5 min, followed by 40 cycles at 95°C
for 15 s and 62°C for 1 min. Detection and quantifica-
tion of fluorescence were read after every cycle and data
were assembled using the CFX Manager Software (Bio-
Rad Laboratories). In all PCR experiments, a positive
control (Psa3KL103 or KL318; Pv7aKL5 or KL317) and
three non-template controls (NTC) were included to test
PCR performance: water, nucleic acids extracted from
non-infected plant tissues (leaf or cane), and a non-tar-
get bacterial strain (Psa3 or Pv7a). Signal threshold lev-
els were set automatically by the system.

In vitro determination of qPCR assays specificity and sen-
sitivity

Specificity of the qPCR assays was assessed using
reference bacterial strains and purified isolates listed in
Table 1 and Supplementary Table S1.

DNA concentration was measured using a picodrop
(Picodrop Ltd, Cambridge, England). A serial dilution
of each Pv7aKL5 and Psa3KL103 genomic nucleic acids
ranging from 60 ng to 6 fg pL! was used to evaluate the
sensitivity and linearity of the qPCR assays in: i) nucle-
ase-free water, ii) 4 ng of DNA extracted from strains
Pv7aKL5 (QPCRPsa3) or Psa3KL103 (qQPCRPvV7), or iii)
4 ng of DNA extracted from non-infected AcdH (host)
or tobacco (non-host) leaves (QPCRPsa3 and qPCRPv7)
(Figure 1). Each dilution series always included plant,
bacterial DNA, and no-DNA negative controls. Addition-
ally, 10-fold serial dilutions of Psa3KL103 and Pv7aKL5
cells, ranging from 10® to 10> CFU mL" of saline (as
determined by colony counting on NA plates) were add-
ed to AcdH leaf or cane tissues prior to DNA extraction.
Briefly, 1 mL of each bacterial suspension was added to 1
g of healthy AcdH crushed leaf blade homogenized in 4
mL of saline solution, or to 0.5 g of wood chips in 6 mL
saline (Figure 1). Nucleic acids extraction and qPCR test-
ing were performed as previously described.

In all experiments, qPCR reactions were carried out
in quadruplicate, and the limit of detection (LOD) for
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each substrate was defined as the lowest target amount
giving a positive qPCR result in at least three of the four
reactions. The mean values of the quantification cycle
(Cq) obtained were plotted against the logarithm of each
the DNA or CFU concentration in the reactions, to cal-
culate the slopes (k) and intercepts (q) of the standard
regression lines using Excel (Microsoft). Relationships
between Cq and target copy numbers were evaluated
by calculating the coeflicient of determination (R?). The
slopes of the standard regression lines were used to cal-
culate amplification efficiency (E) using the equation E
= 10-'slope _ 1 (Bustin et al., 2009; Bustin and Huggett,
2017). All experiments were conducted at least twice.

In vivo assessment of specificity and sensitivity of gPCR
assays

Naturally infected leaves and canes

Leaf samples were collected during the 2018 veg-
etative season from six AcdH orchards in Lutirano, at
21 (May), 57 (June), 92 (July), 162 (September) and 190
(October) days after bud break (dabb), which occurred
on 16 April 2018 in orchard No. 1. In each orchard,
seven contiguous plants along a row were arbitrarily
chosen 2 weeks prior to bud break, and one leaf was col-
lected from each plant at each sampling time. At each
sampling, plants were carefully inspected for presence
of leaf symptoms (ts) previously described as typical of
kiwifruit bacterial canker (Vanneste et al., 2011) or of
bacterial blight (Young et al., 1988), i.e., brown angu-
lar lesions surrounded by a distinct yellow halo that
becomes narrow and faded on aged leaves. If no leaves
showing ts could be found, plants were screened again
for presence of generic bacterial canker spots (gs) on
leaves, i.e., necrotic spots brown to dark brown in color,
size varying from pinpoint to large, and elliptical, angu-
lar, or irregular shaped without yellow halos (Serizawa
et al., 1989; Vanneste et al., 2011). If no symptoms were
present, an asymptomatic leaf (al) was collected (Sup-
plementary Figure S3). Total nucleic acids were directly
extracted and indexed using qPCRPsa3 and qPCRPv7,
as indicated above using two replications. At each sam-
pling time, bacterial isolation was also carried out from
one of the seven leaves collected in each orchard, by
dilution-plating on KBCA followed by isolate purifica-
tion and characterization as described above (Figure 1).

Canes showing symptoms of dieback were selected
during winter pruning (26 March 2018) in orchard No.
3 (Supplementary Figure S3) and sectioned in 20 cm
fragments. Twenty sections were immediately taken
to the laboratory while 60 sections were placed in four
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gauze-enclosed frames (15 sections/frame) and buried 5
cm deep into the ground along four different plant rows
as described by Tyson et al., (2012). Forty-two (May),
77 (June) and 117 (July) days after pruning (dap), 20
sections (five sections/frame) were retrieved from the
orchard floor. Bacterial isolation on KBCA, total nucleic
acids extractions, BIO-PCRs and qPCRs were performed
as described above (Figure 1). Two replications per each
DNA sample were used.

Chi-square contingency table (2X2) analysis was
performed to examine differences in the distribution of
Psa3 and Pv7 across the different types of leaf symptoms
(ts, gs, al), or for each of the two bacteria, according to
the indexing methodology (QPCR vs. dilution plating or
gqPCR vs. BIO-PCR). Yates correction for continuity was
applied (Zar, 1999).

Artificially inoculated leaves

In May 2020 (bud break occurred on 30 March),
presence of Psa3 and Pv in the leaves of six, 4-year-
old female potted plants of AcdH maintained at the
University of Florence was assessed using the two
gqPCR protocols, and by isolation onto KBCA and NSA
amended with 60 mg L cycloheximide. In June, strains
Pv7aKL317 and Psa3KL318, which had been isolated
from the same leaf in 2018 at Lutirano (Supplementary
Table S1), were grown for 72 h on NA plates at 27°C,
suspended in sterile distilled water to a concentration
of 108 CFU mL", and individually inoculated (on 8 June
2020) onto 40 leaves of each of two plants per bacte-
rial strain. Each leaf was inoculated by rubbing two 10
uL droplets of bacterial suspension on the two opposite
sides of the adaxial midrib of a fully expanded leaves
using gloved fingers (Renzi et al., 2012). The rubbed
area was labeled with a marker, and two control plants
were inoculated in a similar manner with sterile dis-
tilled water. Each leaf was then enclosed in a plastic
bag for 24 h, and all plants were then maintained out-
door and watered daily. The plants were sprayed once a
month with boscalid (Cantus®, BASF, Italy) from June
to September as a prophylactic treatment for gray mold
disease (Botrytis cinerea). Four, 11, 18 (June), 42 (July)
and 85 (September) days after inoculation (dai), 12 leaves
from each treatment were inspected for symptoms (ts,
gs) and were then collected. Approx. 1 g of leaf blade
tissue including the labeled areas of inoculation, was
excised with a sterile scalpel inside a laminar flow hood,
and isolation on NSA, total nucleic acids extraction from
growth plates and BIO-PCR indexing, were performed
as described above. Nucleic acids extraction from the
leaves and qPCR indexing were carried out as previous-
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ly described (Figure 1). Two replications per each total
nucleic acid sample were used. To verify that sequence
amplicons of qPCR for Psa3 and Pv7 corresponded to
their target, the respective amplification products were
purified from a selection of qPCR reactions showing dif-
ferent Cqgs, and these were Sanger sequenced in forward
and reverse (Figure 1). Sequence identity (%) was evalu-
ated by comparison with the homologous sequences of
strains Pv7aKL317 and Psa3KL318.

RESULTS

Phylogeny of the Pseudomonas sp. community inhabiting
AcdH in Tuscany (Italy)

cts sequence comparison of the 240 isolates recovered
from kiwifruit on KBCA between 2014 and 2020 showed
the existence of 73 alleles (Supplementary Table 1). Neigh-
bor joining analysis indicated that 45 alleles (169 strains)
could be ascribed to the Pssc, and 30 of these could be
classified both to PG and subclade level according to Berge
et al., (2014). These were: PGO1 (three alleles in clade b),
PGO02 (14 alleles of which one was in clade a, nine in clade
b, one in clade c and three in clade d), PG07 (four in clade
a), PG12 (two alleles in clade b) and PGI13 (seven alleles in
clade a). For alleles-18 and -19, the subclade of classifica-
tion within PG02 could not be determined. Neighbor join-
ing analysis indicated that 13 alleles, although ascribable
to the Pssc following the procedure of Berge et al., (2014),
could not be allocated into canonical PGs (Supplementary
Table 1). Overall, among the cts alleles found within the
Pssc associated with kiwifruit in Tuscany, 23 were novel
(based on GenBank database searches, https://www.ncbi.
nlm.nih.gov/genbank), 18 were found in only one of the
Pssc strains that were typed. Allele-1 was the most com-
mon, being shared by 24 strains isolated from five of six
orchards at Lutirano in different years, seasons, and from
different plant tissues. Based on the Pseudomonas sp. used
as reference in the cts identification scheme, 20 of the
remaining 28 alleles could be ascribed to this genus (59
strains). The remaining eight alleles (12 strains) were dis-
tantly related to the references included in the analyses,
although results of identity searches carried out in Gen-
Bank indicated closest similarities to Pseudomonas (data
not shown). Altogether, 24 alleles that we ascribed to Pseu-
domonas sp. were new, 18 were found only in one kiwifruit
strain, and one (allele-50), within 14 strains isolated from
kiwifruit leaves in different years and orchards, was the
most prevalent. Evidence was found showing that mem-
bers of six of the 13 phylogroups forming the Pssc, were
associated to AcdH in Tuscany.
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qPCRs specificity testing

Of the 78 reference strains used in this study (Table
1), 57 of which were Pssc, only Psa3 strains (ICMP
18708, ICMP 18884, ICMP 19076, CFBP 7286, CFBP
7906 and CFBP 8302) were successfully amplified with
the qPCRPsa3 assay, indicating 100% specificity. When
qPCRPv7 was used, only the DNA of the Pv and Ps
strains that belong to PG07/a and 07/b according to cts,
or to PG07 according to rpoD analysis results (Table
1), could be amplified. Indeed, no qPCRPv7 signal was
obtained from strains ICMP 13105 (PG02), ICMP 13110
(PGO02), ICMP 13302 (PG03), ICMP 13303 (PGO03),
CFBP 4476 (PG02), TOMA3-02 (PGO01), TOME9-02
(PG01), TOMU4-02 (PG01) and OrSU-MM (PGO03),
although all of these are all classified as Pv in their
respective collections of origin. Since the DNA of Pv
CFBP 8511 (PG08) was also discriminated, the qPCR-
Pv7 assay is considered to be 100% specific for Pv mem-
bers of the PG07 clade.

To accurately assess specificity against the back-
ground Pseudomonas sp. community associated with
kiwifruit in Tuscany, qPCR assays were used on the
DNA extracted from 240 strains isolated from AcdH
leaves (143 isolates), sap (23) and canes (74), on KBCA
between 2014 and 2020 and on NSA in 2020 (Supple-
mentary Table S1). When tested with the qPCRPsa3
assay, only the DNA from 24 strains isolated from leaves
(22) or canes (two) in different years and orchards at
Lutirano, could be amplified. For all of these isolates, cts
and pfk gene sequence analyses showed 100% identity
with the homologous sequences of the Psa3 pathotype
strain (ICMP 9617). Moreover, they all tested positive
to the Psa-specific PCR protocol developed by Gallelli
et al. (2011), their LOPAT profile was Ia, they all weakly
hydrolyzed aesculin, produced acid from sucrose, did
not produce fluorescence on KB, and grew with manni-
tol and glucose but not with D(-) tartrate as sole carbon
sources (data not shown). Based on these results, ana-
lytical specificity of the qPCRPsa3 assay was 100% also
when tested against representative isolates of the cultiva-
ble fraction of the Pseudomonas sp. community associ-
ated to kiwifruit in Tuscany.

For the qPCRPv7 assay, only the DNA of nine
strains that were isolated in different years and orchards
at Lutirano, was amplified. Seven strains were isolated
from leaf tissues and two from canes after 77 days of
permanence in orchard No. 3 floor. These strains were
the only ones that, according to cts (four alleles in clade
a) and rpoD (four alleles) NJ analyses, belong to PG07/a
and PGO07, respectively (Supplementary Table 1 and Fig-
ure S4). With the exception of strains UCR-1 (PG07/a)
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and TOMP2-02 (PGO07/b), a Pv T-PAI fragment (Bartoli
et al., 2014), was successfully amplified from the PG07
strains used in the present study. Sequencing of these
products confirmed the existence of high variability, not
only between Pv reference strains, which were collected
from different hosts and from different continents, but
also within the Pv7a population resident in Lutirano.
These strains were placed in seven clades by NJ analy-
sis, with the five strains that shared the cts allele-24
partitioned in four of them (Supplementary Figure S5).
In accordance with P. viridiflava, all PG07 strains iso-
lated at Lutirano hydrolyzed aesculin, did not produce
acid from sucrose, and grew with mannitol, glucose and
D(-) tartrate as sole carbon source (data not shown).
At last, according to the LOPAT scheme, strains KL24,
KL48, KL317, KL396 and KL397 (cts-allele 24) can be
ascribed to group II (P. viridiflava), while strains KL5,
KL6, KL332 and KL345 (cts allele-23, -21, -22) could
not, since they did not induce HR on tobacco (Lelliot
and Stead, 1987).

Based on strains and isolates characterization car-
ried out herein, QPCRPvV7 assays has a theoretical 100%
analytical specificity for Pv7.

In vitro sensitivity of the gPCR assays

When adding Psa3KL103 or Pv7aKL5 DNA to either
water, a background (4 ng) of non-target bacterial DNA
(Psa3KL103 or Pv7aKL5), or non-target nucleic acids
extracted from plant (AcdH or N. tabacum), the LOD
was 60 fg for both qPCRPsa3 and qPCRPv7 (Table 3). In
general, addition of non-target nucleic acids (non-target
bacteria or plants) increased the sensitivity of qPCRs,
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with the exception of when either type of plant DNA
was added to qPCRPsa3. For both qPCR assays, R? val-
ues were greater then 0.997 in all reaction conditions,
while E varied in a range from 99.3% (qPCRPsa3 with
presence of AcdH nucleic acids) to 113.1% (qPCRPv7
with presence of Psa3KL103 DNA).

When leaf or cane tissues were spiked with Pv7aKL5
or Psa3KL103 cells and total nucleic acids co-extract-
ed using CTAB (leaf) or boiling lysis (canes) meth-
ods (Table 4), the derived R? values indicated that both
assays were suitable for quantifying the bacterial targets
(R%> 0.980; Bustin and Huggett, 2017), showing linearity
over the nominal range of 10® to 10*/10°> CFU g'. How-
ever, while both assays had good amplification efficiency
(within the 95-105% range; Bustin and Huggett, 2017)
for nucleic acids extracted from leaf tissues using CTAB,
the efficiency of both assays decreased when applied to
nucleic acids extracted from cane tissues using boiling
lysis (Table 4).

In vivo sensitivity and specificity of the qPCR assays
Naturally infected leaves

A total of 210 leaves were collected from the six
kiwifruit orchards that were monitored during the 2018
growing season. Of these, 39 were recorded as ts, 85 as
gs, and 86 were al. At the first sampling time, approx.
21 d from bud break, no ts symptoms could be found in
any orchard and the incidence of gs was low (four leaves
out of 42) (Table 5). In subsequent samplings, the pres-
ence of ts or gs was always observed, albeit their relative
abundance varied between orchards (data not shown).

Table 3. Limit of detection of the qPCR assays developed in this study on Psa3KL103 and Pv7aKL5 nucleic acids in different substrate back-

grounds.
Range® qPCRPsa3 qPCRPv7
Substrates  (f8/reaction) LODe Linear regression® LOD Linear regression
From To Cq¢ SD k q E R? Cq SD k q E R?

water 6*10° 60 3588  £1.4  -3323 416 9993 0999 3536  +0.6 -3.282 41.09 101.6  0.999
bacterium  6*10° 60 3478  £1.1  -3.077  40.6 111.3 0997 3506 0.7 -3.043 4031 113.1  0.998
AcdH 6*10° 60 3835  £03  -3338 441 9932 0.999 3457  £0.5 -3.308 40.49 100.5  0.999
Nt 6*10° 60 3830  +0.4  -3209 439 1049 0999 3421  +04 -3.160 39.94 1072  0.999

2 Background substrate of water, 4 ng of non-target bacterial DNA (Pv7aKL5, qPCRPsa3; Psa3KL103, qPCRPv7), 4 ng of non-infected kiwi
(AcdH) or tobacco (Nt) leaf nucleic acids.
b Psa3KL103 or Pv7aKL5 DNA per 15 pL reaction mixture.

¢ Limit of Detection.

4 Average Cq values were calculated for four PCRs from the lowest bacterial concentration detected.
¢ Linear regression of all positive samples: k and q, slope and intercept of the standard regression line; E, average efficiency of amplification;
R?, coefficient of determination.
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Table 4. Limit of detection of qPCR analyses of kiwifruit leaf and cane extracts, spiked with bacterial cell suspensions of Psa3KL103 or
Pv7aKL5 prior to nucleic acids extraction using the CTAB (leaves) or boiling lysis (canes) methods .

Spiked leaves Spiked canes
PCR Range® LOD Linear Regression? Range LOD Linear Regression
(CFUgY) ¢ sp k q E R (CFUgH ¢ sp Kk ¢ E R
qPCRPsa3 108 100 3799 0.5 -3.419 4020 96.08 0.999 10% 10+ 3717 +0.8 -3.957 44.40 7894 0.989
qPCRPv7 108 10° 3572 +03 -3308 37.44 100.5 0.999 108 10> 38.05 +0.2 -3.078 39.39 111.2 0.992

2 Concentration of Psa3KL103 or Pv7aKL5 cells per 1 g of healthy leaf or cane tissue, added prior to DNA extraction.

b Limit Of Detection.

¢ Average Cq values were calculated for four PCRs from the lowest bacterial concentration detected.

4 Linear regressions of all positive samples: k and q, slopes and intercepts of the standard regression lines; E, average efficiencies of amplifi-

cation; R?, coefficients of determination.

Table 5. Analyses of symptomatic and asymptomatic kiwifruit
leaves collected from six orchards during the 2018 vegetative sea-
son 21, 57, 92, 162 or 190 days after bud break (DABB). At each
time point from each of seven plants in a row/orchard, one leaf
was collected, scored as asymptomatic (al) or symptomatic (ts,
typical symptoms, gs, generic symptoms; see Figure S3 and text for
description). Presence of Psa3 and Pv7 was verified using qPCR,
and by dilution plating of plant tissue extracts on KBCA followed
by purification and characterization of single bacterial colonies (one
leaf/orchard/time point).

Numbers of positive leaves /total numbers of leaves

analyzed
DABB qPCR Isolates characterization
ts gs al ts gs al

Psa3

21 0/0 1/4 1/38 0/0 0/0 0/6
57 13/14 4/12 0/16 3/4 0/1 0/1
92 12/15 0/9 0/18 2/2 0/3 0/1
162 5/8 2/26 0/8 1/1 1/5 0/0
190 2/2 0/34 0/6 0/0 0/6 0/0
TOTAL 32/39 7/85 1/86 6/7 1/15 0/8
Pv7

21 0/0 1/4 11/38 0/0 0/0 0/6
57 7/14 3/12 7/16 1/4 0/1 0/1
92 5/15 1/9 1/18 0/2 1/3 0/1
162 0/8 1/26 1/8 0/1 0/5 0/0
190 0/2 2/34 1/6 0/0 0/6 0/0
TOTAL 12/39 8/85 21/86 1/7 1/15 0/8

Ts symptoms were most commonly observed at 57 dabb
(June) and 92 dabb (July), while gs symptoms were great-
est toward the end of the season, at 162 and 190 dabb.
Based on qPCRPsa3 results, 40 leaves (19%) were
positive for Psa3 throughout the season. Of these, 32
and seven were recorded as ts or gs, respectively. Only

one leaf was scored as asymptomatic. According to
qPCRPv7, 41 leaves were positive for the presence of
Pv7 DNA. Of these, 12 and eight were showing ts or gs,
respectively, while 21 were asymptomatic. The overall
frequency of detection differed (P < 0.001) significantly
between Psa3 and Pv7 in ts leaves, as well as in asymp-
tomatic leaves, but not in leaves showing gs (P > 0.50).

Results obtained from dilution plating on KBCA fol-
lowed by strain typing were in agreement (P > 0.90) with
those obtained by qPCRPsa3. Twenty-two out of 30 leaves
were negative and six were positive in both procedures,
one leaf was positive to QPCRPsa3 only, and one leaf was
positive only in Psa3 standard isolation. The results of
the two approaches were also in agreement for Pv7 (P >
0.05). Twenty-three leaves tested positive and two leaves
were negative, from both procedures, five leaves tested
positive to QPCRPv7 only, and no leaves were positive for
isolation only (Supplementary Table S2).

Naturally infected canes

qPCRPsa3 results confirmed the widespread pres-
ence of Psa3 in symptomatic canes (bc) collected in Luti-
rano at the time of winter pruning, with 19 out of 20
segments testing positive (Table 6). Thereafter, a sharp
decrease in the frequency of Psa3 positive samples was
recorded during the permanence of canes in the orchard
floor, until the DNA of the bacterium became undetect-
able 117 dap. Selection and characterization results of
the most common bacterial colony morphotypes, indi-
cated that pruning was the only time at which Psa3
could be separated from the rest of the microorganisms
that grew on KBCA plates. Nevertheless, when the same
plates were washed and the growing microbial mass was
analyzed with BIO-PCRPsa3 (culturable cells), evidence
of Psa3 presence in the isolation plates was found until



TagMan detection of Psa3 and Pv7 in kiwifruit

Table 6. Analyses of dieback cane sections collected in orchard No.
3 at pruning time (0) or 42, 77 or 117 days after pruning (DAP),
during which time cane sections were maintained buried at 5 cm
depth in the orchard soil. Presence of Psa3 and Pv7 was verified
using qPCR, and by dilution plating of the extracts on KBCA fol-
lowed by BIO-PCR or by purification and characterization of single
bacterial colonies.

Numbers positive sections/total numbers of sections

analyzed
DAP Psa3 Pv7
Isolates Isolates
qPCR BIO-PCR charac- qPCR BIO-PCR charac-
terization terization
0 19/20 13/20 1/20 15/20 1/20 0/20
42 4/20 2/20 0/20 10/20 4/20 0/20
77 5/20 5/20 0/20 5/20 5/20 2/20
117 0/20 0/20 0/20 5/20 3/20 0/20
TOTAL  28/80  20/80 1/80 35/80 13/80 2/80

77 dap (Table 6). Overall frequencies of Psa3 detection
were not statistically different (P > 0.1) between qPCRP-
sa3 (viable, culturable, and dead cells) and BIO-PCRPsa3
(culturable cells).

According to qPCRPv7, Pv7 was also a common
inhabitant of bc canes at the time of pruning, as 15 out
of 20 assessed cane sections were found positive. As for
Psa3, the concentration of Pv7 DNA decreased, although
less steeply, during the permanence of the canes in the
orchard floor, but unlike Psa3, Pv7 remained detectable
until 117 dap, when five out of 20 assessed cane sections
tested positive. Only at the 77 dap time point, Pv7 colo-
nies were successfully separated from the bacterial mass
growing on KBCA plates, although BIO-PCRPv7 indi-
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cated that culturable Pv7 was occasionally present in
the plates from pruning time (one section out of 20) to
the end of the trial. Overall frequency of Pv7 detection
by qPCRPv7 was significantly different (P < 0.001) from
that obtained with BIO-PCRPv7.

Artificially inoculated leaves

Nucleic acids extracted from leaves of six AcdH
potted plants in May 2020, just prior to inoculation
with Psa3KL318 and Pv7aKL317, tested negative in the
qPCR and BIO-PCR assays. However, standard isola-
tion on both NSA and KBCA followed by isolate charac-
terization at that time indicated the presence of bacteria
belonging to PG02/b and PG02/d of Pssc (Supplemen-
tary Table S1). None of the inoculated or non-inoculated
leaves showed bacterial disease symptoms throughout
the trial. Taking into account their respective LOD val-
ues estimated in vitro (Cq=37.99, qPCRPsa3; Cq=35.72,
qPCRPv7a), when qPCRPsa3 and qPCRPv7 were applied
to the nucleic acids extracted from leaves, the frequency
of detection of the two bacteria (Table 7) was greatest
at 4 dai (six leaves tested positive to QPCRPsa3 and ten
leaves were positive for qPCRPv7). Thereafter, detection
decreased until the end of the trial (85 dai), when none
(qPCRPsa3) or one (QPCRPvV7) of the sampled leaves
tested positive. According to qPCRPsa3 and qPCRPvV7,
the amounts of the two bacteria per g of leaf, when
detected, were stable and similar until 42 dai, varying
from 3.96 to 3.83 log CFU g for Psa3 and 4.3 to 3.5 log
CFU g'! for Pv7.

Results obtained by selection and identification of
colony morphotypes growing on NSA plates showed
only three leaves as infected with Psa3 (two sampled at

Table 7. Analyses of artificially infected leaves from kiwi potted plants, 4, 11, 18, 42 or 85 days after inoculation (DAI) with strains
Psa3KL318 or Pv7aKL317. Presence of Psa3 and Pv7 was verified using qPCR, and by dilution plating of the extracts on NSA followed by
BIO-PCR or by purification and characterization of single bacterial colonies.

Psa3

Pv7a

No. positive leaves/total No. of
DAI leaves analyzed

No. positive leaves/total No. of leaves
analyzed

casp) M 8 1 Casp) B VE 1
4 0/12 1/12 6/12 35.45 (+1.68) 3.96 (+0.46) 0/12 1/12 10/12 31.71 (£2.01) 4.30 (£0.59)
11 0/12 312 212 3636 (£2.19) 3.65 (+0.59)  2/12 11/12 8/12  33.53 (+1.46) 3.77 (+0.47)
18 2/12 9/12 2/12 35.68 (+£1.34) 3.93 (+0.27) 3/12 12/12 5/12 34.52 (+£0.46) 3.48 (+0.10)
42 0/12 7/12 1/12 36.1 (-) 3.83 (-) 0/12 6/12 5/12 34,54 (+1.22) 3.49 (+£0.40)
85 1/12 3/12 0/12 - - 0/12 6/12 1/12 31.96 (-) 4.18 (-)
TOTAL 3/60 23/60 11/60 5/12 36/60 29/60
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18 dai; one at 85 dai) and five leaves infected with Pv7
(two sampled at 11 dai; three at 18 dai). Nevertheless,
according to BIO-PCRPsa3 and BIO-PCRPv7, the two
viable bacteria were often present on/in the sampled
leaves, being culturable on NSA isolation plates. The
frequency of leaves from which Psa3 and Pv7 could be
cultured was minimum at four dai, increased until 18
dai, and then decreased until the end of the trial (85
dai). Based on overall detection frequencies, sensitivities
of qPCRPsa3 (P < 0.025) and qPCRPv7 (P > 0.05) were,
respectively, less than and equal to that of their BIO-
PCR variant, but greater than isolate characterization
following dilution plating on NSA (P < 0.001). When
qPCR amplicons were sequenced to test the specificity of
qPCRPsa3 (eight amplicons; Cq range from 33.4 to 36.6)
and qPCRPv7 (eight amplicons; Cq range from 29.8
to 36.5), 100% identity was found with the respective
homologous sequences of Psa3KL318 and Pv7aKL317
(Supplementary Table S3).

DISCUSSION

In this work we present two new TagMan qPCR-
based approaches for sensitive and accurate detection of
Psa3 (QPCRPsa3) and Pv PG07 (@QPCRPvV7?) in kiwifruit,
and the procedure followed for their validation against
the Pseudomonas sp. background microflora of kiwifruit.

The lineage of Psa3 responsible for the bacterial can-
ker pandemic, is pathogenic to Actinidia sp. and pos-
sibly few other species (Liu et al., 2016), and has just
recently started to diversify (McCann et al., 2017; Fir-
rao et al., 2018). In pursuing the development of a new
specific test for the detection of the Psa3 pandemic lin-
eage, the recently characterized Iscy gene was targeted.
The gene codes for a functional levansucrase with a
peculiar signature of 15 amino acids at the N-terminal
region, which, based on whole genome comparisons, has
only been found in pandemic isolates of the bacterium
(Luti et al., 2021). More challenging was development of
a qPCR assay for Pv. This bacterium is a heterogenic sap-
rophyte, is prone to recombination, and has a complex
evolutionary history, being currently allocated in PGs 7
and 8, of Pssc (Billing, 1970; Goss et al., 2005; Bartoli et
al., 2014; Bull and Koike, 2015). To account for intratax-
on variability, the present study focused on develop-
ing an assay for PG07 (Pv7), which represents most of
the strains classified as P. viridiflava in previous studies
(Berge et al., 2014; Lipps and Samac, 2022), and exploit-
ed the polymorphisms of the HK rpoD gene.

In vitro analyses showed that both assays were sen-
sitive and specific. However, when qPCRPv7 was tested
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against a collection of 78 reference bacterial strains from
kiwifruit and other hosts, the DNAs of 10 strains cata-
logued as “P. viridiflava” in their collections of origin,
failed to give the expected signal. Further cts and rpoD
sequence analyses indicated that none of them belonged
to PGO7, confirming the robustness of the protocol for
discriminating within the Pss complex according to the
rpoD phylogenetic signal (Parkinson et al., 2011). For
a more ad hoc verification, the two approaches were
assessed on the DNA of 240 Pseudomonas sp. strains
that we isolated in different years, seasons and from dif-
ferent kiwifruit tissues, 169 of which could be classified
within the Pss complex (PGs 01, 02, 03, 07, 12 and 13)
according to their cts derived phylogeny. Both assays
were highly specific as they distinguished Psa3 (24 iso-
lates) and Pv7 (nine isolates).

To properly evaluate these results, it is important to
recall that the range of Pssc PGs and subclades that has
been found associated to kiwifruit worldwide, is much
vaster than what detected in the present study. For
example, the presence of PG5 and PG10 has been detect-
ed in orchards in France, but never in Tuscany (Italy).
Similarly, PG03, which was very rarely isolated from
kiwifruit in Tuscany in the present study, is widespread
in New Zealand where it causes bacterial blight (Young
et al., 1997).

Phylogeographic structuring possibly exists in the
Pssc metapopulation associated to Actinidia sp. (Bas-
tardo et al., 2017), but there is also circumstantial evi-
dence that the decision to use a semi-selective medium
(KBCA) to set-up the reference collection may have led
to underestimate the variability of the Pseudomonas sp.
community in Tuscany. KBCA was originally developed
to isolate Ps pvs. syringae, tomato and pisi (Mohan and
Schaad, 1987). Since bacterial isolation may be difficult
without the use of a semi-selective media, use of KBCA
has become a common practice to investigate the com-
position of Pssc in different environmental samples, as
well as a standard when indexing for Psa3 (Riffaud and
Morris, 2002; Morris et al.,, 2008; Loreti et al., 2018;
Parisi et al., 2019). Keeping in mind that also “all-pur-
pose” media are selective to some extent, NSA and KBA
amended only with cycloheximide (King et al., 1954)
were used in the preliminary phases of the present study
to isolate Pssc bacteria from naturally infected leaves
and canes. However the mass of microorganisms grow-
ing in the first 72 h of culturing was often so abundant
that isolation of Pv, and especially of Psa3, was strongly
hindered (data not shown). Although the use of KBCA
reduced this problem, the trade-oft was possibly a data
bias towards a simplified Pseudomonas sp. population
structure (i.e. underestimation of variability), as has
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been previously shown for Pssc and specifically for Pv
(Gitaitis et al., 1997; Morris et al., 2008). The present
study then evaluated the effective degree of specific-
ity of the two assays in three validation experiments,
using plant tissues that contained natural or artificial
populations of the target organisms as well as of their
background microflora. These tissues included naturally
infected leaves or canes collected in different orchards
during the vegetative growth season, or artificially
infected leaves of nursery plants.

Results from orchard leaves obtained by means of
qPCRs or dilution plating on KBCA followed by isolate
typing (cts, rpoD and pfk genes) were in good agree-
ment and indicated that during the 2018 vegetative sea-
son in Tuscany there was an association of Psa3, but
not of Pv7a, with leaves showing ts symptoms. Previ-
ous research has indicated that these symptoms can be
caused by both target bacteria (Young et al., 1988, 1997;
Serizawa et al., 1989; Balestra et al., 2009; Vanneste et
al., 2011). As previously reported in New Zealand and
Japan, the frequency of ts leaves in Lutirano (Tuscany)
greatly increased from late spring (3 weeks after bud
break), when leaves were nearly all asymptomatic, to
mid-summer, and then progressively decreased until
the end of the kiwifruit growing season (late Autumn in
Tuscany). In contrast, frequency of gs increased and of
asymptomatic leaves decreased with leaf aging (Vanneste
et al., 2011). Accordingly, qPCRPsa3 results indicated
that the bacterium was significantly associated to ts
leaves, rarely to gs leaves, and never with asymptomatic
leaves, highlighting the specificity of the assay also when
tested against the kiwifruit leaves background microflora
present in each orchard.

Pv is a common member of the Pssc associated with
kiwifruit phylloplane in Central Italy, where its popu-
lation reaches a major peak in spring and a secondary
one in autumn (Balestra and Varvaro, 1998). However,
the capability of Pv to induce ts symptoms on kiwifruit
leaves is controversial. In California and in Central Italy,
Pv (LOPAT II), together with P. syringae (LOPAT Ia), is
reported as the agent of kiwifruit bacterial blight, a dis-
ease characterized by the development of ts leaf spots
and flower bud rot. In New Zealand, after further char-
acterization of the pathogenic isolates, it was concluded
that the agent of bacterial blight, a bacterium with a
LOPAT II profile, was misidentified as Pv and should
be classified in the PGO03, P. savastanoi, of the Pssc
(Conn et al., 1993; Young et al., 1997; Hu et al., 1999;
Visnovsky et al., 2019). Based on qPCRPv7 results the
present study confirmed that Pv7 is a common inhabit-
ant of kiwifruit leaves in Tuscany. However, the present
study data also show that in the Tuscan environment, in
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contrast to Psa3, Pv7 is a leaf saprophyte rather than a
pathogen, since: i) its frequency in/on the sampled leaves
was high 21 days after bud break when nearly all leaves
were asymptomatic; ii) its frequency in/on ts leaves was
approximately 1/3 of that of Psa3; and iii) as for Psa3, its
presence in/on leaves showing generic spot symptoms
(gs) was only sporadic.

Following a procedure that was previously used in
New Zealand orchards (Tyson et al., 2012), in the sec-
ond validation experiment we monitored the fate of
Psa3 and, for the first time of Pv7, in pruned canes with
symptoms of dieback after burying them to 5 cm depth
in the orchard soil.

Since attempts to purify and characterize colony
morphotypes from KBCA was hampered by the abun-
dance of the growing microbial mass, we verified the
presence of Psa3 and Pv7 in the plates by BIO-PCR, an
approach that enhances likelihood of detecting the bac-
terial target, if in a culturable state (Schaad et al., 1995,
1999). Although, with the exception of pruning time,
Psa3 could not be recovered according to isolate typing
results, we found that this bacterium was often effectively
growing in the isolation plates, and that qQPCRPsa3 and
BIO-PCRPsa3 results were overall in strict agreement.
While Psa3 was widely colonizing the woody tissues at
pruning, thereafter Psa3 population rapidly diminished
and became undetectable by both detection methods
after approximately 4 months in the orchard floor. These
results are concordant with previous findings by Tyson
et al. (2012) using BIO-PCR in New Zealand , which
showed that in early spring nearly all symptomatic canes
were systematically infected, and that viable Psa could be
detected only until 11 weeks of permanence of canes in
the orchard floor. The present study gave similar results
using BIO-PCRPsa3 and qPCRPsa3 at 77 dap (June).
In the case of Pv7, which was recently found associated
with canker tissues of plum and apricot (Parisi et al.,
2019; Bophela et al., 2020), the gQPCRPv7 and BIO-PCR-
Pv7 approaches gave conflicting results at pruning. With
qPCRPV7, 75% of the cane sections were infected by the
bacterium, while according to BIO-PCRPv7, culturable
Pv7 was nearly absent (5%), in accordance with isolate
typing results. Over successive sampling dates, gqPCRPv7
and BIO-PCRPvV7 results were in closer agreement, with
both methods indicating that 15% of cane sections were
infected at 77 dap and 25% were infected at 117 dap.
These results indicate that at pruning, nearly all Pv7 cells
in the sampled canes were dead or were non-culturable
on KBCA (low frequencies of positive according to BIO-
PCRPvV?7), although their DNA recovered from woody tis-
sues was amplifiable (high frequencies of infected canes
according to qPCRPv7). Subsequently, however, either
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the original Pv7 population found suitable conditions to
proliferate in the decaying tissues, or the canes became
re-infected. Pv is a water cycle-related bacterium, so
spring rains, which are frequent and abundant in Luti-
rano, could have easily dispersed Pv inoculum from the
phylloplane, where the bacterium was present in 2018 at
least since May, to the soil surface. Then, water move-
ments on/in the soil, where there is circumstantial evi-
dence that this bacterium can survive, may have facili-
tated its contact with the buried canes and their subse-
quent infection (Gitaitis et al., 1997; Bartoli et al., 2015;
Borshinger et al., 2016). Of course, Psa3 could have used
the same route to reach the canes but, even so, our data
indicate that the dead tissues were not a substrate where
its proliferation was possible.

In the final in vivo experiment, fully expanded
kiwifruit leaves were inoculated at the end of spring,
with the aim of evaluating usefulness of the two qPCR
assays for detecting asymptomatic infections. Suscep-
tibility of kiwifruit leaves to Psal in Japan and to Psa3
in New Zealand, was strongly correlated with leaf age,
being maximum when leaves reached 2 cm in length
or are 1-3 weeks old, and then decreased progressively
during aging. Spray-inoculated 7-week-old cv. Hayward
leaves never showed spots or fleck symptoms (Serizawa
and Ichikawa, 1993; Tyson et al., 2015). Petriccione et
al. (2014) showed that after inoculation of Psa3 CRA-
FRU 8.43 on fully expanded AcdH leaves, the bacte-
rium entered a biotrophic phase (asymptomatic) that
may last several weeks, during which it was unable, at
least temporarily, to overcome plant host defenses. This
impedes infection progress, as indicated by stable Psa3
population in leaf apoplast, as well as absence of dis-
ease symptoms (necrotrophic phase). More recently, the
infection threshold value for the transition from epi-
phytic phase to apoplastic invasion on AcdH leaves by
Psa3 (CFBP7286), was estimated to be 4.4 x 10* CFU
g! of leaf blade tissues (Donati et al., 2020). The pre-
sent results confirm these previous observations for
Psa3KL318, but also show that Pv7aKL317 behaved in
a similar fashion. Although both strains did not cause
leaf symptoms throughout the trial, both survived in/on
aging leaves during summer, as indicated by BIO-PCR
and, for Psa3, by re-isolating the bacterium 85 dai.

The inability of Psa3KL318 to progress from bio-
trophic to necrotrophic phases in order to grow and
multiply at higher densities in host leaves, was also evi-
dent by interpolating qPCR Cq values against the cor-
responding standard curves developed in this study. The
average population of Psa3KL318 per leaf was nearly
constant and never exceeded 10* CFU g, which is in
the order of magnitude of population densities reached
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by Psa3 CRA-FRU 8.43 in asymptomatic leaves (Petric-
cione et al., 2014). Keeping in mind that Pv7aKL317
and Psa3KL318 were co-infecting the same leaf in early
spring of 2018, the finding that Pv7aKL317 can also
sustain itself on the phylloplane at a density of 10* to
10° CFU g, confirms that the kiwifruit phyllosphere is
a niche that Pseudomonas spp. bacteria cohabit under
a wide range of environmental conditions. Given the
apparently common presence of this heterogenic com-
munity worldwide, its existence should be fully account-
ed for when developing specific culture-independent
diagnostic assays for Pseudomonas sp. on kiwifruit.

In conclusion, this research has demonstrated the
usefulness of TagMan-based qPCR for sensitive and spe-
cific detection of Pv7 and Psa3 from symptomatic and
asymptomatic kiwifruit tissues. Several molecular diag-
nostic assays for Psa3 have been previously developed,
including two SYBR green qPCR protocols. The qPCRP-
sa3 described here will be a valuable alternative for con-
firmatory analyses as it is based on different genomic
targets (Gallelli et al., 2014; Andersen et al., 2018; EPPO
PM7\120[2], 2021). Due to their reliability as monitoring
tools to estimate target populations in the phyllosphere,
qPCRPsa3 and qPCRPv7, which represent the first
molecular assays specifically developed for PG07, should
facilitate future studies on colonization and survival of
these pathogens in orchard conditions.
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